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Abstract: In the Sm—Nd and Rb-Sr isotopic geochronology of metamorphic rocks, an
important question is whether radiometric systems of mineral isochrons have achieved
isotopic equilibrium during a given metamorphic event and preserved the equilibrium
afterwards. An analogue to mineral chronometry is O isotope geothermometry. Because the
rates of Sm—Nd, Sr and O diffusion in metamorphic minerals are comparable in many cases,
the state of O isotope equilibrium between metamorphic minerals can provide a test for the
validity of mineral Sm—Nd and Rb—Sr chronometers. In order to illustrate this applicability,
O isotope geothermometry was carried out for Sm—Nd and Rb—Sr isochron minerals from
ultrahigh-pressure (UHP) eclogites and gneisses at Shuanghe in the Dabie terrane of east-
central China. Although the Sm—Nd isochrons give consistent Triassic ages of 213 to
238 Ma for UHP metamorphism, the Rb—Sr isochrons give Jurassic ages of 171 to 174 Ma
for the same samples. O isotope geothermometry of the gneiss, eclogite and amphibolite
minerals yields two sets of temperatures of 600 to 720 °C and 420 to 550 °C, respectively,
corresponding to cessation of isotopic exchange by diffusion at about 225 + 5 Ma during
high pressure eclogite-facies recrystallization and at about 175 + 5 Ma during amphibolite-
facies retrogression. The preservation of Triassic Sm—Nd isochron ages, but the occurrence
of Jurassic Rb—Sr isochron ages and the regular O isotope temperatures for the same
samples, suggest that rates of Sr and O diffusion in such hydroxyl-bearing minerals as biotite
and hornblende are faster than rates of Nd diffusion in garnet and Sr diffusion in phengite on
the scale of a hand-specimen during the amphibolite-facies retrogression. While the mineral
with slow diffusivity has exerted the primary control on the homogenization rate of initial
isotope ratios among isochron minerals during retrograde metamorphism, the mineral with
high parent/daughter ratio has exerted the principal control on the initiation of the mineral
isochron clock in response to retrogression. Valid mineral isochrons can be expected to date
the timing of metamorphic resetting only if the mineral with high parent/daughter ratio has a

fast rate of radiogenic isotope diffusion during the metamorphic resetting.

Oxygen is one of the main constituent elements
in crustal rocks, whereas Nd and Sr are trace
elements in rock-forming minerals. Oxygen
isotope fractionation between coexisting min-
erals is a function of temperature at thermody-
namic equilibrium and is thus routinely applied
to geothermometry (Hoefs 1997; Valley 2001).
Consistency between oxygen isotope geothermo-
metry and cation-partition geothermometry in
igneous and metamorphic rocks demonstrates
that oxygen isotope equilibrium has not only
been attained between the rock-forming min-
erals, but in many cases has not been affected by
diffusion-controlled retrograde isotope exchange
during rock cooling. In this regard, the oxygen
isotope temperatures represent the closure
temperatures of oxygen diffusion in coexisting
minerals immediately after rock formation. On
the other hand, the closure temperatures of

oxygen diffusion in coexisting minerals vary
regularly due to their differences in oxygen
diffusivity at the same cooling rate (Giletti 1986;
Eiler et al. 1993). As a result, discordant closure
temperatures are observed if the minerals experi-
enced slow cooling after rock formation.
Sm—Nd and Rb—Sr isochrons of two or three
minerals have been routinely applied to dating of
high-pressure (HP) and ultrahigh-pressure (UHP)
metamorphic rocks (e.g. Jagoutz 1988; Gebauer
1990; Thoeni & Jagoutz 1992; Li et al. 1999;
Luais ef al. 2001; Thoeni 2002), but interpreta-
tion of isochron ages is not always straightfor-
ward and frequently impaired by isotopic
disequilibrium and/or uncertainty in closure
temperature. Nd and Sr isotope disequilibrium
between isochron minerals often results in
geologically spurious ages and thus has to be
recognized comprehensively by means of not
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only radiometric systems themselves but also
other isotopic systems (e.g. O) as well as geo-
chemical and petrological features. As illustrated
by Zheng et al. (2002) for eclogites that were
formed by UHP metamorphism in the Triassic in
the Sulu terrane of eastern China, there is a direct
correspondence in equilibrium or disequilibrium
state between the O and Sm—Nd isotopic systems
of metamorphic minerals. Some omphacite—
garnet pairs from the eclogites yield O isotope
equilibrium fractionations at eclogite-facies
conditions, and mineral Sm—Nd isochrons give
meaningful Triassic ages. In contrast, some of the
omphacite—garnet pairs yield O isotope disequi-
librium fractionations, and mineral Sm-Nd
isochrons give geologically meaningless non-
Triassic ages.

With respect to the causes for radiometric and
stable isotope disequilibria among high-grade
metamorphic minerals, one of the following
processes can be relevant: (1) inheritance of
magmatic minerals during metamorphism (e.g.
Mork & Mearns 1986; Thoeni & Jagoutz 1992;
Schmaedicke et al. 1995; Zheng et al. 2002), for
instance, incomplete metamorphic reaction from
gabbro to eclogite; (2) presence of accessory
mineral inclusions in other minerals (e.g. Vance
& Harris 1999; Thoeni 2002), for example,
apatite, rutile and zircon in garnet and
omphacite; (3) isotopic zonation (e.g. Vance &
Holland 1993; Brueckner et al. 1996; Stowell &
Goldberg 1997), for instance, polyphase growth
of minerals; (4) retrograde alteration like
symplectitization or replacement (e.g. Thoeni
& Jagoutz 1992; Li er al. 1993, 2000; Zheng
et al. 2002).

