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Geothermobarometry in Four-phase Lherzolites I.
Experimental Results from 10 to 60 kb
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(Received 26 September 1989, revised typescript accepted 15 May 1990)

ABSTRACT

Experiments were carried out on primitive natural lherzolitic compositions from 10 to 60 kb and
900 to 1400°C. Mineral compositions were reversed by using mixes of finely ground (<20 um)
minerals from natural rock samples with different initial compositions. The minerals were mixed in
proportions to give a primitive upper mantle composition. Further starting materials were a synthetic
mineral mix and a sintered oxide mix. Equilibrium was thus approached from different chemical
directions, and equilibrium mineral compositions were inferred from the overlap of microprobe
analyses. Fe-loss problems were avoided by using single-crystal olivines as sample containers.
Samples were placed into holes drilled into cylindrically shaped olivine crystals, which in turn were
welded into Pt capsules. A further advantage of this method is that oxygen fugacities seem to be
buffered by the Ni precipitation curve. This curve lies very close to the iron—wistite (IW) buffer curve
for mantle olivines. Oxygen fugacities calculated from compositions of experimentally produced
spinels give values slightly above the IW buffer curve. Therefore, practically no Fe?* should be
present in our experimental charges.

Ortho- and clinopyroxene compositions were strictly reversed with respect to Al, Cr, and Na (only
cpx) contents and their mutual amounts of enstatite and diopside components. The data show the
fundamental influence of Na in cpx on two-pyroxene thermometry. Garnet compositions were
reversed with respect to Ca, Al, Cr, Ti, and Mn. Other than in CMAS, Ca in garnet is mostly
dependent on temperature in the natural system and not so much on pressure. This behaviour of Ca
will most strongly influence barometers based on the Al content of orthopyroxene coexisting with
garnet. The mg-numbers of coexisting phases were not strictly reversed. The homogencity of olivine
compositions and internal consistency of the data set give us confidence that equilibrium values of
mg-number have been reached in almost all cases. The experimental results presented in this paper
offer the unique possibility of simultaneously testing many different thermobarometers which are
based on different exchange reactions and which were calibrated in different laboratories.

INTRODUCTION

Spinel and garnet peridotites occurring as xenoliths in kimberlites and other volcanic
rocks and in alpine-type peridotite bodies are a major source of information about the
physical and chemical properties and processes of the upper mantle. The use of mineral
chemistry to give estimates of pressures and temperatures of crystallization of these rocks
has been an important tool to gain such information since the pioneering study of Boyd
(1973). Ever since Boyd’s work there has been debate on the correct extrapolation of
experimental results in simple systems to natural rocks and to P, T conditions not covered
by experiments. Also, systematic errors in either calculated pressure or temperature result in
increased errors of the other parameter because of positively correlated correction terms for
pressure and temperature in existing thermometers and barometers.

[Jowrnal of Petrology, Vol. 31, Part 6, pp. 13131352, 1990] © Oxford University Press 1990
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Wood & Banno (1973) made the first comprehensive attempt to correct experimental
results in the simple systems CaO-MgO-SiO, (CMS) and MgO-Al1,0,-Si0, (MAS) by
thermodynamic modelling for non-CMS and non-MAS components. This resulted in the
combined application of the two-pyroxene thermometer (CMS; based on the exchange of
enstatite component between coexisting ortho- and clinopyroxene) and the Al-in-opx
barometer (MAS; based on Al content of orthopyroxene coexisting with garnet). The widely
used Wells (1977) thermometer and the Nickel & Green (1985) barometer are updated
versions of these.

Finnerty & Boyd (1984, 1987) used an empirical fit to diopside compositions from
reversed experiments on coexisting ortho- and clinopyroxene in the simple CMS system as
a thermometer. They combined this thermometer with a barometer based on Al,O;-
isopleths in opx (wt.%) from experiments by MacGregor (1974) in the simple MAS system.
This combination of a thermometer and a barometer is the only one which places the
diamond-bearing lherzolite xenolith BD 2125 (Dawson & Smith, 1975) into the diamond
stability field and the primary graphite-bearing xenolith PHN 1569 (Nixon & Boyd, 1973)
into the graphite stability field (graphite—diamond reaction boundary taken from Kennedy
& Kennedy, 1976). Carswell & Gibb (19874a) noted, however, that use of the graphite—
diamond boundary to test the accuracy of thermobarometers is rather weak, mainly
because the test applies to a single P, T condition with no test for other pressures and
temperatures. Several other combinations of a thermometer and barometer place BD 2125
close enough to the graphite—diamond boundary to yield satisfactory agreement with the
phase diagram within the stated errors.

Carswell & Gibb (19874, 1987b) followed a rather different approach and used available
experimental results in natural peridotitic systems to test existing thermometers and
barometers. They concluded that the use of an average temperature calculated with the
Bertrand & Mercier (1985) two-pyroxene thermometer and various Fe-Mg exchange
thermometers in combination with the Al-in-opx-barometer of Nickel & Green (1985) best
reproduced the experimental data. Currently available experiments in natural systems are
hampered by (1) the lack of reversed experiments, i.e., demonstrated equilibrium by the use
of different types of starting materials but, rather, inferred equilibrium from ‘homogeneity’
of the run products, (2) short run times, (3) loss of Fe to noble metal capsules, and (4) poor-
quality microprobe analyses. On these grounds, Carswell & Gibb (1987a, 1987b) considered
the experiments of Akella (1976) and Nickel (1983) to be the most satisfactory. They noted
considerable reservations towards the experiments of Mori & Green (1978), and rejected
those of Kushiro et al. (1972) and Green (1973).

Bertrand & Mercier (1985) and Bertrand et al. (1986) tested a newly developed thermo-
meter and barometer with the experimental data sets of Akella (1976) and Mori & Green
(1978) on natural systems, and found satisfactory reproduction of experimental conditions.
Their thermometer is based on results from the CMS system with a theoretical correction
for Na in both pyroxenes and an empirical correction of Ca in clinopyroxene for Fe from
the CaO-FeO-MgO-SiO, (CFMS) system. The barometer is based on the MAS system
with an empirical correction for Fe in garnet from the FeO-MgO-Al,0,-Si0, (FMAS)
system and a pressure-dependent correction term for Ca in garnet from the CaO-MgO-
Al,0;4-Si0, (CMAS) system.

Both the approach by Carswell & Gibb (19874, 1987b) and that of Bertrand & Mercier
(1985) and Bertrand et al. (1986) suffer from the shortcomings of the experimental data set in
the natural system, i.e., mineral compositions are not demonstrated to be in equilibrium,
and loss of Fe to noble metal capsules. Also, the experiments in the natural systems were
carried out over a restricted range of pressures (mostly 3040 kb) with application to rocks
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from up to 70 kb. We have therefore embarked on an experimental study with natural
lherzolitic compositions from 10 to 60 kb and 900 to 1400°C, where mineral compositions
were reversed and the Fe-loss problem is avoided.

