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Abstract

Ganguly and Tirone [Meteorit. Planet. Sci. 36 (2001) 167^175] recently presented a method of determining the
cooling rates of rocks from the difference between the core and bulk ages of a crystal, as determined by a single decay
system. Here we present the first application of the method using the core and bulk ages of garnet single crystals,
according to the Sm^Nd decay system, in two rock samples with contrasting cooling rates, which can be constrained
independently. The samples belong to the metamorphic core complex, Valhalla, British Columbia, and the mid-crustal
magmatic arc exposure of the Salinian terrane, California. We have micro-sampled the garnet crystals over specific
radial dimensions, and measured the Nd isotopes of these small sample masses, as NdOþ via solid source mass
spectrometry, to determine the Sm^Nd age difference between the core and bulk crystals. Using a peak metamorphic
P^T condition of 8> 1 kbar, 820> 30‡C [Spear and Parrish, J. Petrol. 37 (1996) 733^765], the core (67.3> 2.3 Ma) and
bulk (60.9> 2.1 Ma) ages of the British Columbian garnet sample yield a cooling rate of 2^13‡C/Myr, which is in very
good agreement with the cooling rates that we have derived by modeling the retrograde Fe^Mg zoning in the same
garnet, and assuming the same peak metamorphic P^T condition. Considering earlier cooling rate data derived from
closure temperature vs. age relation of multiple geochronological systems [Spear and Parrish, J. Petrol. 37 (1996) 733^
765], a cooling rate of V15^20‡C/Myr seems most reasonable for the Valhalla complex. Diffusion kinetic analysis
shows that the Sm^Nd core age of the selected garnet crystal could not have been disturbed during cooling.
Consequently, the core age of the garnet crystal, 67.3> 2.3 Ma, corresponds to the peak metamorphic age of the
Valhalla complex. The Salinian sample, on the other hand, yields indistinguishable core (78.2> 2.7 Ma) and bulk
(77.9> 2.9 Ma) ages, as expected from its fast cooling history, which can be constrained by the results of earlier
studies. The Sm^Nd decay system in garnet has relatively high closure temperature (usually s 650‡C); therefore, the
technique developed in this paper fills an important gap in thermochronology, since the commonly used
thermochronometers are applicable only at lower temperatures. Simultaneous modeling of the retrograde Fe^Mg
zoning in garnet, spatially resolved Sm^Nd ages of garnet single crystals, and resetting of the bulk garnet Sm^Nd age
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from the peak metamorphic age [Ganguly et al., Science 281 (1998) 805^807], along with additional geochronological
data, would lead to robust constraints on cooling rates of rocks.
G 2003 Elsevier Science B.V. All rights reserved.

Keywords: Nd isotopes; garnet; single crystal; thermochronology

1. Introduction

Signi¢cant areas of the continents expose meta-
morphic rocks that at some stage were buried to
depths equal to or greater than the normal thick-
ness of the continental crust (30^40 km). The pro-
cesses by which high-pressure rocks reach great
depths are generally accepted to be shortening
and thickening of the crust, and lithospheric sub-
duction (e.g. [4]). How rocks subsequently return
to the surface is an intriguing question that has
generated considerable interest among geologists
[5]. Understanding the exhumation mechanisms of
orogenic roots requires quanti¢cation of the pres-
sure^temperature^time (P^T^t) paths of these
rocks. Commonly the P^T paths are deciphered
without age constraints. The cooling and the re-
lated exhumation rates are commonly derived
from plots of selected mineral ages versus as-
sumed or inferred closure temperatures of the spe-
ci¢c geochronologic systems. Exhumation rates
determined this way vary by approximately two
orders of magnitude (e.g. [6], for a review). Some
of this variability is related to uncertainties in
closure temperatures. Other additional problems
are whether a mineral age dated by a particular
system corresponds to peak metamorphic age,
cooling age, or, in some cases, is an average of
various ages in rocks with complex, polyphase
histories [7,8].
Closed-form analytical expressions of closure

temperature (Tc) and Tc-pro¢le in a mineral that
is surrounded by a homogeneous in¢nite matrix
during cooling were derived by Dodson [9,10].
However, although it is commonly overlooked,
Dodson’s Tc formulations are applicable only to
cases where the composition of the mineral, even
at the core, is signi¢cantly removed from what it
was at the onset of cooling. Consequently, this
formulation is not applicable to the cases of
slowly di¡using species or when the di¡usion dis-

