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Abstract

Garnet--olivine equilibration during cooling has been modelled with numerical experi-

ments which simulate Fe-Mg exchange and diffusion in radially-symmetric alrangements

of olivine and garnet. Calculated compositional profiles in garnet become zoned in Fe and

Mg for cooling histories plausible for the mantle. For the most reasonable diffusion

parameters, zoning starts to occur at temperatures below 800"C and continues to develop

over a cooling range of about 200'C. Strong zoning in garnet is confined to within 1000 pr,m

of olivine-garnet contacts. During the simulated cooling, small olivine inclusions in garnet

become more magnesian than larger ones.
Electron microprobe studies of inclusions from diatremes have been compared to the

results of the numerical experiments. Garnet fragments from Colorado Plateau diatremes

have radial Fe-Mg zoning about olivine inclusions, and compositions of these olivine

inclusions depend upon their size. Calculated temperatures for the olivine-garnet pairs are

near 550'C. Garnets in three nodules from the Jagersfontein kimberlite pipe are not Fe-Mg

zoned in contact with olivine, and calculated temperatures for the three nodules are 700-

800'C. Our observations and calculations are consistent with the hypothesis that olivine

and garnet in the mantle equilibrate to temperatures near 700'C. Pyroxene and garnet

appear to equilibrate to similar temperatures during slow mantle cooling. The apparent

piucity of low-temperature garnet lherzolite nodules in diatremes is unlikely to be due

either to the miscalibration of geothermometers or to olivine-garnet disequilibrium.

Introduction

Temperatures and pressures calculated for garnet peri-

dotite nodules may reflect the ambient conditions at the

depth from which the nodules were sampled (e.g.' Fin-

nerty and Boyd, 1984). On the basis of diffusion data'
however, Harte and Freer (1982) suggested that some
peridotite phases might cease to equilibrate below about
900"C during cooling in the mantle, though olivine and
garnet might remain in Fe-Mg exchange equilibrium to
lower temperatures. If so, then calculated temperatures
for some nodules might be based on cation distributions
quenched in during cooling in the mantle, and the calcu-
lated values would not represent conditions from which
the nodules were erupted. Also, some of the diferences
between results of different geothermometers could re-

flect diffusion kinetics. Support for these ideas comes
from many demonstrations of major element and isotopic
disequilibria in spinel peridotite nodules (e.g., Smith and
Levy, 1976; Hofmann and Hart, 1978) and granulite

inclusions (Harte et al., 1981). Moreover, very few garnet
peridotite nodules collected from diatremes have calcu-
lated equilibration temperatures below 800"C. Garnet
peridotite should be stable to lower temperatures in cool
subcontinental mantle, however, since the low-tempera-
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ture transition from spinel to garnet peridotite occurs at

about 16 kbar for Cr-free peridotite and at slightly higher
pressures for the Cr-poor spineliherzolite nodules typi-

cally found in volcanic rocks (O'Neill, l98l). These
pressures should be exceeded at temperatures above

600'C in shield areas with heat flow values near 40 mW

m2 (Pollack and Chapman,1977)' The paucity of calculat-
ed temperatures below 800'C is readily explained, howev-
er, if equilibria typically freeze for garnet peridotite

phases near or above this value. Ifblocking temperatures
for common geothermometers exceed 800'C, the lower-

temperature parts of mantle geotherms like the one
proposed by Boyd (1973) could reflect kinetics ofmineral

equilibration rather than actual variations of temperature
with depth, as suggested by Harte and Freer (1982)'

We have investigated the behavior of garnet peridotite

equilibria during cooling in the mantle by making numeri-

cal experiments and by analyzing unusually low-tempera-
ture inclusions from diatremes. The numerical experi-

ments simulate Fe-Mg exchange and diffusion during

cooling of olivine-garnet pairs. Plausible mantle cooling

histories and a range of diffusion rates are used in the

models. Fe-Mg zoning is produced in garnet during

simulated cooling below the temperatures at which equi-

librium is maintained. We have compared the calculated
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zoning and model temperatures with data on inclusions
from diatremes on the Colorado plateau and from the
Jagersfontein kimberlite pipe in South Africa. The com-
parison not only helps to establish the conditions at which
cation distributions are frozen in during mantle cooling,
but it also bears on the validity of extrapolated diffusion
rates and on olivine-garnet geothermometry at low tem-
peratures.

Numerical model

General description

The distribution of Fe and Mg between coexisting olivine and
garnet is dependent upon temperature, pressure, and
composition. If the two phases are initially at equilibrium and
then cooled, Fe and Mg exchange will proceed at mutual
contacts, and interdiffusion of the cations will take place awav
f rom the  in te r faces .  A l though ana ly t i ca l . . ihod ,  f *
characterizing the compositional gradients resulting from such a
proces s have been developed (Lasaga et al., 1977 ; Lasaga, l9g3),
realistic geometries and thermal histories are best treated
numerically. Onorato et al. (1981) and Sanford (19g2) have
described numerical techniques for investigating the problem.
Wilson (1982) and Ozawa (1983) have discussed models similar
to ours and applied them to olivine-spinel pairs.