EXPERIMENTAL METHODS

Single-crystal olivines were used as sample containers to circumvent the Fe-loss problem
(Fig. 1). The olivines (mg-number from 89 to 91) from San Carlos, AZ, were embedded into
epoxy resin, cut to the desired height of the capsule (4 mm) and the cylinders were cored
with a diamond drill. Similarly, 1-mm discs were cut from olivines to serve as capsule lids.
Up to four different starting materials could be used simultaneously by placing them in
different holes drilled into one cylinder (Fig. 1). The holes were closed with the olivine lids
and the containers were welded into thick-walled (0-2-mm) Pt containers (the large amount
of Pt keeps the temperature gradient within the capsule to < 10°C; Brey et al., in press). This
method has the further advantage that all different starting materials are subjected to
identical P, T conditions. Depending on pressure, temperature, and time, restricted Fe loss
from the olivine capsule to the Pt container occurs by diffusion over up to 100 um where the
olivine appears to remain a single crystal as seen in reflected light (Fig. 2a). Fe loss occurs
over up to 300 um where the olivine capsule recrystallized during the experiment (Fig. 2b).
The distance between the sample holes and Pt wall was always > 700 um. Because of the
similarity of compositions of olivine capsules and of bulk mg-numbers of the starting

FIG. 1. Sample capsule for experiments with natural lherzolitic compositions. Up to four holes were drilled into
single-crystal olivine cylinders so that four different starting materials could be run simultaneously. The holes were
covered with an olivine lid and everything was welded into Pt tubing with 0-2-mm wall thickness.
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Pt olivine samplie

(@ 100+
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:

F1G. 2. (a) Fe loss profile (as Fo content) at the rim of the olivine cylinder to the Pt wall where olivine appears as an

intact single crystal in reflected light. The examples here and in (b) are taken from an unpublished project on

partitioning of Ni and Co between olivine and metal melt. These examples are chosen to demonstrate extreme

cases of Fe loss at very high temperatures. Each dot represents a microprobe analysis. Fe loss occurs over

~ 100 um, seemingly by volume diffusion. (b) Fe loss to Pt where olivine recrystallized during the experiment to a

fine olivine aggregate with 120° angles between the grains. Fe loss is much more extensive, probably because of
grain boundary diffusion.

materials (Table 1), the Fe content of starting materials did not change during an
experiment.

Experiments from 10 to 28 kb were carried out in a Boyd and England-type piston
cylinder apparatus. Cold-pressed NaCl was used as pressure-transmitting medium at
all temperatures except for runs P6 and P17 (see Table 2), for which we used cold-pressed,
hot-sintered CaF, (93% theoretical density, courtesy V. Bulatov, Institute of Lithosphere,
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1317

Composition of minerals (in wt.%) in different starting materials and bulk composition of spinel
lherzolite SC-1 (from Jagoutz et al., 1979)

bulk

ol

SC-1 opx cpx sp
SiO, 451 4042 5471 51-51 053
TiO, 022 — 026 0-66 032
Al,O, 414 — 530 7-52 58-86
Cr,0, 045 — 036 073 8-33
FeO 782 9-58 613 324 10-94
MnO — — 015 010 0-09
NiO — 032 011 0-045 042
MgO 3800 48-99 31-87 14-81 20:23
Ca0O 354 — 0-96 19-78 —
Na,O 036 — 015 1-58 —
Sum 99-63 99-31 99-85 99-98 99-72
mg-number 89-65 90-1 903 89-1 7672
Mo22 ol opx cpx sp
SiO, 40-85 54-59 51-85 —
TiO, — 014 0-46 02
AlLO, — 5-55 693 57-85
Cr,0, — 0-44 078 10-40
FeO 10-05 617 3-58 8-84
MnO — 013 — —
NiO 035 — — —
MgO 48-80 31-75 15-45 21-38
Ca0O — 099 1870 —
Na,0 — — 1-53 —
Sum 100-05 99-75 99-27 100-71
mg-number 89-6 9015 88-48 81-17
grt Baro J4: ol opx cpx grt
SiO, 41-65 40-47 5778 5521 41-64
TiO, 108 — — 0-30 070
AL O, 21-36 — 1-03 304 21-28
Cr,0, 225 — 020 091 204
FeO — 10-26 634 431 7-88
MnO 067 — — — 027
NiO — 041 — —
MgO 13-69 48-90 33-54 17-88 21-42
CaO 19-30 — 0-90 15-85 424
Na,0 — 020 2:34 —
Sum 100-00 100-04 9975 100-00 99-47
mg-number 89-6 8890 88:10 82-90

Mineral analyses in SC-1 are from Blum ez al. (1982), for spinel lherzolite Mo22 from PreB

et al. (1986), and our own analyses for garnet lherzolite J4.

Moscow). This type of ‘low-friction-cell’ requires no pressure correction for friction loss
(e.g, Mirwald et al,, 1975; V. Bulatov, pers. comm., 1988). Nominal pressure was taken as
the pressure on the sample, and was controlled to within 250 b.

Experiments at 30 kb and above were carried out with a belt-type apparatus com-
mercially available from Pressure Systems Research, Pleasanton, CA. The pressure-trans-
mitting solid media consisted mostly of polycrystalline natural CaF,, with factory-pro-
cessed pyrophyllite as gasket material. Pressure was calibrated at room temperature with
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the Bi I-11I, T1 I-1I, Ba I-11, and Bi III-1V transitions and, at high temperatures, with the
silver melting curve (Mirwald & Kennedy, 1979), the quartz—coesite transition (Mirwald &
Masonne, 1980), and the graphite-diamond boundary (Kennedy & Kennedy, 1976). The
three reaction boundaries were corrected in the above studies for the effect of pressure on
the emf of the thermocouple, and thus our calibration empirically includes this correction.
Temperatures were measured with a Ptg,Rh,/Pt, Rh;, thermocouple both in the piston
cylinder and in the belt apparatus. Details of the calibration procedure were given by Brey
et al. (in press), who found an accuracy for temperature of +7°C and for pressure of +(1%
nominal pressure +0-5 kb), comparable to that given by Mirwald et al. (1975) for piston
cylinder apparatus.

Water was added to charges in amounts (relative to amount of starting material) given in E
the headings for individual runs in Table 2. Lower-temperature experiments contained § 5
more water than those from higher temperatures. Absorbed water was present for runs at §
any temperature because we stored the starting materials in closed glass vials in the 5
atmosphere of our laboratory. In our initial experiments we added 10% water or more for 3
low-temperature experiments (below solidus) to ensure reaction. This was very-suecessful, 3
and all clinopyroxene was reacted out by dissolution of various components into the o
coexisting fluid phase. The fluid phase was probably distributed in cracks and pores all over g
the olivine capsules and effectively transported chemical components away from the %
charges. These experiments are not reported in this study.