tance is small compared to the grain size. Ganguly
and Tirone [11] extended Dodson’s formulation to
include the cases of the slowly di¡using species,
such as Sm and Nd in garnet, and developed
[1,11] mathematical formulations and algorithms
that permit retrieval of cooling rate from the cool-
ing age pro¢le, or from the di¡erence between the
core and bulk ages of a single crystal, and its
initial temperature (T0), provided that the di¡u-
sion kinetic properties of the decay system are
known. The di¡usion kinetics of Sm and Nd in
almandine garnet have recently been determined
by Ganguly et al. [3]. These data, along with the
formulation in [1], permit quantitative use of the
spatial variation of Sm^Nd age within a garnet
crystal as a high-temperature thermochronometer.
A signi¢cant practical problem in the applica-

tion of the Ganguly^Tirone formulation [1] is the
di⁄culty in obtaining single garnet age pro¢les, or
the average (Sm^Nd) age of the garnet core on a
su⁄ciently small spatial scale (9 50% of the grain
size) such that it is distinctly di¡erent from the
bulk or rim (Sm^Nd) age. In this study we over-
come this di⁄culty by: (a) using a milling device
that can sample to W-scale resolution, and (b) an-
alyzing small Nd quantities as NdOþ via thermal
ionization mass spectrometry.
Spatially resolved Sm^Nd dating of garnet sin-

gle crystals has been conducted previously (e.g.
[12^15]). However, these studies utilized large
crystals that preserved prograde growth zoning
with the objective of determining the rates of crys-
tal growth or unraveling the timing of poly-meta-
morphic events. This is the ¢rst study aimed at
recovering high-temperature cooling rate from
dating core and rim of single garnet crystals.

2. Theoretical background

The theoretical foundation of Sm^Nd thermo-
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chronology lies in the works of Dodson [9,10] and
its recent extensions by Ganguly and Tirone
[1,11]. Thus, only a brief exposition of the con-
cepts is provided below. When a mineral with
slow di¡usion properties, such as garnet, cools
from an initial temperature at which it has at-
tained a homogeneous composition, it develops
a retrograde zoning pro¢le since the equilibration
of the core with the surrounding matrix lags be-
hind that of the interface during cooling. In this
case, the zoning pro¢le of an element freezes over
a range of temperatures (highest in the core and
lowest at the rim), leading to a closure temper-
ature pro¢le (Tc-pro¢le) instead of a discrete Tc.
Consequently, the mineral also develops an age
pro¢le (or t-pro¢le) since the decay system used
in dating the mineral freezes within the latter at
di¡erent temperatures. Thus, both the conven-
tional closure temperature and age of a mineral
with slow di¡usion properties such as garnet rep-
resent weighted averages over the entire grain.
Ganguly and Tirone [11] derived the mathemat-

ical expressions (and developed the related com-
puter programs) for the calculations of the Tc-
and t-pro¢les, and the corresponding weighted
mean quantities over speci¢c spatial domains of
a crystal. As in Dodson [9,10], the cooling was
assumed to follow an asymptotic relation:

1
T

¼ 1
T0

þ R t ð1Þ

where T0 is the initial temperature and R is the
cooling time constant (with dimension of K31

t31). Since t-pro¢le is a di⁄cult quantity to mea-
sure with the present techniques, Ganguly and
Tirone [1] reformulated the spatial variation of
age in terms of the di¡erence between the
weighted average of the age of a central segment
of de¢ned dimension and that for the bulk crystal.
We would refer to this age di¡erence as vt(core^
bulk). They also presented graphical charts show-
ing the relationship among vt(core^bulk), R, and
a dimensionless variable, M, which is de¢ned as
follows:

M ¼ RDðT0Þ
ERa2

ð2Þ

where R is the gas constant, D(T0) is the di¡usion

coe⁄cient at the peak temperature (T0), E is the
activation energy of di¡usion, and a is a charac-
teristic grain dimension (radius of a sphere or
cylinder and half-thickness of a plane sheet). An-
alytically, vt(core^bulk) can be calculated from
the relation [11] :