Our numerical model treats spherical ly-symmetric
arrangements; most calculations were done for an olivine matrix
about a garnet crystal with a small central inclusion of olivine.
Garnet-olivine compositions were held in equilibrium at mutual
interfaces by Fe-Mg exchange, using a temperature-dependent
distribution ratio, as discussed below. Fluxes were balanced at
each interior interface and held at zero at the outer perimeter of
the volume. Interface positions were fixed during cooling, as
volume changes during Fe-Mg interdifusion were presumed
negligible. The numerical solution ofthe diffusion equation in the
radial coordinate was accomplished using a backward time-
difference algorithm. At the onset of cooling, the phases were
homogeneous and in mutual equilibrium. Cooling was usually
accomplished in a thousand or so time steps; the lengths of the
time steps were increased during the cooling process. Solutions
showed no significant changes when more steps were used.
Further details of the procedure are discussed bv Wilson and
Smith (1984b), and equarions are briefly summarized in an
appendix to this paper.

Exchange and diffusion parameters

Two independent calibrations are available for the garnet_
olivine geothermometer, and the distribution coefficient for Fe
and Mg at garnet--olivine interfaces, Ko (Fe/Mg in garnet divided
by Fe/Mg in olivine), can be calculated from each one. The
calibration of O'Neill and Wood (1979) was based upon
expenments at temperatures from 900 to 1400.C, while that of
Kawasaki (1979) was based upon experiments in the range 1000_
1300'C. To use either calibration in our models, the distribution
coefficient must be extrapolated to temperatures well below the
experimental control, and olivine compositions, pressures, and
Cal(Ca+Fe+Mg) values in garnet must be specified. Calculated
values of Kp by the two methods are similar except at
temperatures below 650.C, where the Kawasaki-based
algorithms yield appreciably larger values (Fig. l) which are
unreasonably sensitive to olivine composition. Since the
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Fig. 1. Dependence of K5 Ge/Mg in garnet divided by Fe/Mg
in olivine) upon temperature, as calculated from the algorithms
of O'Neill and Wood (1979) (Curve A) and of Kawasaki (1979)
(Curve B). Kp values were calculated for olivine with 6 mole
percent fayalite, garnet with Cal(Ca+Fe+Mg) of 0.137 and a
pressure of 25 kbar.

O'Neill-Wood formulation in part is based upon lower-
temperature experiments, and since it is less sensitive to
compositional variations at low temperatures, it was used to
calculate a temperature dependence for Kp in our numerical
experiments. We expressed that dependence as

{!rdl = -H
aT l, R71

where 11 = 12150 /mole, a value appropriate for olivine with 6
moleVo fayalite, gamet with Cal(Ca+Fe+Mg) : 0.137, and a
pressure of about 25 kbar. Although the mineral compositions
were chosen specifically for Colorado Plateau pairs, they are
reasonable for many garnet peridotites.

Interdifusion rates for Fe and Mg in olivine are relatively well-
known, based upon the experimental studies of Buening and
Buseck (1973) and ofMisener (1974). These workers determined
rates as functions ofcrystallographic direction, oxygen fugacity,
olivine composition, and pressure at temperatures above 900'C.
Buening and Buseck fit their data to diferent parameters above
and below ll25"C; their data illustrate the danger of
extrapolating diffusion coefficients over a large temperature
range assuming the same temperature dependence. When the
different oxygen fugacities of experiments are taken into
account, the extrapolated results of Buening and Buseck (1973)
are about an order of magnitude greater than those of Misener
(1974) over the temperature range ll00-500'C. This degree of
uncertainty has little effect on the calculations ofgarnet zoning,
since diffusion rates in garnet are so much slower than those in
olivine. Lasaga et al. (1977) showed that when diffusion rates are
much faster in one of two phases, zoning profiles in the other are
relatively insensitive to uncertainties in the faster rate. A pre-
exponential term of 1.557 x l0-7 m2lsec and an activation energy
of 203470 j/mole have been adopted for olivine in our model,
consistent with extrapolation of the data of Buening and Buseck
(1973) to oxygen fugacities of the FMQ butrer.

Experimental studies of Fe-Mg interdiffusion rates in garnet
have been reported in four sources (A-Freer, l98l; B-
Duckworth and Freer, 1981; C-Elphick et al., 1981; D-Cygan
and Lasaga, 1983), and some ofthe experimental conditions and
derived parameters are summarized in Table l. The diferences
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D  ( m * m / s e c )  Q  ( j / n o l e ) Source and Coments 0ata Set

Table l. Fe-Mg interdifiusion in garnet of Set D, however, were determined with the starting material

and temperature range most appropriate for the rocks studied

here. Since the uncertainties in ditrusion rates in garnet are of
particular importance, parameters of Sets A, B, and C were all

used in our numerical model in order to encompass the range of

extrapolated values.

Cooling histories

Calculations have been made for linear and exponential

cooling and for a cooling-slab model. In the slab model,

temperature decreases follow an error-function behavior

appropriate for a semi-infinite slab, initially uniform in

temperature, with its boundary held at a fixed temperature. The

thermal ditrusivity of the slab is assumed constant at 2.641 x

l0-5 km?r, a value suggested for the upper mantle by

Oldenburg (1975). The depth within the slab, the surface

temperature, and the initial temperature were selected for each

series of calculations. The surface temperature was commonly

fixed at 500"C, a plausible value for the base of the crust in a

stable continental environment: the model offers a simple

approximation to temperature decline in the mantle after

orogeny or after continental delamination like that suggested by

Bird (1979). Experiments in which the temperature decayed

linearly were used to examine the efects of difierent cooling

rates upon zoning. These experiments showed that the zoning

changed only slightly for a change of an order of magnitude in

cooling rate, at mantle temperatures. Thus, more complicated

cooling models, as might better describe mantle diapirs of limited

size, are not expected to yield results much diferent from those

obtained here.

