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ABSTRACT

We have determined the concentration profiles across the interface of a natural garnet-
garnet couple in a biotite-grade rock from eastern Vermont. The couple consists of a
grossular-spessartine garnet that had formed during regional metamorphism associated
with the Acadian orogeny on an almandine core, which had crystallized during an earlier
episode of metamorphism related to the intrusion of Fairlee granite at 411 = 5 Ma. The
concentration profiles were measured by both electron microprobe and analytical trans-
mission electron microscope, and they were modeled to retrieve the value of [D(f)dt
through the time that diffusion was effective but without recourse to any diffusion data.
The length of the concentration profiles measured in microprobe is barely resolvable from
that resulting from a convolution effect from the spatial averaging in the spot analyses.
Deconvolution of the microprobe profiles yields a value of [D(f)dt = 0-3.4 x 10-!! cm?,
suggesting very little or no diffusion. TEM analyses of the concentration profiles, which
are not subject to any significant convolution effect, show a very small but definitive
diffusion zone across the interface of the garnet-garnet couple, which yields a value of
[D(@)dt = 7.6 x 1012 cm?. Because D is a function of time through its dependence on
temperature, this value of [D(¢)d¢ provides an important constraint on the thermal history
during the regional metamorphism. As an example, we used it in conjunction with the
available diffusion data for garnet to derive ~40-50 Ma as the probable time scale for the
biotite-grade metamorphism, taking into account the effects of the off-diagonal terms and

thermodynamic nonideality on the diffusion process.

INTRODUCTION

Overgrowth of a mineral on itself is a well-documented
petrographic feature in rock samples. Specifically for gar-
nets, there are many reported instances in which a second
metamorphic event led to overgrowth of garnet of differ-
ent composition on another garnet crystal that had formed
during an earlier metamorphic episode (e.g., Albee 1968;
Brown 1969; Rosenfeld 1970; Edmunds and Atherton
1971; Rumble and Finnerty 1974; Erembert and Aus-
trheim 1993). Although little work has been conducted
in this area, the diffusion-induced compositional zoning
across the interface of an overgrowth of a mineral on
itself can be used to extract important constraints on the
time scale of geologic or planetary processes (e.g., Gan-
guly et al. 1994).

Rumble and Finnerty (1974) described an overgrowth
of grossular-spessartine garnet on an almandine core from
eastern Vermont. From field and petrographic relations,
they concluded that the almandine core had crystallized
during contact metamorphism caused by the intrusion of
Fairlee granite, whereas the overgrowth had formed dur-
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ing biotite-grade regional metamorphism associated with
the Acadian orogeny. From U-Pb data of zircon grains
abraded from the intrusion, the Fairlee granite has been
dated to have intruded at 411 = 5 Ma (Moench and
Aleinikoff 1991). Rumble and Finnerty (1974) presented
preliminary data on the concentration change of divalent
cations, as determined by step scanning in an electron
microprobe, across the interface of one of these natural
garnet-garnet diffusion couples. Although not of the qual-
ity required for quantitative modeling, the scale of these
reported concentration changes was sufficiently long, in
comparison with the spatial averaging effect of the probe
beam (Ganguly et al. 1988), to make us believe that a
more careful determination of the compositional zoning
by electron microprobe would yield unambiguous data
for modeling the time scale of its development. Thus, we
selected a pair of rock samples from the same thin-section
block used by Rumble and Finnerty (1974) and prepared
polished thin sections for electron microprobe analysis of
concentration profiles. However, our expectation was not
fulfilled because the spatial extent of compositional change
across the interface was much smaller than we had ex-
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Backscattered electron image of the overgrowth of

Ficure 1.
spessartine-grossular garnet on an almandine core. The thickness
of the overgrowth is ~200 um.

pected from the preliminary data of Rumble and Finner-
ty (1974). In fact, it was almost too small to be resolved
beyond the expected length of compositional change sim-
ply because of the spatial averaging effect of the micro-
probe beam as it spreads across the core-overgrowth in-
terface. This failure led us to conduct an analytical
transmission electron microscopic (ATEM) study of the
concentration profiles across the interface to establish
more clearly the extent of diffusion-induced composi-
tional zoning that occurred during the regional metamor-
phism. In this work we report on the measurement of
concentration profiles across the core-overgrowth inter-
face of a garnet-garnet diffusion couple and the results of
the modeling of these data to help determine the time
scale of biotite-grade metamorphism during the Acadian
orogeny.

MEASUREMENT OF DIFFUSION PROFILES
ACROSS THE CORE-OVERGROWTH INTERFACE

Electron microprobe analyses

Garnet grains with cores and overgrowth of contrasting
compositions were clearly identifiable in thin sections as
grains with a “spongy” outer segment. Backscattered im-
aging (Fig. 1) allowed identification of regions of good
contact between the core and overgrowth garnet. Because
of the spongy nature of the overgrowth resulting from
holes and inclusions, it was necessary to search for clean
garnet-garnet contacts where the profiles could be mea-
sured across the entire diffusion zone without any inter-
ference from inclusions. Concentration profiles across an
interface of one of these natural diffusion couples were
measured by beam scanning, that is, by electronically
stepping the microprobe beam at '3 um steps in a Cameca
SX-50 electron microprobe (for further details, see Chak-
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Ficure 2. Concentration (i.e., atomic fraction) profiles across
the core-overgrowth interface of garnet, as determined by spot
analyses made with an electron microprobe at '3 um steps, and
simulation of these data (solid lines) with Dt = 1.16 x 10-° cm?2,
The analyzed data are represented by symbols.

raborty and Ganguly 1992). Standards used were andra-
dite for Si, Al, and Ca, synthetic hematite or metallic iron
for Fe, forsterite for Mg, and MnTiO, for Mn. Counting
times varied between 30 and 60 s for each element at
each point. The oxide totals in the accepted analyses were
always within 99-101 wt%.