vtðcore� bulkÞ ¼ 3
R

ER

½vG þ vg� ð3Þ

where the v on the right hand side stands for the
di¡erence of the speci¢ed quantity between its
weighted average values for a central domain
and for the bulk crystal. Here G is a function
only of the normalized position (x) in the crystal
[10], whereas g is a function of both x and M [11].
Because of the nature of Eq. 3, the cooling time
constant has to be calculated by successive ap-
proximations from a measured vt(core^bulk) val-
ue. That is, one must calculate vt(core^bulk) from
a guessed value of R and the corresponding value
of g via M, and see if it matches the measured
value.
In developing the above concepts, it was as-

sumed, following Dodson [9,10], that the mineral
of interest is surrounded by a homogeneous and
e¡ectively in¢nite matrix. This condition may not
always be satis¢ed. However, when it is satis¢ed,
it should lead to a larger vt(core^bulk) than oth-
erwise. Consequently, the cooling rate deduced
from the measured vt(core^bulk) should represent
an upper bound to the true cooling rate. The
practical strategy to ensure that the boundary
condition is closely satis¢ed would be to select
garnet crystals with the largest compositional dif-
ference between core and rim from rocks in which
the modal abundance of garnet is small (6 10%).
The boundary condition may be satis¢ed, as re-
cently demonstrated experimentally [16], even
when the relatively abundant matrix minerals
have slow volume di¡usion property, since the
material exchanged with the target mineral is rap-
idly distributed over a large volume of the grain
boundary domains through rapid grain boundary
di¡usion.
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3. Analytical techniques

3.1. Sample preparation

Thin sections were cut from whole-rock sam-
ples and utilized for petrographic and electron
microprobe analyses. The accompanying thick
section slab is then used to micro-sample garnet
and obtain whole-rock separates. The electron mi-
croprobe analyses of major cation distribution
within garnet crystals and surrounding medium
resolve the nature of compositional zoning in gar-
net, and help constrain the peak metamorphic
P^T conditions. In this study, we are interested
in garnets exhibiting only retrograde zoning pro-
¢les. In order to ensure that the true core of
a garnet is being sampled, a three-dimensional
(3-D) view of the thick section is needed. Such
3-D images can be obtained by computer-aided
X-ray tomography [17]. However, in the present
exploratory study, we avoided this time-consum-
ing and expensive approach, but instead carefully
selected garnet grains with relatively larger (ap-
parent) diameters on the cut surface of the rock
samples, and assumed that these grains were cut
close to their respective central sections.

3.2. Micro-sampling

Thick sections were micro-sampled using a Mi-
cromill instrument (designed by NewWave-Mer-
chantek), which can extract materials over as
small as a few Wm in diameter. Combination of
sub-Wm stage resolution and positional accuracy,
real-time video observation and a custom-de-
signed software system allows for sampling of
complex crystalline materials such as garnets or
other silicates. One of the most important features
is the computer routine for interpolation of sam-
pling paths and on-screen display of digitized
sampling paths. This allows the sampling to be
conducted automatically on pre-determined paths
and with desired depths, no matter how compli-
cated. Transmitted and/or re£ected light micros-
copy can be used for sampling. In this study, we
used diamond drill bits from Brasseler Instru-
ments in order to be able to e⁄ciently drill
through garnet grains. Overall, the sample recov-

ery is about 85^90%. Inclusions visible optically
are easily avoided along the sampling paths.

3.3. Column chemistry and TIMS analyses

The mineral separates are put in Te£on beakers
and dissolved in mixtures of hot concentrated
HF^HNO3. To ensure complete dissolution of £u-
orides, samples were dried-down and immediately
re-dissolved in 6 N HCl-concentrated H3BO3

mixed in 4:1 proportions. The dissolved samples
are spiked with a mixed Sm^Nd spike [18] after
dissolution. Bulk rare earth elements were sepa-
rated in 0.1 ml volume Eichrom TruSpec cation-
exchange columns eluted with 0.05^2 N HNO3.
Separation of Sm and Nd is achieved in anion
columns containing LN Spec resin, using 0.1^2.5
N HCl [19,20]. The second-stage column step is
performed twice in order to reduce the chance of
Pr interference.
Sm and Nd were loaded in HCl onto single Re