Calculated compositional profiles

Most numerical model calculations were made for a

central olivine sphere (230 p'm radius) surrounded by a
garnet shell (3500 p,m outer radius) sulrounded by olivine
to the perimeter at 8000 p,m. Garnet occupies aboutSVo of

this total volume, a percentage similar to that in many
garnet lherzolite nodules. Cooling was begun at 1200'C'

with an initial olivine composition of 8 moleVo fayalite.
Olivine zoning was negligible, even for very rapid

cooling. For example, after a calculated cooling from

1200 to 600'C at a linear rate of 1000"C per million years
(with the diffusion parameters of Set A in Table l), the

interior olivine sphere was constant in composition to

four significant figures; the outer olivine shell varied only

from 7.82 moleVofayalite at 3510 pm to 7.85 percent at the
perimeter (8000 g.m). Olivine zoning is thus ignored in

subsequent discussions of calculated profiles.

Compositional profiles in a garnet at four temperatures
from one numerical experiment are shown in Figure 3.

The experiment simulates conditions 20 km below the

5(X)oC surface of a conductively cooling slab, initially at

1200'C; the diffusion parameters of Set A in Table I were

used. The garnet is reequilibrated and is unzoned at

900"C, although model cooling from 12fi)"C took only 12

million years. Zoning appears below 800"C and is obvious
by 700"C, after 56 million years total time. After 234

million years, the garnet is at 600oC, and zoning is
pronounced in the outer 10ff) pm. Following an additional
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between the formulations may reflect the different compositions
and temperature ranges studied, but none of these experiments
has been described in detail. Hence, it is difficult to decide which
is superior. Our numerical calculations were extended to
temperatures below 600'C, and ditrusion rates from the four
sources extrapolated to these low temperatures do not agree
(Fig. 2). Studies of zoning in garnets in crustal rocks are helpful
in evaluating the accuracies of these extrapolations, but ditrusion
rates in iron and manganese-rich garnets in the crust may not be
appropriate for magnesian garnets at the higher pressures and
lower oxygen fugacities likely for the mantle. The studies of
crustal rocks indicate that difusion is fast enough to homogenize
garnets above about 650"C, but slow enough to preserve zoning
with little alteration below about 550'C (e.g., Tracy, 1982). The
estimate of Fe-Mg diffusion in Fe-rich crustal garnet at 675"C
obtained by Lasaga et al. (1977) is in best agreement with the

extrapolation of the parameters of Set A (Fig. 2). The parameters

r  (c)
5 0 0

7  8  I  1 0  1 1  1 2
1 0 0 0 0 / ( T  K )

Fig. 2. Lines show the calculated diffusion coefrcients as

functions of temperature, according to the four sources
discussed in Table l. The solid portions of the lines show the

temperature ranges of the experimental studies. The "X" shows

an estirnate of Lasaga et al. (1977) for a crustal garnet.
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Fig. 3. Calculated compositional profiles in garnet for a cooling
history beginning at 1200'C in a slab with a surface temperature
of 500'C and with the diffusion parameters of Set A. The garnet
extends from a central olivine inclusion (radius 230 pm) to the
outer olivine shell which begins at 3500 pm. profiles are shown at
900, 700, 600. and 550'C.

710 million years, more than three times the prior cooling
period, the garnet is at 550'C; during this interval the
zoning changes significantly only within 200 g,m of the
outer olivine-garnet contact and 100 pcm ofthe inner one.
Thus most characteristics of the zoning develop within an
interval of about 2fi)"C.

To illustrate the efects of different diffusion parameters
for garnet, compositional profiles obtained with sets A,
B, and C of Table 1 are shown in Figure 4. For thermal
histories of a cooling slab (Fig. 4a), garnet zoning is
produced in a different temperature range for each set of
parameters. Marked zoning is produced above 900.C and
little changed at lower temperatures for the slow diffusion
rates of Set C, while for Set B, zoning is not marked until
about 600"C and changes appreciably with cooling to
below 550'C. The slab model used here is not useful for
temperatures below 550'C, as temperatures approach the
surface value, 500oC, very slowly; the average cooling
rate from 550 to 540"C is about I degree per 50 million
years. Linear cooling histories at one degree per million
years were used to compare final profile shapes with each
set of diffusion parameters. The final shapes are similar,
but each profile has a diferent mean iron content (Fig.
4b). These diferent iron contents largely reflect differing
amounts of iron depletion of the outer olivine reservoir at
higher temperatures. No matter which set of ditrusion
parameters is adopted, distinct Fe-Mg zoning arises in
the outer 1000 p,m of the garnet.

Isothermal annealing will erase the zoning only if the
annealing occurs in or above the upper part ofthe critical
temperature range in which strong zoning originates. For
instance, the effects of annealing for 500 million years at
both 700 and 600'C are shown in Figure 4c, using the
diffusion parameters of Set A. Although annealing at
700'C homogenizes the garnet, annealing for the same
time period leaves the 600'C profile almost unaffected.