The problem for radiometric dating is some-
times analogous to a situation encountered
in mineral-pair geothermometers. Isotopic
geothermometers rely on the fact that at some
time in a rock’s history an isotopic equilibrium
becomes frozen in between minerals, thus
preserving a temperature. The corollary to this
is that information on temperature before this
time is lost because the minerals have been
re-equilibrating up to that point. The process
of re-equilibration is likely to be mediated by
diffusion. In radiometric dating, the situation is
different for different parent—daughter systems,
depending on the difference in their geochemical
mobility. Mineral Sm—Nd chronometers may
resemble the O isotope geothermometers
because of the very similar behaviour of the
rare earth elements (REE) as a group during
metamorphic processes. However, the situation is
different for mineral Rb-Sr chronometers
because of the difference in Rb and Sr mobility.
Rb is an alkali metal and normally bound to O in

a site having a close affinity to K, whereas Sr is
an alkali-earth metal and normally bound to O in
a site having a close affinity to Ca. Radiogenic Sr
is produced in a site different from that normally
occupied by unradiogenic Sr and is thus
relatively mobile. The result is that the radiogenic
Sr is susceptible to transport (gain or loss) by
diffusion from the site where it is produced. The
K-Ar system is an extreme case where an alkali
metal decays to a rare gas that is thermodyna-
mically unstable in the site where it is produced
and is easily lost from the volume where it is
analysed by an isotopic measurement. It appears
that different isotopic systems in different
minerals have different mobilities during the
same metamorphic processes.

A critical premise in evaluating the validity of
either mineral Sm—Nd or Rb—Sr isochron or O
isotope geothermometry is whether the isotopic
systems of interest have achieved and preserved
isotopic equilibrium at the time of their for-
mation. If not, an apparent isochron is obtained
which does not date a geological event, nor can
the O isotope fractionation between coexisting
minerals be used for geothermometry. If isotopic
equilibrium is achieved and preserved, then not
only is a valid isochron obtained with a
meaningful age for a given geological event,
but the O isotope geothermometry also provides
a temperature for mineral equilibration at the
time of, or subsequent to, rock formation.
Therefore, the process of diffusion plays a
significant role in the distribution of trace
elements and isotopes within and among min-
erals in igneous and metamorphic rocks that were
exposed to elevated temperatures for extended
periods of time.

It is essential for geochronology workers to
test equilibrium or disequilibrium of radiometric
systems among metamorphic minerals in prac-
tice. The state of oxygen isotope equilibrium
between metamorphic minerals can provide a
critical test for the validity of mineral Sm—Nd
and Rb—Sr chronometers. This paper deals with a
couple of aspects of the recent work in which the
author has been involved to accomplish a
combined study of mineral radiometric dating
and O isotope geothermometry for UHP
metamorphic rocks from the Dabie—Sulu oro-
genic belt in east-central China. The oxygen
isotope data are presented here for the first time
and these analyses were done on the same
samples that have already been the subject of a
geochronological study. Before going into these
examples in detail, however, some general points
are made on oxygen isotope geothermometry and
comparison of O, Sm—Nd and Sr diffusivity in
minerals.
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Oxygen isotope geothermometry

For oxygen isotope geothermometry two basic
premises are essential: (1) the isotope fractiona-
tion factor between two minerals is accurately
calibrated and is sufficiently sensitive to tem-
perature; (2) coexisting minerals were isotopi-
cally equilibrated in a specific event and
compositions are frozen in. Among the several
factors that influence the magnitude of equili-
brium isotope fractionations are temperature,
chemical composition, crystal structure, and
pressure.

Calibration of oxygen isotope fractionation
Jactors

Accurate knowledge of equilibrium isotope
fractionation factors between coexisting minerals
is required before oxygen isotope geothermome-
try can be carried out. Much effort has been
devoted to the calibration of fractionation factors
through theoretical calculations, experimental
measurements and empirical estimates (e.g.
Chacko et al. 2001). Among the approaches for
theoretical calculations, the increment method
has been most successful in providing a set of
internally consistent oxygen isotope fractionation
factors between minerals (Zheng 1999a). The
calculated fractionations not only show fairly
good consistency with existing experimental
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and/or empirical calibrations, but also yield
reasonable temperatures when applied to isotope
geothermometry.