¢laments. Mass spectrometric analyses for Sm
were carried out on a 54 VG Sector multi-collec-
tor instrument following the procedures in [19].
Neodymium was measured as an oxide [18] on a
354 VG Sector instrument ¢tted with a puri¢ed
oxygen tube and a bleed valve delivering oxygen
into the source. Pr and Ce interference was moni-
tored, and no interference from these elements
was observed.
On- and o¡-line manipulation programs were

used for isotope dilution calculations. The runs
consisted of 105 isotopic ratios for Nd and 60
ratios for Sm. The mean results of ¢ve analyses
of the standard nSmL performed during the
course of this study are: 148Sm/147Sm= 0.74880
> 21 and 148Sm/152Sm=0.42110> 6. Nine mea-
surements of the LaJolla Nd standard measured
as oxide were performed during the course of this
study which coincided with the installation of the
bleed valve attachment, and yielded results within
the accepted range of LaJolla 143Nd/144Nd (mean
143Nd/144Nd= 0.5118490> 23). Fig. 1 is a plot of
LaJolla 143Nd/144Nd values measured as oxide,
obtained during the course of this study. The
Nd isotopic ratios were normalized to 146Nd/
144Nd=0.7219. Standard loads as small as 5 ng
Nd were successfully analyzed. Fractions (core
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and rim) of garnet BC207 [19] were analyzed as
unknowns and yielded results consistent with pre-
vious, multigrain analyses. A few measurements
of Nd metal were also performed in this study
in order to check the precision of the NdOþ anal-
yses.

4. Samples and cooling rates

In order to determine cooling rates from the
core and bulk ages of a garnet single crystal, we
selected two samples, one from the Valhalla com-
plex, British Columbia, and the other from the
Salinian terrane, coastal California. The cooling
rates of these samples are very di¡erent and can
be well constrained by independent methods. The
geological background of the samples and their
cooling rates, as constrained independently and
from the di¡erence between the core and bulk
Sm^Nd ages, are discussed below. The isotopic
results are shown in Table 1.

Table 1
Neodymium isotopic data

Sample Mass Nda Type analysisb Sm Nd 147Sm/144Ndc 143Nd/144Ndd Agee

(ng) (ppm) (ppm) (Ma)

Paragneiss V7C-Grf, Valhalla complex, British Columbia [2]
Biotite matrix 1 2460.5 Elem 5.79 34.74 0.101 0.5118853> 8
Biotite matrix 2f 88.9 Ox 5.66 33.91 0.101 0.5118849> 9
Garnet core (r/a=0.4g) 75.0 Ox 2.69 3.46 0.471 0.5120477> 10 67.3> 2.3
Garnet rim 250.3 Ox 4.18 7.21 0.352 0.5119831> 12 59.8> 2.0
Garnet rim replicate 475.5 Ox 4.05 7.05 0.348 0.5119836> 11 61.1> 2.2
Bulk garneth Calc 0.357 0.5119870> 9 60.9> 2.1
Garnet tonalite 730-4, Cone Peak, central California [32]
Biotite matrix 105.5 Ox 5.00 19.81 0.152 0.5126390> 8
Garnet core (r/a=0.5) 62.3 Ox 6.87 8.25 0.504 0.5128061> 11 78.2> 2.7
Garnet rim 85.5 Ox 6.22 7.55 0.499 0.5128152> 12 77.6> 3.0
Bulk garneth Calc 0.500 0.5128140> 11 77.9> 2.9
Garnet multigraini 1980.2 Elem 6.48 7.84 0.500 0.5128120> 11 76.5> 1.5
a (Mass of dissolved sample)U(Nd concentration). About half of this amount was loaded onto the mass spectrometer for analy-
sis.
b ‘Elem’, Nd analyzed as metal, as described in [18,19]; ‘Ox’, Nd isotopes measured as oxides (see Section 3); ‘Calc’, calculated
by material balance using core and rim data.
c Parent:daughter ratios are precise to about 0.25%.
d Standard error given in 2c.
e Age errors (2c) were calculated using Ludwig [35] and are analytical only.
f Represents the ‘whole-rock’ medium surrounding the garnet grain.
g r is radius of the core sample, a is radius of garnet grain.
h Calculated from material balance.
i From Kidder et al. [32].