14 16  18  20
FEl(FE+CA+MG)

c 1 7 1 8 l e 2 0
FEl(FE+CA+MG)

Fig. 4. Comparisons of numerical experiments with different
garnet diffusion parameters and cooling histories. (A)
Compositional profiles in garnet for the cooling slab model, using
the diffusion parameters of Set A (at 600'C), Set B (at 550"C), and
Set C (at 900'C) (B) Compositional profiles in garnet for linear
cooling at l"C per million years, using the difusion parameters of
Set A (600'C), Set B (600'C) and Set C (500"C). (C) Comparisons
of compositional profiles before and after annealing at constant
temperature for 500 million years. Though the model garnet was
3500 pm in radius, profiles are shown only for the outer 1000 ,.r,m.
One pair of lines shows results for first cooling to 700'C and then
for holding 500 mil l ion years at that temperature;
homogenization is complete after the annealing time. In contrast,
the profile produced after cooling to 600'C is nearly unaffected
by the subsequent annealing. Profiles were calculated using the
diffusion parameters of Set A.
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An approximate measure of the distance over which
diffusion is effective is the square root of the product of
the diffusivity and time. To evaluate this quantity during
cooling, values for the function

were calculated numerically for a linear cooling rate of I
degree per million years and plotted at the midpoints of
the 100'C intervals. Curves drawn through the points
calculated with the diffusion parameters of Sets A, B, and
C are shown in Figure 5. The curves are appropriate for
spherical garnets only when values are small compared to
radii; otherwise, the distances for effective diffusion are
underestimated. For distances greater than a few thou-
sand pm in Figure 5, typical mantle garnets I cm or less in
diameter would homogenize readily, and zoning would
not be expected. Distances less than a few hundred p.m in
Figure 5 correspond to temperatures at which strong
zoning can be expected, and these values occur below
about 850'C (Set C), 650'C (Set A), and 550"C (Set B).
The cooling rate chosen for these calculations is plausible
for the upper mantle at low temperatures, but if the rate
differed by a factor of 100 in any temperature interval,
temperature inferences made from curves A and C would
change by less than 100'C. The different efects ofanneal-
ing at 6fi) and 700"C shown in Figure 4c can be predicted
from curve A in Figure 5.

While olivine never becomes appreciably zoned, the
olivine inclusion in garnet becomes more magnesian than
the outer olivine shell during typical cooling histories. For
instance, with a linear cooling rate of I degree per million
years and diffusion parameters of Set A, at 7fi)'C the
compositions of inclusion and shell are 7.20 and 7.72

500 1000
r(c)

Fig. 5. Curves show effective difusion distances in pm for
linear cooling of l'C per million years through 100'C intervals.
Each curve is drawn through points plotted at the midpoints of
l00oC intervals: the points were calculated from the square roots
of the products of diffusivity and time, calculated by numerical
integration over the 100'C intervals, using the diffusion
parameters of Sets A, B, and C in Table l.

moleVofayalite, while at 500'C, compositions are6.26and
7.69Vo, respectively. The composition of the olivine inclu-
sion at low temperatures also depends upon its size. For
instance, after cooling to S(X).C, the compositions of

olivine inclusions of 80, 120, and 230 pm radius ate 5.94,
6.05, and 6.26moleVo fayalite, respectively. These com-
positional differences arise in spherical geometries at
temperatures low enough that the volume of garnet

exchanging Fe-Mg with olivine is limited by diftrsion.

Observations of low-temperature pairs

Colorado Plateau diatremes

The ultramafic diatremes of the Colorado Plateau in the
southwestern United States bring up a variety of mantle
fragments. Garnet peridotite nodules are extremely rare,
but angular fragments of pyrope containing inclusions of
olivine, diopside, and enstatite are common (McGetchin
and Silver, 1970). Most individual pyrope fragments are
homogeneous except for iron-enriched, magnesium-de-
pleted zones around olivine inclusions (Hunter and
Smith, 1981). Wilson and Smith (1984a) showed that the
zoning profiles radial to these olivine inclusions could be
fit by profiles generated using the numerical model with
the diffusion parameters of Set A. They found the best fits
for cooling histories which ended near 550oC. The final
temperature is in agreement with results of the olivine-
garnet geothermometers of Kawasaki (1979) and O'Neill
and Wood (1979'), which yielded temperatures of 580-
600"C and 500-520"C, respectively, at 20 kbar for olivine
and garnet about 5 pm from mutual contacts.

The hypothesis that the Colorado Plateau pairs cooled
to low temperatures is supported by new data on the
compositions of two olivine inclusions in one garnet

fragment. The pyrope crystal is angular, with a maximum
diameter of about 6 mm. It appears homogeneous except
for Fe-Mg zoning around an olivine inclusion (Wilson and
Smith, 1984a). Further polishing exposed a second olivine
inclusion as well. The larger olivine inclusion, with a
radius of 230 p.m, contains 5.96 wt'Vo FeO; the other
inclusion, with a radius of 150 g.m contains 5.58 wt.Vo.
The precision of these iron analyses was about 0.04 wt.%
(1 sigma). Since the pyrope fragment is generally homoge-
neous, the compositional difference between the two
olivine inclusions is best expained by the size-composi-
tion relation discussed above.