After quenching, the Pt cylinders with the olivine capsules were cut perpendicularly at
half length, embedded in epoxy resin, and polished. Major elements were measured in the &
energy-dispersive mode (EDS), using a CAMECA microprobe (CAMEBAX Microbeam) 3
with an attached Si (Li) detector (KEVEX) at the Institut fir Geowissenschaften, &
Universitit Mainz. The accelerating voltage was 15 kV, the beam current 20 nA and the ;";'
counting time 100s. ZAF correction procedures are after Reed & Ware (1975), who also 2 =
gave the detection limits of their procedure. We have tested our calibration with the set of 5
reference samples for electron microprobe analysis as published by Jarosewich et al. (1980). S
Several experiments were also measured in the wavelength-dispersive mode (WDS) with 3

0d

d

X0’

olpio

c

eul

/\IU

3

15kV acceleration voltage and a beam current of 6 nA (the mode of measurement 1s‘<
indicated in Table 2 by EDS and WDS).

Phases to be analysed with the electron microprobe were selected on back- scattercd~<
electron images which clearly distinguish between olivine (ol) and orthopyroxene (opx) 3
(dark) and clinopyroxene (cpx) and garnet (grt) (light). Superimposed X-ray intensity images
for Al further helped to distinguish between ol and opx and between cpx and grt.

Jelgi

STARTING MATERIALS

The demonstration of true equilibrium in experimental studies is very difficult, even in the
simplest systems, as metastable equilibria can produce homogeneous run products or be
reversed like stable equilibria. In chemically simple systems, criteria established by
Schreinemaker’s rules can be used to help in the interpretation of experimental run
products. This is no longer possible in complex systems, and strict reversals become
impractical (Perkins & Newton, 1980). It is therefore prudent when working with natural
systems to select only a few well-defined starting materials which approach equilibrium
from different chemical ‘directions’. Equilibrium compositions should lie in the region of
chemical overlap of the microprobe analyses. Starting materials used here were a synthetic
mineral mix, mixes of mineral separates from natural garnet and spinel lherzolites and a
sintered oxide mix. The bulk compositions (A)~(D) matched that of spinel lherzolite SC-1 of

0TOZC ‘TT J9qWaAON
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Jagoutz et al. (1979), which is believed to represent a primitive mantle composition
(Table 1), but more clinopyroxene-rich compositions have also been used (see below).

(A) Synthetic mineral mix ‘Baro’
This consists of a complex garnet synthesized at 40 kb and 1150°C from gel (Table 1), an
enstatite synthesized at 1 atm and 1250°C from gel, chemically pure (p.a.) Na,CO,, and a
natural olivine [Mo022—see PreB et al. (1986) and Table 1] mixed to match the composition
of SC-1 as closely as possible. Only the mg-number (92) is higher than in SC-1 (89-7).
Garnets approach equilibrium from high Ca, Ti, Cr, and Mn, and low Fe contents.
Orthopyroxene has to take in all other elements except Mg and Si, and cpx has to nucleate
from opx and grt. Olivine loses Fe to the other phases during the experiment.

(B) Mineral mix ‘SC-I’
Handpicked mineral separates (ol, opx, cpx, sp) of spinel lherzolite SC-1 (Jagoutz et al.,
1979) were ground, sieved to > 20 um, and remixed in the proportions appropriate to SC-1.
The mineral analyses given in Table 1 are taken from Blum (1982). Pressure and temper-
ature of crystallization of SC-1 are 12-7 kb and 1052 °C, as calculated from the Ca content of
olivine (Kohler, 1989; Kohler & Brey, in press) and the composition of coexisting opx and
cpx with our new thermometer (see Part II). Experimental conditions are such that the
pyroxenes always lose Al, Cr, Ti, and Na, and increase or decrease their Ca content and
mg-numbers. Garnet has to nucleate either by unmixing from the pyroxenes or the reaction
between pyroxenes and spinel. The Fo content of olivine is mostly a function of bulk
composition, and changes only very little.

(C) Mineral mix ‘J4
Magnetic separates of opx-, cpx-, and grt-porphyroblasts (courtesy E. Jagoutz) from a
sheared garnet lherzolite nodule J4 (Jagersfontein) were handpicked, ground, sieved to
<20 pm, and recombined together with J4 olivine in initial experiments and later with
olivine (Fogg.5) from spinel lherzolite Mog 32 (courtesy D. lonov) to match SC-1 com-
position. Representative analyses are given in Table 1. Pressure and temperature of crys-
tallization calculated with our newly developed barometer and thermometer (see Part II)
are 58:3 kb and 1354°C. Garnets are zoned with respect to Ti only (0-58 wt.% < TiO,
< 1-01 wt.%), whereas pyroxene porphyroblasts appear to be unzoned. Depending on P, T
conditions, both opx and cpx lose or gain Al, Cr, and Ca when adjusting to experimental
conditions, but always lose Na and Ti. Cr/(Cr+ Al) in the garnets always remains about
constant, Ca always increases, and Ti decreases. Spinel readily nucleates from the phases
present (and garnet did not remain as a residual phase in such experiments), but was always
too small to be analysed.

(D) Oxide mix ‘SCS’
Fired reagent-grade oxides (SiO,, TiO,, Al,0;, Cr,0;, MnO, NiO, and MgO) and
carbonates (CaCQ, and Na,CO,) were sintered at 800°C for several hours, finely ground,
and mixed with synthetic fayalite to match the composition of SC-1. All phases except
olivine have to nucleate from the sinter products.

In conjunction with a project on the solubility of Ca in olivine as a function of pressure
and temperature (Kohler, 1989; Kohler & Brey, in prep.), three further starting materials
[(E)-(G)] were used which consisted of hand-picked, ground, and sieved (<20 um) opx,
cpx, and spinel from spinel lherzolite Mo22 (Tariat, Mongolia; PreB et al., 1986) remixed
with different olivines in approximate proportions (wt.%) of ol:opx:cpx:sp =40:30:28:2. The
higher proportions of cpx was chosen to ensure its presence at any P, T conditions even
when there was a large amount of fluid phase or melt present. Mineral analyses given in
Table 1 are from PreB et al. (1986) and from Kohler (1989). Pressure and temperature of
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crystallization of Mo022 are 21-8 kb and 1132°C, and were calculated as for SC-1. Reaction
directions of minerals during the experiment are very similar to those for SC-1. Mo22
pyroxenes and spinel were mixed with the following olivines:

(E) Spinel lherzolite ‘Nor’
Olivine (Foy,) from a dunite in Alesund (Norway); bulk Mg value is increased compared
with SC-1.

(F) Spinel lherzolite ‘Kola’
Olivine (Foge.5) from an olivine—magnetite—perovskite cumulate from Lesnaya Varaka
complex (Kola Peninsula); bulk Mg value is very similar to SC-1.