Fig. 1. Results of runs of 143Nd/144Nd as NdOþ for the stan-
dard LaJolla, analyzed during the course of this study.
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4.1. Valhalla complex, British Columbia

4.1.1. Geological background and selection of
garnet crystal

The Valhalla complex is one of the fault-
bounded metamorphic core complexes that form
the Shuswap complex of southern British Colum-
bia. It had experienced upper amphibolite to low-
er granulite facies metamorphism in the late Cre-
taceous period [2,21]. Spear and Parrish [2]
constrained the cooling rates of these samples to
be 24> 6‡C/Myr, using Tc vs. age relations of
multiple geochronologic systems, from a peak
P^T condition of 8> 1 kbar, 820> 30‡C, which
they calculated from conventional thermo-baro-
metric methods. A sample from the collection of
these workers (sample No. V7C) was used in this
work. The rock consists of garnet, biotite, silli-
manite, K-feldspar, plagioclase, quartz, ilmenite
and rutile. Garnets range from 6 to 12 mm in
apparent diameter in a polished surface of this
sample. We chose the largest garnet crystal for
analysis and sampled the entire crystal, avoiding
monazite and biotite inclusions. A Mg X-ray map
of the garnet crystal and the surrounding matrix
is shown in Fig. 2A. Because of its size, it was
assumed that the chosen garnet crystal was cut
along its central section or very close to it.
We measured the compositional zoning of gar-

net adjacent to matrix biotite along several traver-
ses, which are normal to the trace of the interface
on the polished section. These traverses are shown
as straight lines within the garnet crystal in Fig.
2A. Compositional pro¢les along all traverses are
found to be similar, showing homogeneous core,
retrograde Fe^Mg zoning near the rim, and essen-
tially £at pro¢les for Ca and Mn from core to
rim. Fig. 3A shows the compositional pro¢les of
Fe, Mg, Ca and Mn along the traverse labeled (X)
in Fig. 2A.
Spear and Parrish [2] and Spear (personal com-

munication, 2003) have discussed evidences of re-
sorption of garnet as well as late overgrowth of
garnet on garnet in the Valhalla samples. How-
ever, the Mg X-ray map (Fig. 2A) and the com-
positional pro¢les (Fig. 3A) of the garnet crystal
selected for this study do not show any evidence
of late overgrowth. Instead, the compositional

zoning is what one would expect from retrograde
exchange between garnet and matrix biotite. If
there were any late overgrowth of garnet on a
pre-existing garnet core, then one would not ex-
pect to see a £at Ca pro¢le, unless the atomic

Core (r/a=0.4)

rim

1mm

1 mm

A.

B.

(X)

Fig. 2. (A) Mg X-ray map of the selected garnet crystal and
the surrounding matrix in the sample V7C [2] from the Val-
halla complex, British Columbia. The solid lines show traver-
ses along which compositional zoning of garnet was mea-
sured. The compositional zoning along the traverse (X) is
shown in Fig. 3. Few bright biotite inclusions, but not the
abundant quartz inclusions seen in the center and middle,
have been avoided during micro-sampling. (B) Photograph of
the same garnet after the core region has been milled out,
and during the process of rim extraction. The pits drilled in
this garnet were 130 Wm deep.

EPSL 6709 9-7-03

M.N. Ducea et al. / Earth and Planetary Science Letters 213 (2003) 31^4236



fraction of Ca in the overgrowth fortuitously hap-
pened to be exactly the same as that of the core,
which is extremely unlikely. Additionally, we
would expect to see in£ections on the Mg and
Fe pro¢les of garnet owing to the initial di¡erence
in the atomic fractions of these components in the
core and overgrowth segments. No such in£ection
is, however, visible in the measured concentration
pro¢les. We therefore conclude that the di¡erence
between the core and rim Sm^Nd ages of the
selected garnet crystal is essentially due to the
di¡usive resetting of the age near the rim during
cooling.

4.1.2. Cooling rate
Since Fe and Mg are the only two components

that seem to have been signi¢cantly a¡ected by
di¡usion, we have treated the compositional zon-
ing data in terms of a binary di¡usion problem,
and normalized the measured data accordingly.
The Mg/(Mg+Fe) data along the traverse (X)
are shown in Fig. 3B. These data were modeled
to constrain the high-temperature cooling rate of
the Valhalla complex. The details of the method,
which is based on a modi¢cation of Lasaga’s
theory [22], are given in Ganguly et al. [23]. In
this work, we have also incorporated the e¡ect
of a moving boundary that could take place due
to the possible resorption of garnet during cool-
ing, and treated the location of the boundary as
an additional £oating variable.
A ¢nite-di¡erence program implementing the