The Colorado Plateau olivine-garnet assemblages thus
provide an example of low-temperature disequilibrium in
the mantle. The low calculated temperatures, near 550'C,
are consistent with the temperatures expected for such
disequilibrium from our model results' Temperatures in
the part of the mantle containing the garnets actually
could have been considerably lower than the calculated
temperatures, however, since the models show that zon-
ing changes very little with further cooling. The lack of
zoning at margins of the angular garnet fragments is
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probably due to the fact that they represent interior
remnants of larger crystals; pronounced zoning is pro-
duced only within the outer 1fi)0 pm of each radial profile
produced in our calculations (Fig. 4).

Jagersfontein kimberlite pipe

The Jagersfontein kimberlite pipe in South Africa con-
tains a variety of garnet peridotite nodules (Harte and
Gurney, 1982). For this study, three coarse nodules with
particularly low calculated temperatures and markedly
different textures were selected; the initial temperature
estimates were based upon preliminary electron probe
studies of a large population by J. Johnson (pers. comm.,
by I. D. MacGregor). Harte and Gurney (1982) suggested
that mineral equilibria in such nodules from Jagersfontein
". . . had probably become frozen prior to sampling by
the kimberlite . . ." We looked for zoning in the minerals
in the three nodules in order to evaluate the hypothesis of
disequilibrium, with particular emphasis on sample J34,
because it contains equant garnets up to 2 mm in radius
with some unaltered margins.

Rock J34 is a garnet harzburgite with about l3Vo garnet,
26% orthopyroxene, a trace of diopside, and several
percent amphibole. The remainder of the rock is olivine.
in unstrained cyrstals up to 12 mm in diameter, and
serpentine and phlogopite replacing olivine and in late
veins. The amphibole occurs in equant crystals about 2
mm in diameter and in small crystals in veins with
serpentine and phlogopite. The orthopyroxene crystals
have only sparse exsolution lamellae. Analyses of miner-
als (Table 2) show compositions similar to those summa-
rized by Harte and Gurney (19E2) for Jagersfontein rocks.
Analyses were by standard electron probe techniques, as

described in detail by Smith and Ehrenberg (1984): partic-
ular care was taken to assure both accurate and precise
analyses of Ca and Al in orthopyroxene.

Garnet, orthopyroxene, and olivine crystals in rock J34
were analyzed at many points to search for inhomogenei-
ties: none was found. In particular, Fe, Ca, and Mg
analyses were made of garnet cores and of rims separated
from contact with olivine, diopside, and orthopyroxene
by minimal thicknesses of serpentine. For instance, anal-
yses were made of garnet within about 40 and 120 pm,
respectively, of bordering diopside and orthopyroxene.
Analyses of points along a diameter of a garnet crystal
(Fig. 6) show typical homogeneity. One end of the
diameter is separated from analyzed olivine by only about
lfi) pm of serpentine, apparently an olivine replacement
product. Similarly, no Ca, Al, Fe, or Mg zoning could be
found in orthopyroxene.

Harzburgites Jl7 and J4l were studied in less detail. In
rock J17, garnet occurs in necklace textures about ortho-
pyroxene crystals, so the garnet probably formed by
granule exsolution. The orthopyroxene crystals typically
have some regions crowded with fine exsolution lamellae,
and so orthopyroxene homogeneity is difficult to test. The
garnet crystals, however, appeared homogeneous for all
elements, including Cr, Fe, and Mg. In rock J41, garnet
occurs in small subhedral crystals interstitial to much
larger crystals of olivine and orthopyroxene. Some of the
garnet crystals include irregular shreds of spinel, suggest-
ing that the garnet formed at the expense of the oxide.
The orthopyroxene in rock J4l has few lamellae and is
homogeneous for Al, Ca, Fe, and Mg. The garnet is
homogeneous for Fe and Mg but has irregular variations
of Cr2O3 from 1.8 to2.4wt.Vo. Compositions of all phases
in these rocks (Table 2) are similar to those summarized

Table 2. Mineral compositions-Jagersfontein nodules
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2 .75

8 .31

20.7

5 .02

f 4 . J

na

1 . 7 7

na

.81

.22

4 .74

36.7

.20

na

na

t o  e

5 0 . 8

16.7

I  J . I

. t oCa0

ilaZ0 na na 1.34 na na na

1 0 0 . 8  1 0 0 . 4  9 9 . 9  9 9 . 1  9 9 . 9  9 9 . 9

1 .01  na  na  na

1 0 0 . 3  1 0 0 . 6  1 0 0 . 5  1 0 0 . 6

n a  1 . 9 1  n a  3 . 7 2

9 9 . 9  1 0 0 . 4  1 0 1 . 0  9 7 . 6

na not analyzed

1-4  Rock  J17,  po in ts  A l I ,  A4 ,  46 ,  and M respec t ive ly

6-9  Rock  J4 t ,  po in ts  C6,  C l ,  C8,  CClo ,  and A6,  respec t ive . ly

10-14 Rock  J34,  po in ts  88 ,  47 .  46 ,  A1,  and C4,  respec t ive lJ

(#14 inc ludes  0 .82% K?0)
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Fig. 6. Compositional data from electron microprobe analyses
along a diameter of a garnet crystal in Jagersfontein nodule J34,
compared with calculated compositional profiles for a garnet of
similar size. The profiles are calculated for 750 and 600'C
temperatures of a linear cooling history beginning at 1100'C,
using the diffusion parameters of Set A. The absolute levels of
the calculated profiles are not meaningfully related to the actual
gamet composition. Rather, the calculated profiles show the
extent and degree of curvature expected as cation profiles are
frozen in during cooling. The scatter of the duplicated
compositional measurements is due to counting statistics and
instrumental drift, and the scatter can be used to assess the
precision with which homogeneity is defined.