Figure 1A compares the theoretical calcu-
lations of oxygen isotope fractionations between
calcite and anhydrous minerals with those
determined by carbonate-exchange experiments
at high temperatures. Table 1 lists the parameter
A of high-temperature fractionation equations in
the form of 10°Ina,_, = A x 10%/7? for com-
mon minerals in metamorphic rocks. A set of
self-consistent oxygen isotope fractionation
factors for metal oxide and hydroxides, wolfra-
mate, silicate and phosphate minerals has been
calculated systematically by means of the
modified increment method (Zheng 1991,
1992a, 1993a.b,c, 1995, 1996a,b, 1997, 1998,
1999a,b). The validity of the theoretical calibra-
tions at both high and low temperatures has been
verified by existing data derived from: (1) isotope
exchange experiments under hydrothermal or
anhydrous (i.e. using carbonate as the exchange
medium) conditions (e.g. Zheng 1991, 1993a,b,
1997, 1999a; Zhang et al. 1994; Zheng et al.
1994; Rosenbaum & Mattey 1995); (2) synthesis
experiments at low temperatures (e.g. the rutile—
water system: Bird ez al. 1993; the brucite—water
system: Xu and Zheng 1999; aragonite—water:
Zhou & Zheng 2002, 2003); (3) theoretical
calculations by statistico-mechanical methods
(e.g. for magnetite and garnet: Becker & Clayton
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Fig. 1. A comparison of oxygen isotope fractionation factors between minerals derived from theoretical calculations,
experimental determinations and empirical estimates. (A) Calcite—mineral systems. All theoretical data after Zheng
(1999a). Experimental data sources: albite and anorthite (Clayton ez al. 1989); diopside, forsterite and magnetite
(Chiba ez al. 1989); perovskite (Gautason et al. 1993); garnet (Rosenbaum & Mattey 1995); and rutile (Chacko er al.
1996). (B) Quartz—mineral systems. Experimental data sources: calcite (Clayton et al. 1989); magnetite (Chiba et al.
1989); muscovite and rutile (Chacko ez al. 1996); and kyanite (Tennie ez al. 1998). Empirical data sources: calcite (Sharp
& Kirschner 1994); muscovite and magnetite (Bottinga & Javoy 1975); rutile (Agrinier 1991); and kyanite (Sharp 1995).


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Pennsylvania State University on September 12, 2016

Y.-F. ZHENG ET AL.

96

“(pg661) Sueyz Aq pare[nofeo Aisnolasid se ¢ge/ () JO PEalsul 9789°( JO SNeA Oy -] UB SAI3 0) PAIINO[EIAIT ST TR 10§ Xapur adojost usdAxQ,
oL/ 01 X ¥ = 0Ul0]
"ANSI0Z ‘SZ WODNZ “IZ juein 1T, ‘S[nnt vy ‘zuenb ‘zQ) ‘onSuayd ‘Syq ‘onoeqdwo
‘dwQy taya0osnw ‘snjy ‘oeuSew YN Uy Ay ‘oyiopel ‘pr toyustll ‘wijj ‘o[oqrydwe ‘qH Houres 10 1HAISIO) ‘0 0INEISUL ‘U ONO[RD 0D (9MOIq ‘If ONYIOUE ‘UY ‘OJqIR ‘QY SUOUBIASIQQE [RISUIN
‘(16661) Suayy Io)ge pasiaal O|qE],

€0 W
WL 601 N
88T ST L¥O oJ
€T LT 790 SID 1L
9T ¥IT  SOT 850 €0 10
Lyt SIT 90T 650 PO 100 17
0LT 86T 61 T80 190  STO €20 g
987 ST SKFl 80 €80 I¥0  6£0 910 qH
L6T  S9T 9T 60T 60 TS0  0S0  LTO [0 a
pI'e 8T €T 9TT Tl 690 90  ¥¥O0  8T0 810 ug
Sye €' v0T  LST WL 00T 860  SLO 650 80  1£0 sz
9 vI'e  S0T  8ST I T0T 660 90 190  6¥0 €0 100 dwo
€9¢ 1€ T SLT 19T 8U'L LT'L €60 8L0 990  6¥0 810 LIO sny
we  orFe  1€T 81 OLT  LTT 9zl TOT 80 SLO 860  LTO  STO 600 uy
6Lt 8VE  LET  TET  LLT  SET €€l Ol 60 €80 §90  YEO  $EO0 L0  LOO Suq
68°¢  LS€ 9T 10T 981  HFT Tl 61l €01 T60 L0 SYO0 €0 9T0 910 600 &3
L6€  S9C€ 9§T 60T  ¥6T  TST 0§l LTl IUT 00T T80 €S0 IS0 ¥E€0  ¥T0 810 800 pf
Ly 6€v  0€€ €8T 89T  9TT  yTT 10T S8T  HLT 91 LTI STL SOT 860  T60 €80 L0 Qv
8¢ 90§ L€ 0SE  SE€E €6T 16T 89T TST IWT €T w6l T6L  SLT 99T 6ST  0ST  I¥T L9O D
LS  ¥PS  Sev 8¢ €Lt I€E€  6TE  90E 06T 6LT 19T  TET  0ET €T 0T 6T 88T 6LT  SOT  8E0 o)
wf W LS od AL 0 74 J5s8 qH 1q ug sz dwg  sny uwy  Syg S| pr v 0 eseyq

KSoanaddds Y81y 1w sppadut dydiounIFw usamiaq s10100f uotpuouany adojost uaS{xo T AqelL


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Pennsylvania State University on September 12, 2016

O, Nd AND Sr ISOTOPE EQUILIBRIUM IN MINERALS 97

1976; Zheng 1995; Rosenbaum & Mattey 1995)
or by using Moessbauer spectroscopic data (e.g.
quartz-hematite: Polyakov & Mineev 2000); and
(4) empirical estimates on the basis of natural
data (e.g. apatites: Zheng 1996a). These
successes are encouraging for the application of
the calculated factors to isotope geothermometry.
Application of the calculated fractionations to
isotopic geothermometry yields reasonable tem-
peratures, which are consistent either with
petrological temperatures for rapidly cooled
rocks or with closure temperatures for oxygen
diffusion in different minerals for slowly cooled
rocks (e.g. Zheng et al. 1996, 1998, 1999, 2001,
2002; Fu et al. 1999; Xiao et al. 2000).