Measured profiles of the divalent cations (Fe, Mg, Mn,
and Ca) are illustrated in Figure 2. Because the spatial
scale of concentration changes is very small, ~3 um, we
tested for the spatial averaging effect by measuring the
concentration profiles, under the same operating condi-
tions, across the interface of a garnet-aluminum couple
that did not experience any perceptible diffusion. This
couple, which is henceforth referred to as the “standard
couple,” was prepared by inserting a garnet crystal with
polished surfaces into molten aluminum and was used by
Ganguly et al. (1988) in their study of the convolution
effect in microprobe analyses of diffusion profiles. (They
found that the spatial averaging effect in the garnet-alu-
minum couple was essentially the same as that in a gar-
net-garnet couple that was prepared in the laboratory and
that did not experience any significant diffusion.) The
concentration profiles with spatial gradients across the
garnet-aluminum interface, which were solely due to the
spatial averaging effect of the microprobe beam, were
found to be approximately of the same length (~3 um)
as those in the natural garnet-garnet couple.

Transmission electron microscopic analyses

At present only Auger probe and ATEM provide the
spatial resolution necessary to resolve the diffusion-in-
duced compositional zoning that may be present in the
natural garnet-garnet couple from Vermont. However,
each of these techniques has been utilized only once be-
fore (Hochella et al. 1986; Eisenhouer et al. 1993) owing
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Ficure 3. (a) Dark-field TEM image across the core-over-
growth interface of garnet with the analyzed areas marked by
rectangles, and (b) the corresponding concentration profiles of
the divalent cations. The analyzed concentrations (i.e., atomic
fraction) of each cation are connected by a dashed line. The
image obtained using the 242 reflection shows thickness con-
tours (light and bright fringes) parallel to the thin edge. The
concentration profiles were measured between A and B in a as
an array of small scanned rectangles (30 x 70 nm) along the first
dark thickness contour in both spessartine-grossular overgrowth
(left side) and almandine core (right side). The interface is marked
by moiré contrast and misfit dislocations, with additional dis-
locations extending outward from the interface (small arrows
in a).

to the extraordinary technical difficulties associated with
these procedures. Charging of the electron beam for anal-
ysis of nonconducting materials, coupled with the insta-
bility of commercially available epoxy at the extremely
evacuated operating conditions, poses a special problem
for Auger probe analysis. ATEM, on the other hand, pre-
sents the problem of the potential loss of the interface as
a result of preferential thinning while the sample is being
ion milled to electron transparency. Additional problems
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in the ATEM result from the variability of sample thick-
ness and the need to standardize the energy-dispersive
counting system. A brief description of sample prepara-
tion and analytical technique for the ATEM study of the
natural garnet-garnet couple follows.

Copper rings with 600 um central holes were glued to
the samples with epoxy such that the core-overgrowth
interface was ~150 um from the center. The samples
were mechanically thinned from ~30 to ~10 um with a
Gatan dimple grinder before being ion milled with 5 kV
Ar~ ions incident to the sample at a grazing angle of 15°.
The milling was performed nearly perpendicular to the
interface by using the sector—speed control option of a
Gatan Duomill. With this technique, the sample rotation
was modulated such that most of the thinning occurred
where the beam was within a 20° angle from the interface
normal. The milling was terminated after the sample was
perforated and several small holes were produced. In the
first sample investigated, the interface was found to pass
through one of these small holes.

The sample was analyzed using a Philips CM20 FEG
transmission electron microscope in the scanning (STEM)
mode with 200 kV electrons. Amplitude-contrast images
(conventional TEM) of the interface region were also ob-
tained to investigate interface structure. The concentra-
tion profiles were measured by scanning a sequence of
small rectangular areas spaced approximately 74 nm apart
along a path that followed the thin edge of the sample
(Fig. 3a). Analyses were performed by rastering 30 x 70
nm areas to minimize beam damage, which would oth-
erwise be severe, with the use of the sharply focused beam
in the STEM mode. Analyses lasted 60 s each, with an
X-ray count rate of approximately 1000 counts per sec-
ond. The sample thickness was held approximately con-
stant along the profile by using a constant beam current
and positioning the analyzed regions such that the count
rate remained constant.

The ATEM profiles (Fig. 3b) show that the extent of
compositional zoning ranges from 210 nm (0.21 um) for
Ca to 350 nm (0.35 um) for Fe. The dark-field image in
Figure 3a was obtained with the specimen tilted such that
there was strong diffraction from 242 planes and passing
of the 242 reflection through the objective aperture. When
the diffraction condition for imaging was used, disloca-
tions near the core-overgrowth interface produced strong
contrast and the thickness of the sample was reflected by
light and dark thickness contours parallel to the thin edge
of the sample. The problem of differential X-ray absorp-
tion due to variation of thickness along a line of analyses
was avoided by locating the successive steps along the
first dark thickness contour. The analytical spots along
the chosen thickness contour are shown by small rect-
angles. The interface itself was somewhat inclined toward
the electron beam and therefore produced a wedgelike
array of moiré fringes and dislocations that accommodate
the misfit between the structures of the almandine-rich
core and grossular- and spessartine-rich overgrowth gar-
net crystals. Also present are several dislocations that ex-
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tend away from the interface and may represent free dis-
locations that were pinned at the interface. The fact that
the interface was somewhat inclined relative to the profile
line means that the measured lengths of compositional
zoning are somewhat larger than their actual lengths,
which should be measured normal to the interface.