for Jagersfontein coarse peridotites by Harte and Gurney

0982).
Temperatures calculated using several geothermome-

ters for these rocks are summarized in Table 3, together
with pressures based upon the method of Wood (1974).
All calculated temperatures fall in the range 650-810'C,
except the temperature of 936'C calculated for rock J34
by the method of Ellis and Green (1979), which is based
upon the partition of ferrous iron between garnet and
clinopyroxene. The mineral analyses were repeated sev-
eral times with similar results, and the high garnet-
clinopyroxene temperature may reflect an unusually high
ferric iron content of the clinopyroxene. The two-pyrox-
ene thermometer of Lindsley and Andersen (1983) and
Lindsley (1983) is calibrated below 9fi)'C better than any
other method used here, but none of these clinopyrox-
enes is sufficiently low in non-quadrilateral components
for proper application of the method. The temperature
range from the geothermometers may simply reflect ana-
lytical errors and inaccuracies in calibration, and all three
rocks could have equilibrated at identical temperatures.
The insignificant range in calcium contents of orthopy-
roxene supports such an interpretation. The temperatures
probably were in the range 700-800"C.

Discussion

The absence of Fe-Mg zoning in the Jagersfontein
garnets, the calculated temperature range of 700-800'C,

Table 3. Data for pressure and temperature assignments,
Jagers fontein nodules*

. 1 8
,J41J17

o
F  . t t

o
+
uJ
lt

D  . 1 6
lr

Ie l l s ,  l i ood  T ,  P

Kre tz  (ca  ln  aug i te )  T

E l  l  i s -Green,  f lood  T ,  P

Kawasak i ,  Iood T ,  P

Kawasak i ,  20  kb  T

Kawasak i ,  30  kb  T

0 'Ne i l l -Bood,  20  kb  T

o ' N e l l l - l o o d ,  3 0  k b  T

Cao ln  opx  (wt .  t )

A1203 in  opx  (wt .  X)

Cal( Ca+l,lg)cpx

772,26

708

790,27

747,24

725

779

704

761

808,27

795

t J o i J )

770,2s

742

798

127

785

.20

.81

.485

7 69,26

662

718,22

698,21

691

742

oaz

707

.21

.78

.488

.18

,72

.490

*calculated pressures and temperatures are in kb and oC.

and the presumption of equilibrium are consistent with
cooling models using the diffusion parameters of Sets A,
B, and D (Table l). The diffusion parameters of Set C
were determined at higher temperatures than the other
sets: below 1000'C these parameters yield diffusion rates
which are too low to be consistent with the Jagersfontein
data, since numerical experiments using Set C develop
zoning above 900'C.

Harte and Freer (1982) employed some of the same
diffusion parameters used here to calculate times neces-
sary for mineral equilibration in garnet peridotite phases,
and our work is an extension of their approach. They
concluded that ". . . the mineral compositions in many
coarse nodules were frozen long before eruption, rather
than being quenched in the rocks at the time of eruption"'
Our approach is more sensitive, since it utilizes zoning
formed during cooling, rather than average distances for
effective diffusion at fixed temperatures. The results of
the numerical experiments show that when the interior of
a garnet crystal is in pronounced Fe-Mg exchange dis-
equilibrium with adjacent olivine due to mantle cooling,
the garnet is zoned in Fe and Mg on a readily detectable
scale. Typical calculated profiles are shown with micro-
probe data for a garnet in the low-temperature peridotite
J34 in Figure 6. The precision of the data should be more
than adequate for detection of zoning like that calculated
for cooling to the lower temperature. Aside from the
Colorado Plateau garnet fragments discussed here, Fe-
Mg zoning in garnets of peridotite nodules has been
reported only in cases attributable to high-temperature
metasomatism (e.g., Smith and Ehrenberg, 1984), not to
cooling. Hence, we infer that olivine-garnet pairs in
typical low-temperature nodules were not in Fe-Mg ex-
change disequilibrium due to mantle cooling, because Fe-
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Mg zoning has not been reported in them. Our studies do
not eliminate the possibility that recrystallization at low
temperatures could destroy zoning and yet not produce
equilibrium. In two of the Jagersfontein nodules garnet
was not a primary phase but formed by reactions involv-
ing other minerals: cation partitioning between phases in
these two samples is similar to that in rock J34, which has
large, apparently primary garnet crystals, so equilibrium
appears to have been maintained during recrystallization.

Though garnets should become zoned during cooling
below 600'C or so in mantle environments in which the
rate of conductive cooling is moderated by the thickness
and heat production of overlying continental crust, cation
distributions could freeze in without detectable zoning
during faster cooling. Masses of garnet peridotite tectoni-
cally emplaced into the crust might retain Fe-Mg distribu-
tions from their mantle environments. Some of the zoning
reported in phases in spinel peridotite nodules may reflect
shortJived, local thermal events, such as magma intru-
sion, rather than the cooling of larger regions like that
modelled here.