From the methodology of calibrating stable
isotope fractionation factors it appears that
theoretical calculations, experimental measure-
ments and empirical estimates are three methods
of equal importance. In some cases, the three
methods can give the same results within the
analytical error limit. Thus we are in a position of
having some confidence in the data. In other
cases, however, they do not yield the same
results, so that some uncertainty arises. A number
of practices have revealed that experimental
measurements do not always yield correct results,
nor do theoretical calculations or empirical
estimates. The question is how we can justify
the validity of the methods and the correctness of
the results.

The development of the carbonate-exchange
technique for determining oxygen isotope
fractionation factors between calcite and silicate
minerals has significantly enhanced the accuracy
of experimental calibrations (Chiba et al. 1989;
Clayton et al. 1989). However, remarkable
discrepancies have been observed between such
calibrations and some empirical estimates
(Fig. 1B). On the one hand, the experimental
fractionations of Chacko et al. (1996) for the
calcite—muscovite and calcite—phlogopite sys-
tems are considerably smaller than the known
empirical estimates. When applied to geother-
mometry, the experimental calibrations for these
systems will yield isotopic temperatures unrea-
sonably low in comparison with those predicted
from oxygen diffusion models even under
conditions of very slow cooling. It appears that
the experimentally determined fractionations
between calcite and mlcas are too small, resulting
in an overestimate of the '*0-enriching effect on
the hydroxyl group. On the other hand, the
experimental calibration of Tennie et al. (1998)
for the calcite—kyanite system is significantly
higher than the empirical estimate of Sharp
(1995) and thus gives temperatures too high to be
geologically reasonable. Kinetic isotope effects

either in the experiments or in the nature
engendered by rapid recrystallization of minerals
at high-T and high-P conditions may be potential
cause for the discrepancies between the experi-
mental and empirical calibrations.

Equilibrium test for oxygen isotope
geothermometry

The state of oxygen isotope equilibrium among
metamorphic minerals can be simply assessed by
comparing the measured fractionations with
experimentally and theoretically calibrated frac-
tionation factors at high temperatures. At
thermodynamlc equ1hbnum the sequence of

0 enrichment in the minerals is as follows:
quartz > calcite > albite > jadeite >
kyanite > phengite > anorthite > muscovite
> omphacite > zoisite > enstatite >
diopside > hornblende > biotite > zircon
> garnet > titanite > fosterite > rutile >
magnetite > ilmenite (Table 1). If the measured
fractionations between minerals follow the '*O-
rich sequence, with appropriate values bracketed
by the high-T equilibrium estimates, oxygen
isotope equilibrium is suggested between the
minerals. In contrast, oxygen isotope disequili-
brium is expected if the measured fractionations
between mineral pairs are either too large or too
small relative to the known equilibrium values
even if a slowly cooling system with extreme
mass balance is taken into account in evaluating
the sequence of the equilibrium 'O enrichment
(e.g. Eiler et al. 1993; Jenkin et al. 1994).

The isothermal diagram is commonly used to
present the relationship of oxygen isotope
fractionations between minerals to equilibrium
temperature (Javoy et al. 1970). It is based on the
equation commonly used to relate temperature to
isotope fractionation between minerals y and x
over a limited range of temperature:

106
10°In oy, = Ay, x -5

+ By

where A and B are theoretically, experimentally
or empirically calibrated constants, and 7 is the
temperature in Kelvin. Rearranging:

3 © 108
10°Ina, x — B,y =A, x X T
One mineral, normally the isotopically heaviest
mineral in the rock (often quartz), is chosen as
areference mineral (Re). This mineral is then paired
successively with every other mmeral (Mi) in the

assemblage, and values of A®Og,_1i — Bro—mti


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Pennsylvania State University on September 12, 2016

98 Y.-F. ZHENG ET AL.

are plotted versus Ag,_p; to yield a straight line
that passes through the origin if the minerals are in
isotopic equilibrium by rapid cooling to give a
concordant temperature. The temperature is
calculated from the slope 106,72, given that
AISORe,M,' = (5180Re — 5180M,‘) =10"In Q. at
isotopic equilibrium. For oxygen isotope geother-
mometry of igneous and metamorphic rocks, the
constant Br._a; reduces to zero for minerals at
high temperatures, AlsORe-M,- is directly calcu-
lated from measured mineral 630 values by the
relation (6180Re - 8180Mi), and the constant
A{;g_M,- refers to Table 1 in practice. Then
A*®Op._y; values are plotted versus Ag,—ps;
values in the isothermal diagram, and isothermal
lines are drawn at appropriate temperatures (refer
to Fig. 7).