(G) Spinel lherzolite ‘Meym’
Zoned olivines (Fogg_g9) from a meymechite (Meymecha—Kotui district, Siberia; courtesy
L. Kogarko); bulk Mg value is very similar to SC-1.

ADJUSTMENT TO EQUILIBRIUM
Olivine

Five to 10 olivine grains were usually analysed for major elements in each charge after the
experiment. Grain-sizes for olivines and all other phases range from 5 to 30 um, depending
on the type of starting material (smaller for synthetic mixtures), temperature (larger for
higher T'), and the presence (larger) or absence (smaller) of melt or fluid phase (mostly H,O).
Olivine seems to reach equilibrium during experimental run times as the variation of Fo
content in all experiments lies within +0-3 (1¢) of the value given in Table 2. This is in
accordance with the fast diffusion rates of elements in olivine (e.g., Morioka, 1981; Jurewicz
& Watson, 1988). Ca contents in olivine were determined in a separate detailed investiga-
tion and are published elsewhere (Kohler & Brey, in press).

Orthopyroxene

About 10 orthopyroxenes were usually analysed after the experiments in each of the
starting materials, and the region of compositional overlap between the run products from
the various starting materials was inferred as the equilibrium value. Only analyses with a
structural formula total (based on six oxygens) between 3-99 and 4-01 were accepted. The
orthopyroxenes are generally zoned with compositions near equilibrium at the rims and
less-reacted compositions in the cores. The zonation gives approximately linear correlation
trends between the elements (Fig. 3a—c) even at 900°C. The element variation diagrams
allow us to define equilibrium mineral compositions rather tightly from intersecting straight
lines: there are P, T conditions (e.g., Fig. 3a) where opx from the spinel lherzolites has to
release Al (to form garnet), whereas opx from the garnet lherzolite takes in Al (to consume
garnet). Ca, Mg, Fe, and Cr react concomitantly in trying to reach equilibrium. Experi-
mental brackets are established clearly in cases with opposite reaction directions. At other
P, T conditions orthopyroxenes from both garnet and spinel lherzolite starting materials
have to give off Al or Al may remain constant (Fig. 3b and c). Despite this, equilibrium
compositions can be established unequivocally because element correlation lines usually
intersect obliquely. Figure 3b also demonstrates that orthopyroxenes from starting material
Nor adjust to high mg-numbers as a result of high bulk mg-number. The linear correlation
between mg-number and Al shows that Fe-Mg adjustment and the nucleation and growth
of garnets are simultaneous processes. The higher mg-number should cause higher Ca in
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opx and lower Ca in cpx [see Davidson & Lindsley (1985) for a comprehensive overview]
but the deviations found are within analytical error, so that the same Ca contents were
assigned to the pyroxenes from starting materials with high and low mg-numbers. The
sintered oxide mix SCS yields pyroxene compositions which cluster around equilibrium
compositions (Fig. 3c) but the correlation lines from the crystalline starting materials more
tightly constrain equilibrium compositions.
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FIG. 3. Diagrams showing adjustment of orthopyroxene compositions from the various starting materials
(dash—dot lines) to experimental conditions and demonstrating method of evaluation of equilibrium compositions
by overlap of reaction trends. Equilibrium compositions were evaluated with diagrams of mg-number, Na, Ca, Cr,
and Ti (proportions of cation in structural formula based on six oxygens) vs. Al. Three examples from different P, T
conditions are shown here. Small symbols indicate reaction products in different starting materials: x = J4, open
circles = SC-1, open squares = Nor, open triangles = SCS; closed circles=Meym. Large symbols show original
mineral compositions in these starting matenals: triangles = J4, hexagons = SC-1, circles = Mo22. Bars: region of
compositional overlap; dots and arrows: selected values. (a) 28 kb and 1150°C. Orthopyroxenes from grt lherzolite
starting material J4 (x ) react to higher Al, Ca, and Cr contents and slightly higher mg-numbers. Orthopyroxenes
from sp lherzolite starting material SC-1 (open circles) react to higher Cr contents and somewhat higher mg-
numbers, whereas Ca remains constant and Al decreases. We have taken the compositional overlap as the
experimental bracket and used the midpoints for further processing. These values and the width of the brackets are
given in Table 2. (b) 4/-8 kb and 1100°C. J4 orthopyroxenes practically do not change their composition, because
of a coincidence whereby the lower pressure and temperature of the experiment give the same composition as at the
higher pressure and temperature of this nodule. SC-1 orthopyroxenes (open circles) also react towards this
composition and fully overlap with J4 orthopyroxenes. Opx from a second spinel lherzolite starting material ‘Nor’
(open squares) with a somewhat higher bulk mg-number than SC-1 but otherwise very similar composition (see
Table 1; caused by the addition of an Fo-rich olivine) reacts to higher mg-numbers, but very similar Ca, Cr, and Al
contents. Experimental brackets are again as indicated. (c) 50 kb and 1100°C. Minerals were analysed in the
wavelength-dispersive mode (WDS), which gives lower detection limits, for instance, for Na and Ti. Ortho-
pyroxenes from both J4 and SC-1 release Na, Ca, Cr, and Ti, whereas mg-numbers increase slightly. Reaction
direction is the same for all elements but equilibrium compositions can be inferred reasonably well because of
different slopes of the correlation lines. Compositions of nucleated orthopyroxenes from sintered oxide mix
starting material SCS are close to equilibrium.
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Clinopyroxene

Ten to 15 analyses were usually carried out for each starting material and the same
criteria for acceptance of analyses applied as for opx. Na is lost at ail P, T conditions from
clinopyroxene and also orthopyroxene (Figs. 3¢, 4a—c, and Fig. 9b below) because of its high
solubility in a coexisting H,O-rich fluid phase (Ryabchikov et al., 1982) or silicate melt
(where present). Al and Cr can be considered to be present in natural clinopyroxenes as
Tschermak’s molecules but they are also coupled to Na. This causes higher Al and Cr
contents relative to orthopyroxenes at all P, T conditions, whereas in CMAS orthopyrox-
ene may have higher Al than clinopyroxene or vice versa depending on P and T (Nickel
et al., 1985). When trying to adjust to experimental conditions, clinopyroxenes from spinel
lherzolite starting materials always release Al (Fig. 4a—c), because most experimental
pressures are higher than the original crystallization pressures of the natural rocks and
because Na is always lost (see above). Al in J4 cpx slightly increases in rare instances
(Fig. 4a) or remains constant, but usually decreases (Fig. 4b) even though there are many
higher-temperaure and/or lower-pressure conditions than calculated for the crystallization
of J4. Again, the loss of Na is responsible for this behaviour. The presence of melt causes
somewhat larger uncertainties in reversed Al, Na, and Cr contents (Fig. 4c), which are not
buffered by the coexistence of a phase saturated in these elements, and occur in different
concentration levels depending on the amount of melt present. Amounts of melt may vary
somewhat between the different holes within the same run, and small differences of Al, Cr,
and Na exist (Fig. 4c).