The size-composition dependence of olivine inclusions
in garnet also characterizes disequilibrium due to cooling.
The size dependence arises in the temperature range in
which zoning originates, but the efect is easier to observe
than the limited zones of iron enrichment about small
inclusions. Moreover, it may be useful when the outer
parts of garnet crystals have been destroyed during or
after plucking from the mantle, as is commonly the case
in diatreme nodules; strong zoning is present only in the
outer I mm of the 3.5 mm radius garnets in our numerical
experiments. The size-composition efect is diferent from
that found by Ozawa (1983), in that he observed and
calculated the effect in zoned spinel grains enclosed by
olivine. Compositions of the spinel grains depended upon
size because diffusion inwards from spinel perimeters was
more effective in modifying the interiors of smaller grains
than of larger ones. A similar size-composition depen-
dence could be expected here for zoned garnet crystals in
an appropriate size range. In contrast, the olivine inclu-
sions remain homogeneous during cooling, but the
amount of iron which is removed from any olivine inclu-
sion depends upon the relative volume of garnet in
effective communication with it, and hence upon the
radius of the inclusion.

The identical Fe/Mg ratios in garnet in near contact
with olivine, diopside, and orthopyroxene are consistent
with the hypothesis that garnet in the Jagersfontein
nodules was in Fe-Mg exchange equilibrium with pyrox-
ene as well as with olivine. If Fe-Mg interdiffusion in
clinopyroxene is much slower than in garnet, then pyrox-
ene in contact with garnet might be zoned and the garnet
might be homogeneous after cooling at suitable rates, as
discussed by Lasaga (1983). No Fe-Mg zoning was
observed in diopside in the Jagersfontein rocks, but no
large diopside and garnet crystals were observed in
mutual contact. Large orthopyroxene and garnet crystals

are in contact in nodule J34, and the orthopyroxene
crystals are homogeneous in Fe, Mg, Ca, and Al. The
lack ofzoning is evidence that orthopyroxene also contin-
ued to equilibrate until olivine-garnet temperatures of
700-800'C were reached in the Jagersfontein cooling
history. In contrast, pyroxene inclusions in Colorado
Plateau garnets are zoned in Fe, Mg, Ca, and Al, so
garnet-olivine and garnet-pyroxene cation exchange may
freeze in the same general P-T range in some mantle
cooling histories.

The general accuracy of the olivine-garnet tempera-
tures is supported by the consistency of the results from
our numerical experiments with the temperatures calcu-
lated for the low-temperature pairs. Garnet is zoned in the
Colorado Plateau pairs, with calculated temperatures
near 550oC, and it is homogeneous in the Jagersfontein
pairs, with values in the 7fi)-8fi)"C range. These tempera-
tures are in accord with those considered appropriate by
Tracy (1982) for the preservation or homogenization of
garnet zoning in crustal metamorphic rocks. Carswell and
Gibb (1980) showed that the olivine-garnet method gener-
ally yields lower temperatures for low-temperature peri-
dotite than other methods, such as the two-pyroxene
algorithm of Wells (1977). Since Lindsley (1983) has
suggested that the Wells approach yields temperatures
100'C or more too high for metamorphic pyroxenes, the
olivine-garnet temperatures may be more correct; they
are broadly consistent with the recent pyroxene geother-
mometer of Kretz (1982) (Table 3). Even if the olivine-
garnet temperatures are generally accurate, however, the
problem posed by Harte and Freer (1982) and others
remains-few other garnet peridotite nodules with equili-
bration temperatures below 800'C have been recognized
in diatremes.
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Appendix
Numerical Solution of the Diffusion Equation

T h e  d i f f r s l o n  e q u a L i o n  i n  r a d l a l  c o o r d i n a t e s  t s  g i v e n  b y  ( t ) ,  I t  i s

assuded Lhat  there  ls  no  dependence o f  d i f fus iv l t y  D oo  conce4Lra t lon  u ,  hence

no dependenc€ c f  D on  spa l la1  vaa iab le  x  w i l :11n each phase.  Le t  iha  subscr ip t ,

1 : e f e .  i o  i h e  v a . i a b i e  x ,  r o  t h a i  x  =  1 A x ,  a n d  t h e  s r b s e r t p t  o  r e f e r  t o  L h e

t  c a r i a b l e  s o  t h a t  ! :  i A t .  F o I l o c l n g  c o n v e n t i o n a l  p r o c € d u r e s ,  r e p l a c e  t h e

: o n t l n u o u s  L i m e  f u n c ! i o n  b y  i t s  d t 3 c 1 6 t e  e q u i v a l e n t  t n  e q u a r i o a  ( 2 ) .  T h e

p a r t i a l  d e r i v a t l v E s  b e c o n e  d i f f e . e n c 6 s  a 5  s h o H n  1 n  e q u a r - i o n s  ( 3 )  a n d  ( 4 ) ,

{here  a  t ro  po ln t  d i f f€ rence is  used fc .  the  f i rs t  deFtva t ive  o f  u  io  keep i !

c e n i e r e d  a b o u t  t h e  v a l u e  n l n .  T h e  b a c k w a r C  t i o e  d i f f e r e n c e  1 s  u s e d  L c

approx i la le  lhe  t ime der lvab lve  as  shodn in  equat tDn (5 ) .