MODELING OF THE DIFFUSION PROFILES

Multicomponent diffusion in a semi-infinite diffusion
couple can be treated in terms of an effective binary dif-
fusion model (Cooper 1968; Chakraborty and Ganguly
1992). Assuming that the effective binary diffusion coef-
ficient of a component [EBDC or D] is independent of
the distance (X) within the diffusion zone, the transient
concentration profile of a component (i) at constant P-T
in a semi-infinite couple with the interface at X = 0, and
with no initial concentration gradient on either side of
the interface, is given by the following solution of the
diffusion equation (cf. Crank 1975, Eq. 2.14):

- (9] PRSP S
C(t.X) = CA0) + 2{1 erf \/m}. )

Here C9 represents the initial concentration difference be-
tween the two sides of the couple, and C,(0) is the lower
of the two initial values of C,. In principle, D,g, is dif-
ferent for each component in multicomponent diffusion
in a semi-infinite diffusion couple. However, the EBDCs
of the various components may be sufficiently similar in
special circumstances such that all concentration profiles
can be effectively modeled by a single diffusion coefficient
(e.g., Chakraborty and Ganguly 1992).

Because the diffusion coefficient is a function of tem-
perature, variation of temperature during a geologic pro-
cess makes the diffusion coefficient a function of time,
the exact form of which depends on the relationship be-
tween temperature and time (see, e.g., Dodson 1973;
Ganguly et al. 1994). Following the method of the solu-
tion of the diffusion equation involving time-dependent
diffusion coefficients (e.g., Crank 1975, Eq. 7.4), it can be
easily shown that for nonisothermal diffusion, D¢ repre-
sents the integral [D(z)df through the period of effective
diffusion. The multicomponent diffusion profiles mea-
sured in the microprobe were modeled according to
Equation 1 and a nonlinear least-squares—fitting tech-
nique developed by Ross and Chakraborty (unpublished
data). A single value of Dt [or [D(f)df] = 1.16 (£0.31) x
10— cm?, where the uncertainty represents one standard
deviation (1¢), was found to model adequately the mi-
croprobe profiles of all components (Fig. 2).

Ganguly et al. (1988) conducted a detailed mathemat-
ical and experimental investigation of the convolution
effect in the determination of compositional profiles by
microprobe step scans. Assuming that the excitation in-
tensity of the sample volume had a Gaussian distribution
with radial symmetry about the beam axis, they showed
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Ficure 4. Fits of the measured concentration profiles in
ATEM of Ca (squares) and Fe (triangles) across the core-over-
growth interface of garnet with Dt = 7.5 x 10-!2 cm?.

(Ganguly et al. 1988, Eq. 20) that the true value of Dt is
related to the value calculated [(Dr).] from the measured
concentration profile as

2

Dt = (Do) - 5 @)
where ¢ represents the error standard deviation of the
intensity distribution of X-rays resulting from the spatial
averaging effect of the microprobe beam. Following Gan-
guly et al. (1988), we estimated ¢ = 0.536 um from the
concentration profiles across the interface of the “stan-
dard couple” of garnet and aluminum, which were mea-
sured under operating conditions that were essentially
identical to those used for the garnet-garnet couple. Thus,
imposing the restriction that Dr cannot be negative, we
obtain a corrected Dt = 0-3.4 x 10~!! cm? from the
above values of € and (Df). obtained by least-squares fit-
ting of the microprobe data. The microprobe data, there-
fore, fail to show unambiguously a true diffusion profile
between the natural garnet-garnet couple.

The presence of a diffusion zone between the garnet-
garnet couple is clearly borne out by the ATEM data (Fig.
3). However, the data points on the Fe- and Mn-diffusion
zones near the Fe-poor end are irregular and seem to have
complementary errors. Overall, the analyzed data points
for the Mn-diffusion profile are too irregular to be ame-
nable to unambiguous modeling. Therefore, we selected
only the Fe- and Ca-diffusion profiles to obtain Dt. The
best fit to the Ca-concentration data across the interface
of the garnet-garnet couple is given by Dt = 7.5 x 10-12
cm? (Fig. 4). This value falls within the range of Dt (0-
3.4 x 10~ ¢cm?) inferred from the deconvolution of the
concentration profiles determined by electron micro-
probe. The convolution effect in the TEM analyses was
vanishingly small because of the very small size of the
excited analytical volume in comparison with the profile
length (Ganguly et al. 1988), which was due not only to
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TasLE 1. Representative analyses of iimenite inclusions within
the overgrowth garnet, adjacent overgrowth garnet,
and core garnet

Overgrowth
limenite limenite garnet Core garnet

FeO 43.02 42.34 11.37 36.80
MgO 0.01 0.04 0.03 1.44
CaO 0.21 0.18 14.99 1.01
MnO 3.99 4.14 15.50 3.73
Cr,0, 0.00 0.01 0.02 0.02
AlLO,4 0.00 0.00 20.19 20.62
TiO, 50.92 51.43 0.24 0.04
SiO, 0.03 0.05 37.09 36.16

Total 98.19 98.21 99.45 99.86
Fe 18.52 18.20 3.82 12.62
Mg 0.01 0.03 0.02 0.88
Ca 0.12 0.10 6.45 0.44
Mn 1.74 1.80 5.28 1.30
Cr 0.00 0.003 0.01 0.01
Al 0.00 0.00 9.56 9.97
Ti 19.71 19.88 0.07 0.01
Si 0.02 0.03 14.91 14.83
K 14.71 13.98

Note: K is defined as the ratio (Fe/Mn)'mente/(Fe/Mn)cversrowingamet Al anal-
yses are from areas outside the diffusion zone across the core-overgrowth
interface.

the small beam size and rastering area, but also to the
thinness of the sample (to electron transparency).