Garnet

Si in the structural formula (based on 12 oxygens) was between 298 and 3-00 for most of
the 10-15 garnet analyses usually taken in each starting material. The sum of cations was
mostly between 8-0 and 8-:02. Garnets readily grow from spinel lherzolite starting materials,
resulting in complete elimination of spinel by the end of the experiment. Their grossular
content is rather variable, as can be seen in Fig. 5a. Garnets from grt lherzolite starting
material J4 usually retain their initial composition in the core and always react towards
more grossular-rich compositions, which usually overlap with garnets grown from spinel
lherzolites and the sintered oxide mix SCS (Fig. 5a). The overlap is then taken as the
equilibrium bracket of the experiment. This does not constitute a reversal, for it is implicitly
assumed that garnet nuclei from spinel lherzolite starting materials are grossular rich and
react towards more pyrope-rich equilibrium compositions. Such behaviour would, how-
ever, be similar to the behaviour in CMAS when garnets nucleate from glass (Brey et al.,
1986). Our assumption is justified in that the initially grossular-rich garnets from starting
material Baro also react towards more pyrope-rich compositions (Fig. 5b) and arrive close
to, or within, the experimentally established brackets. Also, SCS garnets plot at these
compositions (Fig. 5b) so that we consider garnets to be determined by true reversals.

Garnets from J4 starting material reacted very little in some experiments, and it was
difficult to obtain good analyses from garnet rims. All analyses, seemingly not influenced by
neighbouring grains, plot close to the starting composition (Fig. 5b). We have taken the
midpoint of the compositional gap in such cases (indicated in Table 2 by *) for further
processing of the data.

J4 and Baro garnets release Ti at all P, T conditions and adjust to compositions
coinciding with the Ti content of the Ca-poor garnets from spinel lherzolite starting
materials (Fig. 5a and b). If J4 garnets were in equilibrium with all other phases in the
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F1G. 4. Examples of adjustment of clinopyroxene composition to experimental conditions. Compositions were
evaluated with diagrams of mg-number, Na, Ca, Cr, and Ti (proportions of cation in structural formula based on
six oxygens) vs. Al. Symbols are as in Fig. 3, and open diamonds = Baro. (a) 28 kb and 1150°C. mg-number, Al, Ca,
and Cr in J4 clinopyroxenes increase and Na decreases. In SC-1 clinopyroxenes mg-number and Ca increase,
whereas Al, Na, and Cr decrease. (b) 60 kb and 1300°C. These conditions are not far removed from the inferred
conditions of origin of garnet lherzolite J4, yet clinopyroxene strongly reacts to higher mg-number and Ca content,
and to lower Al, Na, Ti, and Cr content. Loss of Na to a coexisting fluid phase causes a decrease in Al and Cr
(because of lowered jadeite and ureyite component) and an increase in Ca. mg-numbers increase most probably
because Fe3* originally present in the starting material was reduced to Fe?* at the low f,, of our experiments (see
text) and this ‘excess’ Fe2* reacted out of clinopyroxene. Clinopyroxene from SC-1 reacts to very similar
compositions. (c) 15 kb and 1100°C. Melt was present in this experiment and the (small) amounts may have been
somewhat different in individual holes. This causes variable Na contents and variable Cr/Al ratios of the
clinopyroxenes. The resulting compositional brackets are somewhat wider than in the absence of meit. J4
clinopyroxenes react to Al-, Ca-, Cr-, and Ti-rich compositions and lose Na. Clinopyroxenes (M022) from starting
materials Kola (circles with bars) and Nor release Na and Al and increase in Ca and Cr. Clinopyroxenes in Nor
react to higher mg-numbers than those in Kola because of the different mg-numbers of the bulk compasitions.
Clinopyroxenes have to nucleate in synthetic garnet peridotite Baro and react to very similar compositions to
those from Nor. Ti is practically identical from all four starting materials.

natural rock sample, Ti should remain constant rather than decrease (as it does) in
experiments close to the calculated conditions of crystallization for J4 (58 kb, 1350°C). This
discrepancy may be explained by loss of Ti to a coexisting vapour phase.

Mn is always lost from Baro garnets (Fig. 5b) and gained by or lost from J4 garnets,
depending mostly on temperature. Garnets {rom spinel lherzolite Kola (with an Mn-rich
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olivine; Table 1) nucleate Mn rich, whereas those from spinel lherzolite Nor, with an Mn-poor
olivine (Table 1), are Mn poor at high Ca contents and adjust to Mn contents similar to
those from other starting materials close to the inferred experimental bracket (Fig. 5a).

Cr in J4 garnets changes only very little and matches Cr contents of the garnets from
spinel lherzolite starting materials, SCS, and Baro (Fig. 5a and b).

Al tends to remain lower in reacted J4 garnets than in those from the other starting
materials and thus large experimental brackets for Al result. The reason for the lower Al
contents is possibly the loss of Ti from the octahedral positions in garnet which have to be
filled mostly by Al This is indicated by a linear correlation of Ti with Al at almost constant
Cr in the zoned garnets of starting material J4 (compare Fig. 10 h below). Experimental run
times may be too short to allow filling of the vacant positions left by Ti with Al. In trying to
establish equilibrium compositions we therefore do not use the midpoint of the experi-
mental bracket but rather calculate the Al content of garnet from Al=2— Cr —Ti. This gives
values similar to Al contents of garnets nucleated from the spinel lherzolite starting
materials.
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F1G. 5. Adjustment of garnet composition to experimental conditions. Garnet compositions were evaluated with
diagrams of mg-number, Al, Cr, T1, and Mn (proportions of cation in structural formula based on 12 oxygens) vs.
Ca/(Ca + Mg + Fe). (a) 4/-8 kb and 1100°C. Original compositions are preserved in the cores of J4 garnets (x ),
whereas the rims and small garnet grains become richer in Ca and Mn, and lower in Ti and mg-number. The zoning
in Al, Ti (indicated as ellipsoid), and Mn in the Ca-poor cores is the original zoning from the starting material.
Garnets have to nucleate in the spinel lherzolite starting materials Meym (filled circles) and Nor (open squares).
Meym garnets show a compositional overlap with reacted J4 garnets for all elements, whereas Nor garnets have
higher mg-numbers and Al, and lower Cr contents. The Ca ratio is similar. Equilibrium brackets were derived from
the overlap in composition of J4 and Meym gamets and for the Ca ratio also from Nor garnets. (b) 50 kb and
1200°C. J4 garnets ( x ) reacted only very little and there is a gap in Ca ratio to garnets nucleated from SC-1 (open
circles) and SCS (triangles) and reacted garnets (from Ca-rich to Ca-poor) from Baro (diamonds). Al, Cr, and Ti
overlap in garnets of the last three starting materials, whereas mg-number and Mn are higher for Baro garnets.
Experimental brackets were defined from the gap in the Ca ratio and from the overlap in composition of J4, SC-1,
and SCS garnets.