Oxygen isotope temperatures calculated in this
way are determined by: (1) the fractionation
factors between different quartz—mineral pairs;
and (2) the closure temperatures of the other
minerals and thus oxygen diffusivity in them.
The collinear extent of data points for different
quartz—mineral pairs in the isothermal diagram
depends on the cooling rate of the rock in
question and oxygen diffusivity in the other
minerals. Generally, a high temperature is
obtained from a mineral that has slow rate of
oxygen diffusion and a large fractionation factor
when paired with quartz, whereas a low
temperature is obtained from a mineral that has
fast rate of oxygen diffusion and a small
fractionation factor with quartz. Thus a single
collinear distribution of all quartz—mineral pairs
in the isothermal diagram suggests rapid cooling
of the rock in question. In contrast, discordant
temperatures can be yielded due either to
retrograde exchange during slow cooling because
of significant differences in O diffusivity among
different minerals, or to isotopic resetting by a
later geological event. If an assemblage has
neither attained nor retained isotope equilibrium,
one of the following two features occurs: (1)
isotopic reversal, i.e. a negative fractionation
between the reference and other minerals; or (2)
unusually large fractionation that has gone much
beyond the reasonable fractionation values at low
temperatures by sluggish cooling. Therefore, the
isotopic equilibrium relevant to O isotope
geothermometry is readily testable from O
isotope data themselves.

In a rock consisting of three or more minerals
with different closure temperatures of oxygen
diffusion, isotopic re-equilibration may continu-
ously occur during cooling. As a result, isotope
temperatures may be lower than the maximum
temperature that was experienced by the rock
(Giletti 1986). Thus a sequence of oxygen

isotope temperatures is usually obtained for
minerals with different rates of oxygen diffusion.
The pair involving the refractory mineral that has
the slowest diffusivity and the least affinity for
80 yields the maximum temperature, whereas
the pair involving the mineral that has the fastest
diffusivity and the greatest affinity for '*O gives
the minimum temperature.

The closure temperature of element diffusion
is normally defined for one mineral by assuming
that it depends on diffusion in one mineral
(Dodson 1973). However, it has been a common
practice to pair quartz with other minerals when
applying oxygen isotope geothermometry to
igneous and metamorphic rocks. It appears that
quartz and the other mineral do not have the same
rate of oxygen diffusion and thus the same
closure temperature. Therefore, a potential
assumption in the quartz—mineral geothermo-
meters is that quartz behaves isotopically as an
infinite reservoir for oxygen isotope exchange
with the other mineral during cooling. Although
the assumption has not been proven so far, its
validity is favoured by the following common
consensus: (1) the common success in applying
the oxygen isotope geothermometers to igneous
and metamorphic rocks in nature; (2) the
common occurrence of two SiO, polymorphs as
a-quartz and B-quartz in the high-temperature
rocks, which show negligible oxygen isotope
fractionations between them (Zheng 1993c); (3)
the substantial presence of SiQ, composition in
silicate rocks. In this regard, SiO, may behave
isotopically as a pervasively active phase for
oxygen diffusion within natural silicate rocks in
high-temperature geological processes.

Diffusion of O, Sm—~Nd and Sr in
metamorphic minerals

Diffusion is the thermally activated, relative
movement (flux) of atoms or molecules that
occurs in response to forces such as gradients in
chemical potential or temperature. Diffusion is
spontaneous and, therefore, must lead to a net
decrease in free energy. Mass transport by
diffusion across mineral grains and along grain
boundaries plays an important role in many
geological  processes, including isotopic
exchange between minerals and between mineral
and fluid, growth of minerals by metamorphic
reactions, and deformation by diffusion creep and
pressure solution. Kinetics of diffusion pen-
etration in single crystals or polycrystalline
aggregates change with both temperature and
time, in such a way that the impact of rapid
diffusion in grain boundaries on the overall scale
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of mass transport is minimal, whereas slow rates
of volume diffusion exert the primary control on
the distance of mass transport and thus the extent
of isotopic equilibrium or disequilibrium among
metamorphic minerals.

Fundamental aspects

The generation of metamorphic rocks entails the
motion of chemical entities, often on an atomic
scale by diffusion between minerals. The rates at
which metamorphic processes proceed can be
dependent on the type and rate of diffusion of the
chemical components in the system. Processes of
hydrothermal alteration or mineral reaction are
controlled, in part, by the diffusion of chemicals
over the surfaces (surface diffusion) or along
grain boundaries (grain-boundary diffusion), as
well as through the body of mineral grains
(volume diffusion). Rates of crystal growth can be
dependent on diffusion rates in a melt.

Rates of diffusion generally increase with
increasing temperature, and the relationship is
expressed by the Arrhenius equation:

D= Doexp(— ﬁQf)

where D is the diffusion coefficient (units of
cm?/s), Dy is the frequency factor which is usually
a constant for a diffusing species in a particular
medium, Q is the activation energy (units of
kJ/mol) which gives a quantitative indication of
the energy required to initiate movement of the
chemical component involved in the diffusion
processes, and R is the gas constant (8.3144 J/
K mol). The temperature dependence on diffusion
rate is normally shown on an Arrhenius plot of
InD versus reciprocal temperature (Fig. 2).
Compilations of Arrhenius parameters for diffu-
sion of elements of geological interest have been
presented by Brady (1995), Zheng & Fu (1998),
and Cole & Chakraborty (2001).