di¡usion equation was interfaced with a non-lin-
ear optimization program to ¢nd the best combi-
nation of values (within speci¢ed ranges) of the
di¡erent governing parameters such that the cal-
culated pro¢le represents the statistical best ¢t to
the observed data, within the framework of the
adopted model. These parameters are: (a) the ini-
tial composition of garnet; (b) the value of the
ratio vH0/Q, where vH0 is the enthalpy change
of the exchange reaction between garnet and bio-
tite and Q is the activation energy of Fe^Mg
inter-di¡usion in garnet; (c) the position of the
interface; and (d) the dimensionless parameter
M (Eq. 2). All these parameters were treated as
£oating variables. The initial composition of gar-
net was assumed to be homogeneous, while the

boundary concentration was assumed to change
according to equilibrium Fe^Mg exchange during
cooling (Eq. 1) with a biotite matrix, which re-
mained homogeneous because of relatively much
faster di¡usivity of the components, as evidenced
by their uniform composition. The mass abun-
dance of the biotite matrix adjacent to garnet
was assumed to be su⁄ciently large to maintain
an e¡ectively ¢xed composition (the potential ef-

Fig. 3. (A) Major element compositional pro¢les of the gar-
net sample from the Valhalla complex, British Columbia,
along the traverse (X) shown in Fig. 2A. (B) Mg/(Mg+Fe)
pro¢le calculated from the data, which are illustrated in Fig.
2A. The measured electron microprobe data are shown by
open circles. The curve (a) is an optimized ¢t to the data ac-
cording to the numerical solution of the di¡usion equation
incorporating the e¡ect of changing interface equilibrium
during cooling, and assuming a non-linear cooling model
(Eq. 1). The curve (b) is calculated by forcing the pro¢le to
better ¢t the data near the interface.
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fect of change of biotite composition is discussed
below).
The above procedure resulted in a model of

stationary interface and ¢xed core composition
as the best model, and yielded the pro¢le (a) in
Fig. 3B, as the best ¢t to the data for the develop-
ment of compositional zoning in garnet, satisfying
the above initial and boundary conditions. The
curve (b) in Fig. 3B was calculated by forward
modeling without using the optimization pro-
gram, to better ¢t the data near the grain bound-
ary. The interface was treated as stationary, and
the ratio of vH0/Q was set equal to 0.058. The
latter was obtained from the optimization analysis
that led to the curve (a), and is compatible with
the available experimental data [24,25]. In the cal-
culation of both pro¢les (a) and (b), the Fe^Mg
inter-di¡usion coe⁄cient, D(Fe^Mg), was as-
sumed to be insensitive to the compositional
changes within the di¡usion zone. It was calcu-
lated at the median composition of the di¡usion
zone from the self-di¡usion data of Fe and Mg in
garnet [25], according to the relationship between
the self- and inter-di¡usion coe⁄cients of equally
charged ionic species in an ideal binary solid so-
lution (e.g. [25]). The assumption of ideality of
mixing of Fe and Mg in garnet is justi¢ed accord-
ing to the experimental studies on the thermody-
namic mixing behavior of these cations in garnet
[26].
Using the D(Fe^Mg) value at T0 = 820‡C, we

obtain R=4.8U1036 K31 Myr31 for the curve
(a) and R=3.6U1036 K31 Myr31 for the curve
(b) from the respective M values that were re-
trieved from modeling of the retrograde zoning
in garnet, as discussed above. These R values yield
initial cooling rates (according to dT/dt=3RT2,
see Eq. 1) of 4^6‡C/Myr for the Valhalla sample.
The uncertainties of the inferred peak P^T con-
dition ( > 1 kbar, > 30‡C) expand the permissible
range of cooling rate to 2^13‡C/Myr.
Spear and Parrish [2] suggested that retrograde

compositional zoning in the Valhalla samples de-
veloped, at least in some cases, as a result of dif-
fusion during net transfer reaction, which could
lead to change of both biotite and garnet rim
composition in the same direction. We discuss
here the potential error in the above cooling

rate calculation if the biotite composition had in-
deed changed in the same direction as garnet. In
order to have the appropriate value of the Fe^Mg
distribution coe⁄cient at a given temperature, the
change of garnet composition would be more
when the biotite gains Fe (and looses Mg) during
cooling relative to the case in which its composi-
tion had remained ¢xed. Consequently, the cool-
ing rate will be underestimated if the composition-
al pro¢le that was produced by maintaining
interface equilibrium with a biotite matrix of
changing composition was modeled by assuming
that the biotite composition had remained ¢xed.
However, we have not seen any evidence of retro-
grade net transfer reaction at the garnet rim and
adjacent matrix at the termination of the traverse
(X), and also, based on our experience (e.g. [16]),
we think that it is unlikely that di¡usion zoning
produced by one process can be ¢tted adequately
by a model based on a signi¢cantly di¡erent pro-
cess.
Using the Sm^Nd data for the core^whole rock