Spinel

Spinel nucleates readily from J4 and Baro starting materials in experiments at 10 and
20 kb. All garnet is consumed by the end of an experiment. Grain-sizes are typically <5 ym
so that only few good analyses were obtained; these are shown in Fig. 6 and a few are given
in Table 3. Experimentally produced spinels from all starting materials are only slightly
zoned and probably have reacted close to their equilibrium composition. Melt is always
present in these low-pressure experiments in varying amounts (see below), which causes the
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FiG. 6. Composition of spinels produced at different experimental conditions in diagrams of mg-number (before

calculation of Fe3*) vs. Cr (cation proportion in structural formula based on 32 oxygens) and Fe®* (calculated by

assuming 24 cations in the structural formula) vs. Cr. Dots represent our microprobe analyses of spinel from spinel

lherzolite Mo022. This spinel was added to all starting materials shown here except for J4, from which spinel had to

nucleate. Spinels produced in charges with high mg-numbers also have high mg-numbers and vice versa. Variable
and high Cr contents are caused by the presence of varying amounts of melt.

TABLE 3

Spinel analyses (in wt.% normalized to 100) used to calculate prevailing oxygen fugacities in
experiments at different P, T conditions with the methods of O’Neill & Wall (1987; OW87)

SiOo, 2= 035 — 013 —_
TiO, 044 o014 018 0-59 —
AL O, 3278 5112 5280 30-48 48-22
V,0, Q24 — — 024 —
Cr,0, 3706 1687 1510 39-33 2125
FeO 1333 1174 1192 1223 9-61
MnO — — — 0-38 —
MgO 16:13 1976 19-90 1661 2032
P, T 10/1000 10/1100 15/1100 21/1000 20/1100
log fo,—QFM:

owsg7 —52 =21 -21 -51 -35

0T0Z ‘TT leqwianoN uo Areigi] Alsaalun unpjuelS e Bio speulnolpiojxo’Abojonad woly papeojumoq


http://petrology.oxfordjournals.org/

GEOTHERMOBAROMETRY IN FOUR-PHASE LHERZOLITES I 1339

observed increase of Cr in spinel. The increase of Cr in spinel, in turn, shifts the garnet-in
boundary to higher pressures, which explains the absence of garnet in the 20-kb ex-
periments. The decrease in Fe** calculated from microprobe analyses by assuming perfect
stoichiometry and 24 oxygens in the formula unit must be caused by low oxygen fugacity
during the experiment. Oxygen fugacities calculated with the method of Ryabchikov et al.
(1986) and O’Neill & Wall (1987) give values at around the Fe-FeO buffer (Table 3),
indicating the near-absence of Fe®* in our experiments. The reason for low oxygen
fugacities in the experiments may be similar to the tentative explanation by O’Neill & Wall
(1987) for the difference of oxygen fugacities calculated with their method for spinel
lherzolites and the much lower ‘intrinsic’ oxygen fugacity measurements of Arculus &
Delano (1981, p. 1187): ‘the ubiquitous presence of a reducing film of organic matter . . . may
be responsible for near instantaneous reduction . . . until the nearest self-buffering equilib-
rium is reached; this, for a Ni-containing phase, may be the appropriate nickel precipitation
curve for that phase’. The nickel precipitation curve for mantle olivines with typically
2500-3500 ppm lies very close to the iron—wiistite (IW) buffer which is —4 to —5 log fo,
units below quartz—fayalite-magnetite (QFM) (O’Neill & Wall, 1987). Use of single-crystal
mantle olivines from San Carlos as sample containers for our experiments appears to buffer
oxygen fugacity at low values by this effect.

Melt

Melt is present in all experiments between 10 and 21 kb where small amounts of water
were added to promote reaction. It can be identified with back-scattered electron images as
interstitial pockets of quench crystals between and overgrowth onto larger primary crystals.
The quench crystals are mostly clinopyroxenes with more Fe- and Al-rich compositions
than equilibrium clinopyroxenes. The amount of melt was not determined.

EXPERIMENTAL RESULTS

Experimental results and run details are given in Table 2 and shown in Figs. 6-10. The
mg-numbers of minerals in these figures (and as discussed below) are taken from a
combination of experimental results of starting materials J4, SC-1, SCS, Meym, and Kola, all
of which have very similar bulk Mg/(Mg + Fe) ratios. The mg-numbers of the minerals were
combined with the preferred values from the brackets for other elements (Table 2) as derived
from element or element ratio variation diagrams such as Figs. 3-5. Si was not evaluated
from variation diagrams but was calculated using the preferred values for other elements
and assuming stoichiometry and absence of Fe3*.

The data in Table 2 are brackets and preferred values from all starting compositions
derived from element variation diagrams in the manner explained in Figs. 3-6. The full set
of diagrams (based on ~ 3000 mineral analyses) and a computer listing of the preferred
mineral compositions for all experimental conditions can be obtained from the senior
author on request.

Olivine
Forsterite contents (Fo) in olivine range from 87-6 to 91-5 (Fig. 7). This range is larger
than the analytical error and the compositional variation in individual runs. Fo content in

olivines changes with the amount of melt present, which explains the variations in the
experiments from 10 to 21-2 kb. For other runs there is a tendency for the Fo content in
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F1G. 7. Fo content in olivine plotted against reciprocal temperature. Numbers beside the lines in the graphs are

pressures in kb and the symbols indicate equal experimental pressure. Fo in olivine is not dependent on

temperature but tends to increase with pressure in the experiments from 30 to 60 kb (two runs at 28 kb are included

with the 30-kb symbols in this and all following figures). Irregular variation of Fo in olivine is caused by varying
amounts of melt 1n runs at lower P.

olivine to increase with increasing pressure, as seen in Fig, 7 (see also Part II), but no
temperature dependence is observed.

Orthopyroxene

The mg-numbers in orthopyroxenes vary between 884 and 92, a range very similar to
that found in the olivines. Also, similarly, there is possibly an increase of mg-number with
pressure but no change with temperature (Fig. 8a). The lack of temperature dependence is in
accordance with earlier work on the distribution of Fe and Mg between olivine and
orthopyroxene (e.g., Medaris, 1969; Sack, 1980), which indicates equilibrium in our ex-
periments with respect to partitioning of Fe and Mg between coexisting minerals.

The natural logarithm of Ca content of orthopyroxene increases linearly with increasing
temperature at constant pressure and decreases linearly with increasing pressure at constant
temperature (Fig. 8b). The dashed lines in this figure are lines fitted to the Ca contents of
opx in the simple CMS system [values taken from Nickel & Brey (1984)]. They are a very
good fit to our natural system experiments.