Closure temperature is a useful concept for
comparing the relative diffusivities of different
elements in the same minerals and the same
elements in different minerals. Closure tempera-
tures of radiometric systems can be estimated on
the basis of existing experimental and empirical
studies, assuming that loss of radiogenic isotopes
during cooling was dominated by diffusion pro-
cesses (Dodson 1973, 1979). It is commonly
assumed that below the closure temperature
isotopic exchange effectively ceases during
geological processes. Although this concept has
been applied to both stable and radiogenic
isotopes, and to cations, its meaning may be
somewhat different in different applications. For

many radiogenic systems, the loss of a trace
element (e.g. Sr, Pb, Ar) is complete once it
reaches a grain boundary, meeting the conditions
that a mineral is surrounded by an infinite, well-
mixed reservoir of the element of interest. Thus,
the closure temperature for a radiogenic system is
the temperature at the time corresponding to a
mineral’s apparent age. For major elements,
however, the grain boundary is not a large
reservoir and a mineral can only change in
composition if there is another phase with which
to exchange. Hence, the properties of other
minerals or fluids in a rock affect the actual
closure of diffusive exchange. Furthermore, the
transition to closure is not a single temperature;
diffusion slows down, but does not stop at any
geological temperature (Valley 2001).

While many processes can contribute to
exchange, the most successful treatments of
closure temperature have been in systems that are
dominated by volume diffusion into a crystal
from its grain boundary. The extent of isotopic
exchange by volume diffusion depends on the
phases present, the nature of the grain boundary,
diffusion coefficients, activation energies, crystal
size (or diffusion distance), and thermal history
(Dodson 1973, 1979). It has been the common
consensus that the faster the rate of element
diffusion in minerals, the lower the closure
temperature under the same conditions. Thus
closure temperatures are higher for lower values
of diffusion coefficients, larger grain sizes, or
faster cooling. During slow cooling, the time at
which the rock finally records an apparent
temperature equal to the closure temperature is
much later (and at lower T') than the time that the
rock cooled through this temperature (Valley
2001). In fact, the closure temperature for various
stable and radiogenic isotopes in minerals is
dependent on a number of factors, including
grain size, major element composition, the nature
of coexisting phases, fluid availability, and the
thermal history experienced by each individual
sample. Therefore, a mineral does not possess
a unique closure temperature for any given
element.

Because of diffusion-controlled isotope
exchange during rock cooling (e.g. Cliff 1985;
Giletti 1986, 1994; Ganguly & Ruiz 1987; Jenkin
et al. 2001), there may be a difference in timing
between an isotopic age and a geological event.
This is equivalent to the difference in tempera-
ture between rock formation and the diffusion
closure of radiogenic isotopes in constituent
minerals. If the temperature difference is very
small, the time difference is also small:and thus
the radiometric age can serve as a close proxy for
the timing of rock formation. If the temperature
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Fig. 2. Comparison of O, Sr, Sm—Nd and Ar diffusivities in mafic and felsic minerals (data and abbreviations after
Table 2 with * for relevant minerals). Numbers in parentheses denote the experimental pressure (in MPa).

difference is large, or a protracted process of
isothermal exhumation is involved, the isotopic
age may record a time at which the retrograde
isotope exchange ceased within the rock during
cooling (the so-called ‘cooling age).

Both concordant and discordant ages have
been dated for igneous and metamorphic rocks in
the past three decades by means of either
different radiometric techniques (e.g. U-Pb,
Sm-Nd, Rb—Sr and Ar—Ar) on the same mine-
rals or the same technique on different minerals.
The extent of concordance or discordance
depends primarily on the cooling rate of the

rock in question and cation diffusivity in the
dated minerals. It appears that concordant ages
can be obtained from the assemblages that
experienced rapid cooling, whereas discordant
ages are yielded due to either slow cooling or
differential resetting by a later event.

Comparison of O, Sm—Nd and Sr
diffusivities
Recent years have seen a considerable increase in

the body of data on diffusion in minerals of
petrological interest; much work has been done
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on the diffusion of O, REE, Sr and other elements
by means of experimental determinations and
empirical estimates. Table 2 gives a compilation
of typical diffusion coefficients for the stable and
radiogenic isotopes dealt with in this paper, and
some typical examples are illustrated in Figure
2A, B and C for mafic minerals and in Figure 2D,
E and F for felsic minerals. All of the available
experimental data show two general rules for
cation diffusion in silicate minerals: (1) diffusion
rates decrease with increasing valence, i.e. M+ >
M2t > M3 > M**; (2) at the same valence, the
smaller the cation radius, the faster its diffusion
rate. Clearly, ionic radius makes for modest
differences in the diffusion kinetics, while the
valence makes differences of orders of magnitude.

The first rule is consistent with the natural
observation that shows a faster rate of Sr transport
relative to Nd in garnet from metamorphic rocks
(Vance & O’Nions 1990, 1992), but it is at odds
with the observation that rate of Pb transport is
much slower than rates of Nd and Sr in garnet
from a granulite-facies coronite (Burton er al.
1995). This can be explained by connecting the
mobility of radiogenic isotopes with the mobility
of their parent isotopes in the same minerals. U is
a tetravalent element, so that radiogenic Pb* is
produced in a site different from that normally
occupied by the common Pb?* and is thus
relatively immobile. On the other hand, Rb is a
monovalent element, so that radiogenic Sr* is
produced in a site different from that normally
occupied by the common Sr** and is thus
relatively mobile. As a result, the radiogenic Sr*
is very susceptible to transport (gain or loss)
relative to radiogenic Pb* by diffusion from the
sites where they are produced. The situation is
different for the Sm-Nd radiometric system
because of the similarity in REE diffusivity. The
result is that the radiogenic Nd* behaves isotopi-
cally like the radioactive Sm>* when transporting
by diffusion from the site where it is produced.
Consequently, diffusion rates of radiogenic Pb*,
Nd* and Sr* in the same minerals are basically
similar to those of their parent elements:
Rb'™* > Sr* > Sm*" > Nd* > Pb* > U**.