The Dt values for the best fit of the Ca- and Fe-con-
centration profiles need not be the same, because the
EBDC for Fe can, in principle be different from that of
Ca. However, we found that the same Dt value that yields
the best match of the calculated profile with the measured
Ca-concentration data in ATEM also leads to a satisfac-
tory fit of the Fe-concentration data except for the two
obviously anomalous data points near the Fe-poor end
(Fig. 4). This is consistent with the results of our ongoing
experimental diffusion studies using natural grossular-al-
mandine diffusion couples, in which we have found the
EBDCs of Fe and Ca to be essentially the same. Thus, we
accept a value of Dr [or [D(:)ds] of 7.5 x 10-'2 cm? for
both the Ca and Fe profiles in the following analysis.

APPLICATION TO THE TIME SCALE OF
BIOTITE-GRADE METAMORPHISM DURING THE
ACADIAN OROGENY

Because D is a function of time through its dependence
on temperature, the value of the integral [D(¢)d¢ provides
an important constraint on the temperature-time relation
of the host rock. We discuss below an application of the
value of [D(f)dt to determine the time scale over which
diffusion was effective during the biotite-grade regional
metamorphism. For this exercise, we first need to deter-
mine the peak temperature of regional metamorphism
responsible for the formation of the garnet overgrowth.
As discussed below, no significant error is introduced into
our calculation by neglecting the effect of growth during
diffusion. Because diffusion processes characterized by a
high activation energy (Q), such as in garnet, are very
sensitive to temperature (D o e-2R7), and diffusion is
therefore effective only within a narrow temperature in-
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terval, we suggest that the period of effective cation dif-
fusion in garnet closely approximates the period that the
rock had spent near the peak temperature. We thus pro-
pose the duration of diffusion in garnet as the time scale
of biotite-grade regional metamorphism during the Aca-
dian orogeny.

Temperature of formation of garnet overgrowth

From petrographic evidence, Rumble and Finnerty
(1974) concluded that the garnet overgrowth formed dur-
ing biotite-grade regional metamorphism according to the
reaction 0.47 biotite + 304 plagioclase + 10.2 ilmenite
+ 9.43 H,O + 3.87 Fe,0; + 20.3 Na,O + 100 quartz
— 302 albite + 2.78 sphene + 16 epidote + 12.6 garnet
+ 0.46 muscovite. It is not possible at present to define
clearly the temperature of this reaction, especially in the
absence of any knowledge of the chemical composition
of white mica and reactant biotite. However, the garnet
overgrowth contains inclusions of relict ilmenite (which
reacted to form the overgrowth), so that the temperature-
composition dependence of Fe-Mn fractionation between
garnet and ilmenite (Pownceby et al. 1991) may be used
to estimate the temperature of metamorphism. It should
be noted that the thermometric formulation given by
Pownceby et al. (1991) has an error resulting from wrong
input in the regression analysis. The corrected formula-
tion (Hugh O’Neill, personal communication) is

14642(£375) — 2200(x300)(2 X, — 1)
+ 539(£109)(Xy — Xeo)t

K= R In Kp + 4.203 (+£0.347)

3)

where R is the gas constant in joules per mole-kelvin.
Table 1 summarizes the compositions of two ilmenite
inclusions, that of enclosing overgrowth garnet close to
the inclusions, and that of core garnet, as determined by
microprobe spot analyses. All ilmenite inclusions are
rimmed by thin layers of sphene that accompanied the
formation of garnet according to the above reaction. If
we assume that the ilmenite inclusions and the adjacent
domains of overgrowth garnet were in cation-exchange
equilibrium through the grain boundaries of the thin lay-
ers of intervening sphene, then we obtain temperatures
of ~349 + 20 and 358 + 20 °C from the two K,(Fe-Mn)
values between garnet and ilmenite (Table 1). Unfortu-
nately, there are at present no additional thermometric
constraints for the biotite-grade rocks from which the
present sample was collected that can be used to check
the temperature estimated from the garnet-ilmenite cat-
ion-exchange thermometer. Because of the small concen-
tration of Mg in the minerals (Table 1), and the analytical
error associated with the determination of small concen-
trations of elements, the Fe-Mg fractionation between
garnet and coexisting biotite, which constitutes one of the
most widely used geothermometers (e.g., Ferry and Spear
1978; Ganguly and Saxena 1984), cannot be used to ob-
tain a reliable temperature for our sample. Thus, we ac-
cept the mean of the two temperature estimates from
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garnet-ilmenite geothermometry, 353 £ 15 °C, as the peak
temperature for the biotite-grade metamorphism,

Time scale of regional metamorphism

A nonisothermal diffusion problem can be reduced to
a problem of isothermal diffusion by finding the temper-
ature, which we refer to as the characteristic temperature,
T, such that

f t’D(t)dt = D(Te)® — 1) ©)]

(Shewmon 1963; Chakraborty and Ganguly 1991). Using
the value of [D(s)dt = 7.5 x 10-'2cm?, as deduced above
from the ATEM data, we obtain

_ 7.5 x 102 cm?
Diep(Tcw)

where At = t' — ¢, and Dgp(T,) is the effective binary
diffusion coeflicient at the characteristic temperature (T,).
Chakraborty and Ganguly (1991) explored the relation-
ship between peak temperature, T, and T, for simple
metamorphic 7-¢ cycles characterized by one thermal
maximum and concluded that in these cases Equation 4
is satisfied for T, = 0.97Tp.. Thus, we obtain T, =
343 + 15 °C, using the estimated peak temperature for
the biotite-grade regional metamorphism.