Al content in orthopyroxene is solely a function of temperature in the spinel lherzolite
facies as shown, for example, by Gasparik (1984) and Sen (1985) for CMAS. Our ex-
periments also seem to indicate a slight pressure dependence (Fig. 8c), but this may be an
artefact caused by the presence of melt. Al has a higher preference for melt than Cr and this
causes a decrease in the Al/Cr ratio of the residual orthopyroxenes. This is shown, for
example, by Al in opx from the experiment at 20 kb, 1200°C (higher amount of melt) being
lower than at 20 kb, 1100°C, and vice versa for Cr (compare Fig. 8¢ and d).

Al content is a function of both pressure and temperature in the garnet lherzolite facies
(Fig. 8c) and has been the basis of a widely used barometer since it was first calibrated by
MacGregor (1974) in the simple MAS system. Isotherms of Al in opx from reversed
experiments in MAS by Perkins et al. (1981) have a steeper slope and lie at higher Al
contents than those seen from our experiments in Fig. 8c. Uncertainty exists about
appropriate corrections needed to relate simple-system experiments to natural rocks.
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F1G.8. Variation of orthopyroxene compositions (given as cations in structural formula based on six oxygens)
with pressure and temperature. Symbols and numbers as in Fig. 7. (a) mg-numbers in orthopyroxene do not
depend on temperature but tend to increase with pressure at P,,, > 28 kb, as in olivine. (b) Ca content of
orthopyroxene plotted on a logarithmic scale vs. pressure. It can be seen that In Ca depends linearly on pressure
and temperature. Numbers denote experimental temperatures in °C and isothermal experiments are shown by the
same symbols. The broken lines are isotherms calculated from a least-squares fit of Ca content of orthopyroxenes
from the simple CMS system (see formula in Part II). The agreement with the results from the complex system is
striking. (¢} Al in orthopyroxene for spinel- and garnet-bearing assemblages plotted on a logarithmic scale against
pressure. Numbers and symbols as for (b). Al decreases with increasing pressure and decreasing temperature in the
garnet lherzolite facies. A slight curvature of isotherms may be indicated. In the spinel-bearing assemblage it is
mostly a function of temperature, but the Al/Cr ratio is also a function of the amount of melt which is present in
our experiments. This can be seen from the experiments at 20 kb, where the 1200°C experiment has a lower Al
content than that at 1100°C but a higher Cr content (Fig. 8d). (d) Cr in orthopyroxene for spinel- and garnet-
bearing assemblages plotted on a logarithmic scale against pressure. Cr decreases with increasing pressure and
decreasing temperature in the garnet lherzolite facies, as does Al, and isotherms are curved. Cr contents become
very low at low temperatures and analytical errors were accordingly higher, which may be the reason for the high
Cr in the experiment at 50 kb, 900°C. Cr in opx appears somewhat erratic in experiments in the spinel field, also
probably because of the presence of varying amounts of melt.

Cr in opx also increases with increasing temperature and decreases with increasing
pressure in the garnet stability field (Fig. 8d). The dependence of Cr in opx on pressure
decreases with increasing pressure, as seen by the curvature of isotherms in Fig. 8d. Cr in
opx may also be usable as a barometer, as suggested by Webb & Wood (1986) and Nickel
(1989), but will be more difficult to handle because of the lower content of Cr compared with
Al (by a factor of 10) and the lack of sufficient experimental data in other, simpler systems
[only data in the system CMASCr exist, and from a very restricted pressure range—Nickel

(1989)].

Clinopyroxene

The mg-numbers in clinopyroxene increase with decreasing temperature and tend to
increase with pressure in those experiments without melt (Fig. 9a). The exchange of Fe and
Mg between cpx and ol or opx may be the basis for a thermometer, as shown by Mori &
Green (1978).
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FIG.9. Variation of clinopyroxene compositions (given as cations in structural formula based on six oxygens) with
pressure and temperature. (a) mg-number 1n clinopyroxene as a function of reciprocal temperature. Curve labels
and symbols as in Fig. 7. mg-numbers in clinopyroxene increase with decreasing temperature and also tend to
increase with pressure at P 2 28 kb, as in olivine and orthopyroxene. (b) Na content in experimentally produced
clinopyroxencs and clinopyroxenes of starting materials J4 and SC-1. Na 1s always released from clinopyroxenes
during an experiment at any P, T condition because of either partitioning into a melt or a fluid phase. (c) Ca
content in clinopyroxene as a function of pressure and temperature. There is considerable overlap of Ca between
the 900-1100°C experiments which seemingly excludes the use of the diopside component in clinopyroxene as a
precise thermometer. (d) Ca + Na in clinopyroxene as a function of pressure and temperature. Other than for Ca
alone [see(c)] the 900-1100°C isotherms are clearly separated. This shows the possibility of designing a
rcasonably precise thermometer from these data when an appropriate Na correction is applied. (¢) Al in
clinopyroxene as a function of pressure and temperature. As in opx, Al seems to be a function of temperature only
in the spinel stability field, but its concentration is also influenced by the presence of small amounts of melt in our
expeniments. Al decreases with increasing pressure and decreasing temperature in experiments in the garnet
stability field; however, the 900 and 1000°C isotherms crosscut the 1100 and 1200°C isotherms. This is caused by
the higher Na content of clinopyroxenes from these experiments [compare (b)]. (f) Cr in clinopyroxene as a
function of pressure and temperature. Cr decreases with increasing pressure in the garnet stability field, but the
isotherms crosscut each other so that no temperature dependence is recognizable. This irregular behaviour
resembles the irregular Na content in (b), and it seems that the presence of Na has a more pronounced effect on Cr
than on Al. For the same reason, and because of the presence of melt, Cr in clinopyroxenes from the spinel stability
field also is somewhat erratic. (g) { (Al + Cr) — Na]*™* can be considered to reflect the tschermakitic component in
clinopyroxene. In contrast to () and (f), isotherms from 1000 to 1400°C are clearly separated and [(Al + Cr)
— Na)]J*?* shows a pronounced pressure dependence. The experiments at 900°C do not conform to this; which
may be because of combined errors from analysis and the evaluation in the element variation diagrams.

Na contents are always lower in experimentally produced clinopyroxenes than in those
from the starting materials (Fig. 9b). Low partition coefficients with melt or hydrous fluids
(Ryabchikov et al., 1982) cause the drastic decrease. Na is lowest in clinopyroxenes in the
low-pressure experiments where melt is present. Small but varying amounts of water were
added to the experiments at lower temperatures (see Table 2), and Na partitioned into this
fluid phase. Small amounts of fluids were present also in the higher-temperature ex-
periments from fluid inclusions in olivine and from H,O absorbed in the starting materials.