An inspection of diffusion data available for
Nd, Sr and O in minerals (Fig. 2) shows that the
diffusion rate of the radiogenic isotopes is slower
than that of O in some minerals, but similar to or
faster than O in other minerals. As a result, O
isotope equilibrium between coexisting minerals
can serve as a guide to evaluate whether Nd and
Sr isotopic equilibrium exists under the same
conditions. For example, the diffusion rates of O
and Nd in garnet are similar to each other but
slower than those of Sr diffusion at the same
temperatures (Fig. 2B). If O isotope equilibrium

involving garnet has been disturbed by later
geological processes (e.g. retrograde metamorph-
ism, hydrothermal alteration and so on), the
validity of Sm—Nd and Rb—Sr mineral isochrons
has to be suspect. Likewise, the diffusion rates of
O and Sr in diopside are generally similar to each
other but much faster than those of Nd diffusion
(Fig. 2C). If O isotope equilibrium involving
pyroxene has been disturbed by later processes,
the validity of Rb—Sr mineral isochrons would be
in doubt but the validity of Sm—-Nd mineral
isochron can still hold. On the other hand, the
rates of O diffusion in feldspar and mica are
faster than those of Sr diffusion (Fig. 2E and F),
thus attainment of isotopic equilibrium in a
mineral Rb—Sr system suggests achievement of
O isotope equilibrium in the same minerals. In
contrast, preservation of O isotope equilibrium in
minerals indicates that the equilibrium mineral
Rb-Sr system was not disturbed by later
geological events and, therefore, that the mineral
Rb-Sr isochron provides a meaningful age.

Because the same elements can exhibit
different rates of diffusion in different minerals
and because different elements can show similar
rates of diffusion in the same mineral, both
equilibrium and disequilibrium systems can
occur in nature and diffusion kinetics governing
isotopic exchange among minerals is generally
the rate-limited step. For equilibrium systems in
igneous and metamorphic rocks, rapid cooling
results in preservation of isotopic equilibrium,
slow cooling causes partial resetting, and
protracted high-temperature processes can lead
to isotopic re-equilibration and thus complete
resetting. On the other hand, disequilibrium
systems occur due to short-lived or low-
temperature processes during partial melting,
metamorphic reaction or hydrothermal alteration.
A field-based study of diffusion kinetics can
hence place quantitative constraints on the
timescale that it takes to achieve isotopic
equilibrium. This can be successfully accom-
plished only if the following conditions can be
met: (1) diffusion rates and mineral modes are
known for all the major phases; (2) both parent
and daughter elements diffuse at similar rates;
and (3) diffusion operated on similar length
scales in the analysed phases or else on the scale
of sampling (Giletti 1991).

Dabie UHP metamorphic rocks

Geological settings

Since the discovery of coesite and microdiamond
inclusions in eclogites from the Dabie terrane
in east-central China (e.g. Okay er al. 1989;
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Wang et al. 1989; Xu et al. 1992), this region has
been one of the most important targets for
studying UHP metamorphism during continental
subduction and collision. Many tectonic, petro-
logic, geochemical and geochronological studies
have been devoted to UHP eclogites, gneisses,
quartz schist and jadeite quartzite (e.g. Wang
et al. 1995; Cong 1996; Liou et al. 1996). It has
been the common consensus that the UHP
metamorphism took place in the Triassic by
northward subduction of the Yangtze plate
underneath the North China plate (Fig. 3A).
Anomalously low 80 values of —5 to —2%o
have been recovered from eclogites and associ-
ated gneisses in the UHP terrane, which are
ascribed to ancient meteoric water—rock inter-
action at some time prior to the UHP
metamorphism (Baker ef al. 1997; Yui et al
1997; Zheng et al. 1998, 1999, 2000, 2003; Fu
et al. 1999; Xiao et al. 2000, 2002; Zhang et al.
2003). In this context, surface materials on the
continental crust were carried into the mantle by

Y.-F. ZHENG ET AL.

plate subduction, and the recycled crust has been
returned to the surface in the suture zone of a
continent—continent collision.

The present study focuses on eclogite, garnet
amphibolite, paragneiss and granitic orthogneiss
from Shuanghe in the eastern part of the Dabie
terrane (Fig. 3A). As shown by Cong et al. (1995)
and Liou et al. (1997), the UHP metamorphic
rocks at Shuanghe form an elongate tectonically
bound slab, with a NNW-SSE trend, exposed
over an area of about 1 km”. Within the UHP slab
the eclogite and paragneiss occur as compo-
sitional layers with marble and jadeite quartzite.
It is divided by a dextral strike-slip strike fault
into two slabs, which are surrounded by the
granitic orthogneiss (Fig. 3B).