Calculation of the EBDC of a component requires
knowledge of the self-diffusion coefficients of all the dif-
fusing components along with concentration gradients of
all but one component, which is chosen as a dependent
component. Because the Mn-concentration profile within
the diffusion zone is relatively poorly defined, Mn is se-
lected as the dependent component so that the Mn-con-
centration gradient does not enter into the calculation.
Further, because Mg concentration in both core- and
overgrowth-garnet is very dilute (X,, = 0.004: Table 1
and Fig. 2), we treat the diffusion problem in garnet as
one of ternary diffusion. Following the method of calcu-
lation of EBDC outlined in Chakraborty and Ganguly
(1992) for diffusion within a semi-infinite couple, we have

At &)

3Ce,
DFe(EB) = DFeFe + DFeCa;&i: (6-1)
and
0Ce,
DCa(EB) = Deaca + DCaFea_Cw—E;' (6.2)

Here D, is an element of the D matrix, which can be
calculated for a thermodynamically ideal solution ac-
cording to (Lasaga 1979):

XD¥)Df — D})

D, = i, — S

M

where D¥ is the self-diffusion coefficient of the compo-
nent i, 3, is the Kronecker delta (5, = 1 when i = j, and
3; = 0 when i # j), and n represents the dependent com-
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ponent. Even though D, is, in principle, a function of
composition, the diffusion profile of either Ca or Fe can
be modeled quite well by using a constant D,gg (Fig. 4).
We thus calculate De,gp, and Deggs, at the middle of the
diffusion zone (Xz = 0.56, X\, = 0.20, X, = 0.24) to
approximate the average EBDC of either component
within the diffusion zone.

For nonideal solution, D,z may be corrected accord-
ing to an effective binary model suggested by Chakrabor-
ty and Ganguly (1992). However, inasmuch as Ca and Fe
interact with Mn very similarly (Pownceby et al. 1991),
the calcium iron manganese garnet can be treated effec-
tively as a quasi-binary solid solution of Ca and Fe +
Mn components. Thus, the EBDCs of Fe and Ca, calcu-
lated according to Equation 6, may be corrected by mul-
tiplying by the following factor, which is strictly valid for
a binary solution (Darken 1948; Brady 1975) and is the
same for both components:

dln~y,

D,(thermo) = 1 + I X, 8)
where «, is the activity coefficient of the component i.
Using the optimized thermodynamic mixing property data
for Ca and Fe in garnet from Berman (1990) and Ganguly
and Saxena (1984), we obtain Dc,qs (thermo) =
Dr.gp(thermo) = 1.13 and 1.9, respectively, at the me-
dian composition within the diffusion zone.

To calculate the ideal part of Degg and D, the
high-temperature self-diffusion data for Fe and Mn in
garnet were extrapolated to the characteristic temperature
of 343 °C according to the Arrhenian relations given by
Chakraborty and Ganguly (1992). These relations were
derived from experiments that used spessartine-alman-
dine diffusion couples encased in graphite containers un-
der dry conditions. There are, however, virtually no pub-
lished data on D%, in garnet, especially in Ca-Fe-Mn~rich
and Mg-poor garnet compositions such as encompassed
by the natural garnet-garnet couple. Loomis et al. (1985)
tentatively suggested on the basis of a single experiment
at 40 kbar, 1440 °C, using a pyrope-almandine diffusion
couple, that D¥, = 0.5D%. Our ongoing experimental in-
vestigation suggests that D¥, increases with the enrich-
ment of Ca component, possibly because of the expan-
sion of the lattice, so that DY, in the present garnet-garnet
couple might have been somewhat larger than that sug-
gested by Loomis et al. (1985) for the pyrope-almandine
couple.

For the purpose of calculating the EBDCs of Ca and
Fe, we treated D¥, as an unknown and varied it until we
obtained the same values of Dg.gp and Dc,es, from Equa-
tions 6.1 and 6.2, respectively, because otherwise differ-
ent time scales of the diffusion process would be obtained
from the concentration profiles of Fe and Ca, both of
which can be modeled adequately by the same value of
Dt [or [D(t)ds] (Fig. 4). The changes in the calculated
values of At as functions of Dy g, and Dc,gs,, Which were
derived from the assumed values of D¥ according to
Equations 6 and 7, are illustrated in Figure S. In these
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FiGURE 5. Variations of the calculated time scales (Af) of
biotite-grade metamorphism (7T, = ~343 °C) as functions Drgg,
and Dc,gp,, which are derived from assumed values of D,. The
latter were normalized to D¥,. Convergence of values of At was
obtained at D¥,/D¥, = 0.06 (i.e., D¥ = 9.72 x 10~ cm?/s).

calculations, no correction was made for pressure and
Jo, effects on the diffusion coefficients. The calculated
(ideal) EBDCs of Ca and Fe converge to a value of 5.1 x
10-%" cm?/s, and the corresponding values of At converge
to 47 Ma, when D¥, = 9.7 x 10-27 cm?/s. At this con-
dition (1 bar, 343 °C), D¥ = 2.8 x 10~ cm?/s and D¥,
=1.62 x 10-2 cm?/s.