and rim^whole rock, we obtained Sm^Nd ages of
67.3 > 2.3 Ma for the core and 59.8 > 2 Ma for the
rim of the chosen garnet crystal from the Valhalla
complex (Fig. 4). The ratio of the radial dimen-
sions of the core and the bulk crystal is 0.4. The
calculated bulk age is 60.9 > 2.1 Ma. Using Eqs. 2
and 3, the relevant data for the spatially averaged
G and g parameters [1], the tracer di¡usion data
of Nd in almandine garnet [3], and To = 820‡C, we
obtain R= (5.1^8.3)U1036 K31 Myr31, and hence
an initial cooling rate of 6^10‡C/Myr. Propagat-
ing the uncertainties of the initial condition ex-
pands the range of cooling rate to 4^13‡C/Myr.
In the above calculations, we did not propagate

the errors arising from those in the di¡usion data.
However, it is remarkable that the cooling rates
obtained from two independent methods and two
sets of di¡usion data, one for the divalent cations
[25] and the other for Nd [3], are in excellent
agreement with one another. Comparing these re-
sults with the cooling rate of 24> 6‡C/Myr that
was deduced from the Tc vs. age relations of mul-
tiple geochronological systems [2], and bearing in
mind that there are also additional uncertainties
in the Tc values as these depend on cooling rate
itself and grain size [3,9], it seems reasonable to
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suggest V15^20‡C/Myr as the most likely range
of cooling rate of the Valhalla complex.

4.1.3. Peak metamorphic age
Using U^Pb zircon geochronology, Spear and

Parrish [2] determined the peak metamorphic age

of 75> 5 Ma. Recently, however, Spear (personal
communication, 2003) suggested that this age
does not necessarily indicate the peak metamor-
phic age of the complex. The modeling of retro-
grade compositional zoning incorporating optimi-
zation analysis, as discussed above, indicates that
the Fe^Mg core composition of the selected gar-
net crystal was not a¡ected by di¡usion during
cooling. Since the di¡usivity of Nd is comparable
to that of Mg [3], we suggest that the core Sm^Nd
age of the garnet crystal of 67.3 > 2.3 Ma, as de-
termined in this study, represents the peak meta-
morphic age of the Valhalla complex. This con-
clusion also follows from the calculation of
cooling rate that would be required to signi¢-
cantly a¡ect Sm^Nd age of the core, and compar-
ison with the cooling rate derived from geochro-
nological constraints [2].
An upper limit of cooling rate that would be

needed to signi¢cantly a¡ect the core composition
can be derived from the solution of the di¡usion
equation for a sphere with ¢xed surface composi-
tion that is di¡erent from the initial homogeneous
composition. This would be an upper limit since,
in reality, the boundary concentration would
change continuously with temperature during
cooling, thereby producing a smaller concentra-
tion gradient, and hence smaller di¡usive £ux, rel-
ative to the case in which the boundary concen-
tration had changed instantaneously to the
extreme value. Under isothermal condition, the
minimum value of Dt/a2, where a is the radius
of the spherical grain, is 0.04 ([27], p. 92). Under
non-isothermal condition, Dt can be replaced by
vD(t)dt ([27], p 104). If the inverse temperature
varied linearly with time during cooling, as as-
sumed in this study (Eq. 1), then we have, for
tE0 [28] :

Z t0

0
DðtÞdt ¼ RDðT0Þ

QR

ð4Þ

Using the di¡usion data for Nd in almandine
garnet [3], we then obtain R=5U1036 K31

Myr31. This yields a cooling rate of 9 4‡C/Myr
at 600‡C, which is too slow compared to that
(24> 6‡C/Myr) constrained by the geochronolog-
ical data [2].