D e r i n l n g  t h e  c o n s L a n t s  A ,  B  a n d  C  ( e q u a i l o n  5 ) ,  t h e  d l l f e r e a c e  e q u a t t o l

govern lng  d i f fus ion  ln  a  homogsneous oa ter ia l  i s  g iven  ln  equat ion  (? ) .  The

o b J e c t l v 6  i s  t o  s c l v e  f o r  u  a s  t l m e  a d v a n c e s .  B y  r e p r e s e n L i n g  i h e  s p a i l a l

d e p e n d e q c e  o f  c o n c e n t r a ! t o n s  w i t h  v e c i o r s ; ,  r , b e  d t s c r e D t z e j  d l f f u s i o n

e q u a ! t o n s  c a n  t h e n  b e  r r i l t e a  a s  a  s e l  o f  s l n r l t a n e o u s  l i n e a r  e q u a t , i o n s

( e q u a l l o n  8 ) ,  v h e . e  P  1 s  a  ! r l - C i a & , r n a l  n a r , r l x ,  a o d  t i e  s u b s c . i p t  I  1 r  n o

l o n g e r  n e e d e d  w l i h  l h e  o a t r i x  -  v e c i D f  n ) L 3 t i o 4 .  : h e  l r n  p o r  ( e q u a t i o n  1 O )

h a s  3  n o o - z e . o  t e r m s ,  c e n t e r e d  { i l h  L h e  d i a g o n a l ;  x h i l e  L h e  f i r s L  a n d  l a s t

r o w  ( e q u a L l c n s  I  a n d  1  l )  a . e  d e t e r m i n e d  b y  t h e  c o n d l l i o 4  L h a t  L h e . e  i s  n o

f I i l x ,  h e n c e  n o  c o n c e n t r a t i o n  g r a d i , r a t .  A i  l n t e . l o r  b o u n d a r l e s : h e r e  o a y  b e

d lsaonL lnu i t les  ln  bo th  d l f fus lon  coef f i . ien :s  and concent r i t io4 ,  D€noLe lhB

iwo phases  by  subsc . ipLs  a  and b  so  lha t  Da and Db ar , !  i i f fus t )n  coe i f l c ie^ is

a n d  R  1 9  t h e  r a t i o  c f  l h e  c o n c e n t . a l l o n  o f  p h a s e  b  t o  i h a t  o f  p h a s e  a  a i  t h e

b o u n i a r y ,  a s  1 n  e q r a L l o n  ( 1 2 ) .  T h e  f I u x ,  F ,  a c r , r s s  t , r e  S o u n d a r y  i l u s l  b e

c o n i i n u o u s .  U s i d g  a  t w o  p o l n C  d i f f e r e n c e  f r r o u t a ,  F  a t  t h e  b o u n d a . y  i s

e x p . e s s e d b y e q u a t l o n ( 1 3 ) .  T o e l i n i n a i e  l h e  n e e d t o s p e c i f y  b o t , h  u a

a n d  u b  o n e  c a n  s c l v e  f o r  l h e t r  i n  L e r o s  c f  F ,  s u b g t t l u l e  r n t o  t h e

d i f r s i J n  e q u a t i o n s  . . r  u a  a n d  u b  ,  a 4 d  s o l v e  e a c h  f c .  F i  t h e n ,  o n e  c a n
i , m  i , m

e q r a l e  t h e s  [ o  o b t a i n  a  s L n g t e  e q u a t i o n ,  u s i n g  R u b  I n  p ] a c e  o f  u a  f c r

fo r  the  bound. ry  po in t .  
L 'm i 'm

T h e  r e s u i t s  o f  t h e s e  c p e r a t l o n s  c a n  b e  e x p r e s s e C  b y  d r o p p t n g  t 4 e

s d b a c . l p ! s  a  a n d  b  o n  L h e  c o n c e n t p a L i D n  u  s i n c e  L h e r e  1 s  n o  l o n g e r  a n y

over lap ,  as  ln  equat lon  (14) .  J i66g1t ,  do lng  Lhe backward  l iee  d i f te rence and

rear fang ing ,  tbe  rows o f  th6  na lF ices  fo r  ihe  boundary  loca t ion  i  become as  in

e q d a t i o n s  (  1 5 )  a n d  (  t 5 ) ,

I f  c o n c e n t r a L l o n  u  l s  e x p . e s s e d  1 n  u n i t g  o f  n o l e s / : n 3 ,  ! \ e .  r t e  f l u x

c o n t l n u l t y  e c a o s s  t h e  b o u n d a r y  i s  c o r r e c t l y  a c c o u 4 t e d  f o r  b y  L h e s e  r c s x t ! s .

HoHever ,  lL  n3y  be  conven i€n t  to  use  a  noaoa l lzed  var lab l€  ins t rad  o f  abso lu te

concent ra l ion .  I f  lhe  normal lz lng  4ons la r t  fo r  phase a  iB  Ca,  and foP phase b

i s  C b ,  t h e n  L h e  l E n  +  I  r o w  1 s  a s  a b o v e  e x c e p t  t h a L  R  ! s  n o {  t h e  r a l i o  o f

the  oorna l l zeC var lab les  aL  the  boundary .  The iEn ro*  o f  the  p  oa t r l r  1s  g iven

i n  e q u a t i o n  (  1 7 ) .
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