Using now the thermodynamic factor calculated from
the Ca-Fe mixing property in Berman (1990), we have,
for the above value of D, Degpy = Deyen, = 5.7 X 1077
cm?/s and a corresponding At = 41.6 Ma, whereas the
thermodynamic factor calculated from that in Ganguly
and Saxena (1984) yields Dgygp) = Deagsy = 9.6 x 10-%
cm?/s and a corresponding At = 25 Ma. However, we
prefer the result obtained from the Berman model be-
cause it incorporates, in addition to the experimental data
used by Ganguly and Saxena (1984), all careful experi-
mental data that have become available since the latter
work. The D matrix calculated from the above self-dif-
fusion data and Equation 7 is as follows (Mn is treated
as the dependent component, and the unit of the matrix
elements is squared centimeters per second):

D = (DFch DFeCa)

DCaFe DCaCa
_ {975 x 107¥ 6.63 x 10-%
1.02 x 10-2 1.95 x 10-2¢/) ©)]

In retrieving Az, we assumed that the time scale of for-
mation of the garnet overgrowth through the thickness of
the diffusion zone was instantaneous in comparison with
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that of diffusion. This assumption can be justified as fol-
lows. Christensen et al. (1989) determined the growth rate
of garnet crystal from radial variation of the 87Sr/36Sr ra-
tio in a single garnet crystal separated from a metapelitic
schist in southeast Vermont, which consists of parago-
nite, muscovite, chlorite, quartz, and plagioclase. Their
measured rate of crystal growth is ~1.4 mm/Ma (accord-
ing to the data of Christensen et al. 1994, a growth rate
of ~1 mm/Ma may be typical for garnet during regional
metamorphism). This yields 1214 yr as the time required
to produce a garnet overgrowth equal to the half-thick-
ness of the diffusion zone (i.e., approximately the thick-
ness of the diffusion zone within the overgrowth), which
is negligible in comparison with the time scale of the
diffusion process. Thus, no significant error is introduced
into our calculation by assuming that the effective thick-
ness of the overgrowth “seen” by diffusion (which is about
one-half the thickness of the diffusion zone) was plated
on the almandine core instantaneously.

Uncertainties in the estimated time scale of
metamorphism

Because the diffusion coefficients in garnet have acti-
vation energies (Q) on the order of 60 kcal/mol (Chak-
raborty and Ganguly 1992), these are very sensitive to
temperature changes (D « e~9R7T) and consequently a
small error in the determination of 7T results in a large
error in the calculated value of D and, hence, that of Ar.
The estimated error of the mean temperature of =15 °C
results in an uncertainty factor of ~3 in the value of Az,
which highlights a general problem associated with the
retrieval of time scales of geologic processes from diffu-
sion-controlled properties characterized by large activa-
tion energies (e.g., Dodson 1973; Ganguly et al. 1994).

Potential problems with the above estimate of Af also
stem from the fact that we neglected the possibility of the
change of diffusion mechanism within the domain of low-
temperature extrapolation of the experimental diffusion
data, and the possible effect of H,O or H-related species.
However, as discussed elsewhere (Chakraborty and Gan-
guly 1991), the lower temperature data (750-900 °C) on
’Mg tracer diffusion in garnet by Cygan and Lasaga (1985)
are in excellent agreement with the Arrhenian extrapo-
lation of the higher temperature data of Chakraborty and
Ganguly (1991, 1992) when both sets of data are nor-
malized to the same pressure and f,, conditions. Chak-
raborty and Ganguly (1991) thus concluded that there is
no change of diffusion mechanism in garnet within the
temperature range of 750-1400 °C. This conclusion is
reinforced by the recent data of Chakraborty and Rubie
(1996) on 26Mg tracer diffusion at 750-900 °C in pyropic
garnet crystals, which were selected from the same stock
of material used by Chakraborty and Ganguly (1991,
1992) in their high~P-T studies. The Mg tracer-diffusion
data of Chakraborty and Rubie (1996) are in excellent
agreement with the low-temperature Arrhenian extrapo-
lation of that of Chakraborty and Ganguly (1991, 1992)
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when both data sets are normalized to the same pressure
and f,, conditions.

The issue of whether the diffusion mechanism in garnet
changes between 750 and 350 °C cannot be resolved at
present and is probably not even resolvable because of
the extreme sluggishness of the diffusion process at these
temperatures in comparison with any practical time scale
of laboratory experiments. However, if there were indeed
a change of cation-diffusion mechanism in garnet below
750 °C, then the diffusion process would be enhanced.
This would also be true if H,O or H-related species had
an effect on the cation-diffusion process in garnet analo-
gous to their effect on Al-Si order-disorder kinetics and
interdiffusion in feldspars (Yund and Tullis 1980; Gra-
ham and Elphick 1991; Goldsmith 1991). Thus, both the
possible change of diffusion mechanism and the potential
effect of H,O (or H-related species) would contribute to
a compression of the estimated time scale of metamor-
phism from that derived above. Further reduction of the
calculated At would result if we were able to correct for
the sectioning effect, which artificially extended the length
of the diffusion profile, as discussed above. This, how-
ever, may be a relatively small effect because the true
length of the profile (L) normal to the couple-interface is
L’cos 8, where L' is the measured length and 4 is the angle
between the normal to the interface and the plane of the
section (for example, if § = 20°, then L = 0.94L’). Thus,
it seems that the potential errors introduced by the ex-
trapolation of diffusion data from the laboratory (high
temperature, dry) to natural conditions (low temperature,
hydrous) and by the sectioning effect would lead to an
overestimation of At.