Fig. 4. Single crystal neodymium isochron diagrams for (A)
the Valhalla complex paragneiss and (B) the Cone Peak gar-
net tonalite. Shown in the diagram are the ages of garnet
cores and rims. The bulk garnet ages, as calculated by mate-
rial balance, are not shown. Uncertainties are reported in Ta-
ble 1.
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5. Garnet tonalite from Cone Peak, California

5.1. Geological background

The Coast Ridge Belt, central Coastal Califor-
nia, exposes upper amphibolite to granulite facies
mid-crustal rocks of a Cretaceous magmatic arc,
part of the Salinian terrane [29]. Salinia is a pre-
dominantly magmatic arc terrane that originated
near the present-day Mojave region and was
translated northwards along San Andreas and re-
lated faults [30]. The Coast Ridge Belt rocks rep-
resent the deepest exposure of the now dissected
Salinian arc, and are overlain by Late Creta-
ceous^Cenozoic sedimentary rocks predominantly
exposed on the northeastern and southern limits
of the range [31]. The rock analyzed here (730-4)
is part of the 80 Ma Cone Peak garnet tonalite
[32]. Peak P^T conditions on this rock are 8 kbar,
750‡C [32]. Multigrain garnet Sm^Nd geochronol-
ogy indicates that garnet grew at V76.5 > 1.5 Ma
while these rocks were buried at V25^26 km [32].
Mid^late Maastrichtian (V70 Ma) sandstones
rest unconformably immediately above the Cone
Peak intrusion in this section [33]. The Cone Peak
rocks had thus exhumed at a rate of s 3 mm/yr
[32], and cooled quickly below the closure temper-
atures of biotite K^Ar (75 Ma [30]) and apatite
¢ssion track (74> 5 Ma [34]) systems. Cooling
from peak temperature conditions (V750‡C) to
below 200‡C must have taken place within 2^4
Myr

5.2. Cooling rate from single crystal age data

We reanalyzed sample 730-4 for single crystal
garnet chronology (Table 1) as an end-member
rock that should yield no di¡erences between
core and bulk Sm^Nd ages, given the above con-
straints. The garnet crystal used in this study is
surrounded by a biotite-rich selvage. Therefore, it
was assumed that the biotite was in equilibrium
with the garnet during its growth. The crystal of
garnet is 0.8 cm in diameter and the diameter of
the core sampled here represents half of this di-
mension. The Cone Peak garnet has very few pla-
gioclase inclusions and is essentially devoid of
high-Nd (monazite, zircon, apatite) inclusions,

which resulted in an almost complete sampling
of the selected garnet. The results are indistin-
guishable from the earlier multigrain analysis
(76.5> 1.5 Ma) and are shown in Fig. 4. Within
the error of our analysis there is no age di¡erence
between core (78.2 > 2.7 Ma) and bulk (77.9 > 2.9
Ma) ages in this case, although the Sm/Nd ratios
of the core and rim of the garnet are slightly dif-
ferent. This result and previous data imply an
initial cooling rate s 100‡C/Myr for this sample.

6. Discussion

We have successfully separated and analyzed
Nd isotopes on core and rim fractions of single
garnet crystals from high-grade metamorphic
rocks, and used the di¡erence between the core
and bulk ages to determine the cooling rates of
the samples, along with constraining the peak
metamorphic age of the Valhalla complex. Since
the Sm^Nd decay system in garnet has a relatively
high closure temperature (usually s 650‡C; [10]),
this technique can be applied to decipher the ini-
tial cooling and exhumation path of garnet-bear-
ing metamorphic rocks, and would therefore ¢ll
an important gap in thermochronological studies.
In addition, use of this technique in conjunction
with the modeling of retrograde Fe^Mg zoning in
garnet, which yields independent cooling rate over
essentially the same temperature interval, as well
as the cooling rate constrained by the extent of
resetting of the bulk Sm^Nd age of a garnet crys-
tal [3] and other geochronological constraints,
would provide robust constraint on the cooling
rate of rocks.
We tested the technique of the determination of

cooling rate from the di¡erence between the core
and bulk Sm^Nd ages of a garnet crystal on two
samples from regions that have been previously
studied and where the cooling rates can be quan-
ti¢ed independently. On both samples, the cooling
rates obtained from the Sm^Nd age data of core
and bulk of garnet single crystals were found to
be in good agreement with those constrained in-
dependently. The technique has several advan-
tages over conventional geochronology in that:
(a) it provides cooling rate in addition to cooling
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age without any appeal to closure temperature;
(b) inclusion-free material can be selectively used
for analyses; (c) it requires a small sample size;
and (d) the Sm^Nd core age of garnet of appro-
priate size could yield the peak metamorphic age,
as we have illustrated for the Valhalla sample.
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