The diopside component (reflected by the Ca content) of clinopyroxene is the basis of the
widely used two-pyroxene thermometer (Davis & Boyd, 1966). Ca contents of our experi-
mentally produced clinopyroxenes clearly depend on temperature (Fig. 9c) but the data

0T0Z ‘TT JaquwanoN uo Areiqr Ansaniun unpjueld 1e Bio'sjeulnolpiojxo Abojonad woly papeojumoq


http://petrology.oxfordjournals.org/

1346 G. P. BREY ET AL.

shown in this diagram are too erratic (at least at lower temperatures) to serve as the basis for
a precise thermometer. Rather smooth curves result when Na is added to Ca, and the
isotherms are separated very clearly (Fig. 9d). The profound influence of Na on Ca
solubility in clinopyroxene has been recognized earlier (Wood & Banno, 1973; Bertrand &
Mercier, 1985), but our experiments provide the first opportunity to test suggested correc-
tion procedures. As shown for CMS by Nickel & Brey (1984) the pressure dependence of
(Ca + Na) decreases with increasing pressure but increases with increasing temperature
(Fig. 9d).

In garnet-bearing runs, Al content in clinopyroxene decreases with increasing pressure
and decreasing temperature in experiments at >1100°C, but the 900 and 1000°C isotherms
cut across those from higher temperatures (Fig. 9e). Cr also decreases with increasing
pressure, but a temperature dependence is not discernible (Fig. 9f). The amount of Al and
Cr in clinopyroxene is correlated with the amount of Na. However, Na is rather variable in
the experimentally produced clinopyroxenes (Fig. 9b) because of the presence of uncon-
trolled amounts of melt and fluid phase, and Al and Cr should therefore also vary
irregularly. This is especially the case for Cr (Compare Fig. 9¢ and f) and, because of this, we
argue for a stronger influence of Na on Cr than on Al. When Na is subtracted from (Al
+ Cr) and plotted on a logarithmic scale against pressure (Fig. 9g), a linear, temperature-
dependent relationship is obtained. In this procedure only ‘tschermakitic’ Al and Cr are
considered in this way, which could be the basis for a further geobarometer.

Garnet

The mg-numbers in garnets increase with increasing temperature and tend to decrease
with increasing pressure (Fig. 10a). The temperature dependence is the net result of a strong
increase of Mg with temperature (Fig. 10b) and a less-pronounced decrease of Fe (Fig. 10c).
In this respect, garnet is the counterpart for olivine, orthopyroxene, and clinopyroxene. The
exchange of Fe and Mg between these phases and garnet can be used for thermometry (Ellis
& Green, 1979; O’'Neill & Wood, 1979; Harley, 1984).

Mn content in garnet is apparently a function of temperature only, and the influence of
pressure cannot be resolved with our analytical data. If the one experiment at 50 kb and
900°C is not considered there seems to be a curvilinear decrease of Mn with increasing
temperature (Fig. 10d).

Ca contents in garnet depend (at constant Cr content) on pressure and temperature
(Fig. 10e). The influence of pressure decreases strongly at higher pressures, whereas there is
a linear dependence on temperature. This is in contrast to the results from CMAS, where Ca
decreases linearly with increasing pressure and is practically independent of temperature
(Brey et al., 1986). The difference in composition between CMAS and natural rock systems
is mostly the presence of Fe and Cr in the latter, and cross-site interactions of Fe—Cr and
Ca—Cr must be responsible for the behaviour of Ca in complex garnets.

The variation of Cr in garnet lies within the width of the experimental brackets (Fig. 10f)
except for one outlier at 1150°C. Midpoints of brackets for the 40-, 50- and 60-kb
experiments coincide whereas those for the 30-kb experiments are somewhat lower. If real,
such variation with pressure mirrors the behaviour of Ca (Fig. 10d), where the 30-kb isobar
is clearly separated from the 40-, 50- and 60-kb isobars, which are only very slightly
different. In general, Cr in garnet is almost the same at all P, T conditions and merely
reflects the bulk Cr content of the rock.

Al in garnet seems to depend slightly on pressure (Fig. 10g) and out of necessity on Ti, as
it was evaluated by calculating Al =2 — Cr — Ti and Cr is practically constant at all
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FIG. 10. Variation of garnet compositions (given as cations in structural formula based on 12 oxygens) with
pressure and temperature. (a) mg-number in garnet as a function of reciprocal temperature and pressure (values in
kb). mg-numbers in garnet decrease with decreasing temperature and also tend to decrease with increasing
pressure, and thus behave in a complementary fashion to olivine, orthopyroxene, and clinopyroxene. (b) The
increase of mg-numbers with temperature is the net result of a strong increase of Mg with temperature and (c) a
weaker decrease of Fe in garnet with temperature. (d) Mn in garnet as a function of temperature. It seems to be a
logarithmic function, but only when the experiment at 900°C, 50 kb is neglected. (¢) Ca in garnet decreases linearly
with increasing temperature. A decrease with pressure is most pronounced between 30 and 40 kb, above which the
influence of pressure almost disappears. (f) Cr in garnet appears to be independent of pressure and temperature
and reflects only the bulk composition. Garnets from the 30-kb experiments may contain somewhat less Cr than
those from higher pressures. There is a good reason for the one outlier at 30 kb. (g) Al in garnet decreases with
increasing pressure with no discernible dependence on temperature. The values shown here are calculated from Al
= 2—Cr~—Ti. (h) Ti contents in garnet increase with increasing pressure, although the apparent increase is only
slightly larger than the width of the compositional bracket.

pressures and temperatures. Ti content in garnet should therefore also be pressure depend-
ent, which seems to be the case (Fig. 10h). A dependence on temperature cannot be
discerned in Fig. 10g and h. The picture may be blurred by solubility of Ti in a coexisting
H,O-rich fluid phase, which lowers the Ti content of garnets (and also pyroxenes),
depending on the amount of vapour phase present (Ti is not buffered by a coexisting
Ti-saturated phase). Such solubility was, however, not indicated by the experiments of
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Schneider & Eggler (1986) and Tatsumi et al. (1986). Nevertheless, Ti disappears during
experiments because it is always lower in the experimentally produced garnets and
pyroxenes compared with those from J4 starting material. We cannot decide upon this
question because of lack of detailed information on the H,O contents of the experiments.

FINAL REMARKS

The experimental results presented in this paper offer the unique possibility for simultan-
eous testing of many different thermobarometers, which have been based on different
exchange reactions and calibrated in many different laboratories. All of these thermo-
barometers have to reproduce our experimental conditions (within the stated errors) if (1)
pressure and temperature calibrations of experimental apparatus are consistent between the
various laboratories, and (2) extrapolation from simple-system experiments and in pressure
and temperature are correct. Errors in P, T calibration and incorrect compositional
extrapolations should mostly cause systematic offsets, whereas erroneous extrapolations of
P and T should cause deviations outside the experimental range. Any suitable thermo-
meters and barometers from the literature, and any new thermometers designed from the
present data, can then be applied simultaneously to natural rocks, allowing us to derive P, T
conditions more accurately and to find possible disequilibria effects. This is the object of
Part II of this series.
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