We also recall that in calculating Az from Dt, we ne-
glected the effects of f,, and pressure on the diffusion
coefficient. As noted above, the experimental diffusion
data were for f;, defined by graphite. Unfortunately, the
mineral assemblage of the rock does not permit mean-
ingful determination of f,,. However, inasmuch as the
cation-diffusion coefficient in garnet is expected to vary
as (foZ)‘/6 (Chakraborty and Ganguly 1991), and the sys-
tematic mineralogic changes during progressive meta-
morphism were usually due to the buffering of f,, by
graphite (Miyashiro 1964; Ganguly 1977), the diffusion
data used in this work are unlikely to be significantly in
error as a result of neglecting the effect of f;,.

If the activation volumes given by Chakraborty and
Ganguly (1992) are used, the diffusion coefficient changes
by a factor of ~exp(—0.11P), where P is in kilobars, and
consequently At changes by the inverse of the same fac-
tor. This increases At by ~3.3 m.y./kbar increase of pres-
sure up to a few kilobars. Considering, however, the
metamorphic grade of these rocks, the pressure was prob-
ably on the order of a few kilobars. Thus, by neglecting
the effect of pressure, we somewhat underestimated At,
which is partly compensated by the fact that the diffusion
profile used in retrieving At is larger than the true profile
because of the sectioning effect, and the fact that the true
diffusion coefficient might have been greater because of
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the possible change of diffusion mechanism and potential
effect of H,O or H-related species.

In summary, there are several sources of uncertainty in
the calculation of At, some of which are compensating in
nature. Perhaps the largest source of uncertainty is the
estimate of the temperature of the rock. At this point, we
feel that At = 40-50 Ma is the probable time scale of the
biotite-grade metamorphism reflected by the diffusion
zoning across the core-overgrowth interface of garnet.

DISCUSSION

The results reported in this work show good agreement
between the length of the diffusion profile determined by
ATEM and the range of its deconvolved length deter-
mined by electron microprobe, even though the latter by
itself was not sufficiently accurate to permit reliable cal-
culation of thermal history. This is a consequence of the
extremely short diffusion zoning across the core-over-
growth interface of the garnet sample, so that the lengths
measured in the microprobe were barely distinguishable
from the convolution effect. This is the second study
demonstrating the feasibility of TEM analysis across grain
boundaries of natural samples, and the potential impor-
tance of the results obtained in this work should encour-
age more ATEM analysis across the contact of mineral
grains of the same or different phases to detect incipient
compositional zoning that is not resolvable under an elec-
tron microprobe.

On the basis of geochronologic data, Naylor (1971) sug-
gested a maximum time scale of Acadian orogeny of 30
Ma and argued that ““the actual span was probably con-
siderably shorter.” Our best estimate of the time scale of
biotite-grade metamorphism (~40-50 Ma) is longer than
this geochronologic limit but is not incompatible with the
latter considering the uncertainties in our calculation, and
it reinforces the notion (Naylor 1971) that the Acadian
orogeny involved a collision between two sialic plates and
the closing of an ocean basin.

One result of major importance in the present work is
the retrieval of the quantity {D(£)dt, which formally re-
lates temperature and time and is independent of any
uncertainty of the geothermometric estimate or of the
diffusion kinetic data. A more definitive time scale of
Acadian orogeny can be deduced when additional geo-
thermometric estimates of peak temperature become
available for the same rocks (e.g., from O-isotope frac-
tionation data). Further, the validity of a T-f relation in-
ferred from geochronologic or other evidence can be test-
ed, when such data become available, by transforming
the relation into a D vs. f relation and comparing the
value of the integral [D(f)dt with that deduced above.

ACKNOWLEDGMENTS

This research was partly supported by U.S. National Science Founda-
tion grants EAR-911797 and EAR-9418941 to J.G. We thank John Brady
and Randy Cygan for constructive formal reviews of the manuscript, and
Frank Florence for educating us about some of the geochronologic data
pertaining to this study.



1216

REFERENCES CITED

Albee, A.L. (1968) Metamorphic zones in northern Vermont. In E-An
Zen, W.S. White, J.B. Hardley, and J.B. Thompson, Eds., Studies of
Appalachian geology, northern and maritime, p. 329-341. Wiley, New
York.

Berman, R.G. (1990) Mixing properties of Ca-Mg-Fe-Mn garnets. Amer-
ican Mineralogist, 75, 328-344.

Brady, J.B. (1975) Reference frames and diffusion coefficients. American
Journal of Science, 275, 954-983.

Brown, E.H. (1969) Some zoned garnets from the greenschist facies.
American Mineralogist, 54, 1662-1677.

Chakraborty, S., and Ganguly, J. (1991) Compositional zoning and cation
diffusion in garnet. In Advances in Physical Geochemistry, 8, 120—
175.

(1992) Cation diffusion in aluminosilicate garnets: Experimental
determination in spessartine-almandine diffusion couples, evaluation
of effective binary diffusion coefficients, and applications. Contribu-
tions to Mineralogy and Petrology, 111, 74-86.

Chakraborty, S., and Rubie, D.C. (1996) Mg tracer diffusion in alumi-
nosilicate garnets at 750-850 °C, 1 atm. and 1300 °C, 8.5 GPa. Con-
tributions to Mineralogy and Petrology, 122, 406-414.

Christensen, J.N., Rosenfeld, J.L., and DePaolo, D.J. (1989) Rates of
tectonometamorphic processes from rubidium and strontium isotopes
in garnet. Science, 244, 1465-1469.

Christensen, J.N., Silverstone, J., Rosenfeld, J.L., and DePaolo, D.J. (1994)
Correlation by Rb-Sr geochronology of garnet growth histories from
structural levels within the Tauern Window, Eastern Alps. Contribu-
tions to Mineralogy and Petrology, 118, 1-12.

Cooper, A.B. (1968) Use and limitation of the concept of an effective
binary diffusion coefficient for multicomponent diffusion. In J.B.
Wachtman Jr. and A.D. Franklin, Eds., Mass transport in oxides: Pro-
ceedings of a symposium, p. 79-84. U.S. Department of Commerce.

Crank, J. (1975) The mathematics of diffusion (2nd edition), 414 p. Clar-
endon, Oxford, U.K.

Cygan, R.T., and Lasaga, A.C. (1985) Self diffusion of Mg in garnet at
750 °C 10 900 °C. American Journal of Science, 285, 328-350.

Darken, L.S. (1948) Diffusion, mobility and their interrelation through
free energy in binary metallic systems. Transaction of American Insti-
tute of Mining and Metallurgical Engineers, 175, 184-201.

Dodson, M.H. (1973) Closure temperature in cooling geological and pet-
rological systems. Contributions to Mineralogy and Petrology, 40, 259~
274.

Edmunds, W.M., and Atherton, M.P. (1971) Polymetamorphic evolution
of garnet in the Fanad aureole, Donegal, Eire. Lithos, 4, 147-161.

Eisenhouer, D.D., Buseck, P.R., Palme, H., and Zipfel, J. (1993) Micro-
zoning in minerals of a Landes silicate inclusion. Lunar and Planetary
Science Conference, XXIV, 437-438.

Erembert, M., and Austrheim, H. (1993) The effect of fluid and defor-
mation on zoning and inclusion patterns in polymetamorphic garnets.
Contributions to Mineralogy and Petrology, 115, 204-214.

Ferry, J.M., and Spear, F. (1978) Experimental calibration of partitioning
of Fe and Mg between biotite and garnet. Contributions to Mineralogy
and Petrology, 66, 113-117,

Ganguly, J. (1977) Compositional variables and chemical equilibrium in

GANGULY ET AL.: TIME SCALE OF BIOTITE-GRADE METAMORPHISM

metamorphism. In S.K. Saxena and S. Bhattacharya, Eds., Energetics
of geological processes, p. 250-284. Springer-Verlag, Berlin,

Ganguly, J., and Saxena, S.K. (1984) Mixing properties of aluminosilicate
garnets: Constraints from natural and experimental data, and applica-
tions to geothermo-barometry. American Mineralogist, 69, 88-97.

Ganguly, J., Bhattacharya, R.N., and Chakraborty, S. (1988) Convolution
effect in the determination of compositional profiles and diffusion co-
efficients by microprobe step scans. American Mineralogist, 73, 901-
909.

Ganguly, J., Yang, H., and Ghose, S. (1994) Thermal history of mesosi-
derites: Quantitative constraints from compositional zoning and Fe-
Mg ordering in orthopyroxenes. Geochimica et Cosmochimica Acta,
58,2711-2723.

Goldsmith, J.R. (1991) Pressure enhanced AUSi diffusion and oxygen
isotope exchange. In Advances in Physical Geochemistry, 8, 221-247.

Graham, C.M,, and Elphick, S.C. (1991) Some experimental constraints
on the role of hydrogen in oxygen and hydrogen diffusion and Al-Si
interdiffusion in silicates. In Advances in Physical Geochemistry, 8,
228-285.

Hochella, M.F., Jr., Turner, A M., and Harris, D.W. (1986) High reso-
lution scanning Auger microscopy of mineral surfaces. Scanning Elec-
tron Microscopy, II, 337-349,

Lasaga, A.C. (1979) Multicomponent exchange and diffusion in silicates.
Geochimica et Cosmochimica Acta, 43, 455-469.

Loomis, T.P., Ganguly, J., and Elphick, S.C. (1985) Experimental deter-
mination of cation diffusivities in aluminosilicate garnets: II. Multi-
component simulation and tracer diffusion coefficients. Contributions
to Mineralogy and Petrology, 90, 45-51.

Miyashiro, A. (1964) Oxidation and reduction in the Earth’s crust with
special reference to the role of graphite. Geochimica et Cosmochimica
Acta, 28, 717-720.

Moench, R.H., and Aleinikoff, J.N. (1991) The piermont allochthon of
northern New England: A displaced post-taconian extensional sub-ba-
sin marginal to the central Maine Trough. Geological Society of Amer-
ica Northeast Section, 26th Annual Meeting, Southeast Section, 40th
Annual Meeting, Baltimore, Abstracts, 23, 106.

Naylor, R.S. (1971) Acadian orogeny: An abrupt and brief event. Science,
172, 558-560.

Pownceby, M.L, Wall, V.J., and O’Neill, H.St.C. (1991) An experimental
study of the effect of Ca on garnet-ilmenite exchange equilibria. Geo-
chimica et Cosmochimica Acta, 76, 1582-1590.

Rosenfeld, J.L. (1970) Rotated garnet in metamorphic rocks. Geological
Society of America Special Paper, 129, 105 p.

Rumble, D., I1I, and Finnerty, T.A. (1974) Devonian grossular-spessar-
tine overgrowths on ordovician almandine from eastern Vermont.
American Mineralogist, 59, 558-562.

Shewmon, P.G. (1963) Diffusion in solids, 202 p. McGraw-Hill, New
York.

Yund, R.A., and Tullis, J. (1980) The effect of water, pressure, and strain
on Al/Si order-disorder kinetics in feldspar. Contributions to Miner-
alogy and Petrology, 72, 297-302.

MANUSCRIPT RECEIVED AUGUST 24, 1995
MANUSCRIPT ACCEPTED JUNE 5, 1996