A number of studies of the petrographic
features, mineral parageneses and compositions
have been conducted for eclogites, gneisses and
jadeite quartzite at Shuanghe (e.g. Okay 1993;
Cong et al. 1995; Liou ez al. 1997; Carswell et al.
2000). Paragenesis of the UHP rocks is as
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Fig. 3. Tectonic and geological maps of the Dabie—Sulu orogen and Shuanghe slab. (A) Sketch map of the geology of
the Dabie—Sulu orogen. (B) Simplified geological map for metamorphic rocks at Shuanghe. Key: 1, granitic orthogneiss;
2, eclogite; 3, jadeitic quartzite; 4, marble; 5, biotite paragneiss (including micaceous schists); 6, mesozoic granite; 7,
fault; 8, sample locality. H, W and S denote the villages of Hangjiacun, Wangdawu and Shuanghe, respectively.
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follows: (1) eclogite: garnet + omphacite
(Jd = 60) + rutile + quartz + zoisite; (2) bio-
tite paragneiss: garnet (almandine-rich) +
phengite (Si=3.4 to 3.6 pfu) + plagioclase
(An= 16 to 29)+ epidote + rutile/titanite +
biotite; (3) granitic orthogneiss: garnet (high
spessartine, low pyrope) + phengite (Si = 3.21
to 3.35 pfu) + plagioclase (An =3 to 11) + K-
feldspar + epidote 4 biotite; (4) garnet amphi-
bolite:  garnet + amphibole + titanite + sodic
plagioclase + quartz + apatite. The UHP index
minerals have been identified in the eclogite,
biotite paragneiss and granitic orthogneiss at this
locality (Cong er al. 1995; Liu et al. 2001).
Therefore, the different types of mafic and felsic
rocks all experienced the same geodynamic
processes and thus were part of a single tectonic
entity throughout the course of subduction, UHP
metamorphism and exhumation.

Three metamorphic stages have been recog-
nized for the UHP rocks at Shuanghe (Okay
1993; Cong et al. 1995; Liou et al. 1997,
Carswell ez al. 2000; Zhang et al. 2003): (1) Peak
UHP eclogite facies, which is recorded by coesite
and jadeite-rich omphacite inclusions in garnet.
Metamorphic temperatures range from 720 to
880 °C at >2.8 GPa. (2) HP eclogite-facies
recrystallization, which is represented by the
coexistence of garnet and omphacite with quartz
instead of coesite. Metamorphic conditions were
estimated to be 630 to 760 °C and 1.3 to 1.6 GPa.
(3) Amphibolite-facies retrogression, which is
indicated by the occurrence of various symplec-
tites such as amphibole + sodic plagioclase but
the disappearance of omphacite from eclogite.
Temperature and pressure conditions were
estimated to be 470 to 570°C and 600 to
800 MPa.

Geochronology

Detailed U-Pb, Sm—Nd and Rb-Sr isotopic
dating studies have already been carried out for
the eclogites, biotite paragneiss, granitic orthog-
neiss and jadeite quartzite at Shuanghe (Li et al.
1997, 2000; Chavagnac et al. 2001; Ayers et al.
2002; Zheng et al. 2003). Zircon U-Pb dating by
means of a Wetherill-type discordia approach
yielded lower intercept ages of 237 + 4 and
233 + 21 Ma for the biotite paragneiss (Fig. 4A
and B), and 228 + 12 and 226 + 8 Ma for the
granitic orthogneiss. Mineral Sm—Nd isochron
dating gave ages of 226 + 3 and 242 + 3 Ma
for the eclogites 227 + 2, 231 + 35 and
246 + 2Ma for the biotite paragneiss, and
213 + 5 Ma for the granitic orthogneiss. Mineral
Rb-Sr isochron dating yielded ages of
174 + 8 Ma for the eclogite, 167 + 3 to
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202 + 6 Ma for the biotite paragneiss, and
171 + 3 and 173 + 3Ma for the granitic
orthogneiss. Along with the radiometric dating
for UHP metamorphic rocks in the other areas of
the Dabie terrane (Li et al. 1999), it appears that
the UHP metamorphism at Shuanghe also took
place in the Triassic, but suffered amphibolite-
facies retrogression in the Early Jurassic.

Oxygen isotope analysis presented in
this study (Table 3) has used the mineral aliquots
of the Shuanghe samples for the Sm—Nd and
Rb-Sr radiometric dating (Li et al. 2000),
including one paragneiss, one granitic orthog-
neiss, one eclogite and one garnet amphibolite.
The sample locations are shown in Figure 3B,
and their petrology is briefly summarized as
follows.

(1) Paragneiss (92HT-1) is interlayered with
marble containing eclogite nodules and
mainly consists of quartz, garnet, epidote,
biotite, phengite and plagioclase with minor
titanite and rutile. Phengite is partially
replaced by biotite and rutile by titanite.

(2) Granitic orthogneiss (925SH-1) belongs to
regional country rocks enclosing the
eclogite and paragneiss. It is mainly
composed of quartz, K-feldspar, plagio-
clase, biotite, epidote and garnet (high
spessartine of 18.6 to 34.9 mol% but low
pyrope of 1.0 to 3.8 mol%).

(3) Eclogite (92HT-4) is fined-grained and
massive, and mainly consists of garnet,
omphacite, rutile and quartz with minor
amphibole. Relict coesite, or its pseudo-
morph, was observed as inclusions in
garnet.

@) Garnet amphibolite (92HT-12) is a retro-
graded eclogite occurring as a nodule in the
marble and composed of quartz, calcite,
garnet, amphibole, plagioclase and titanite
with minor apatite and zircon. Except for
omphacite inclusions in garnet, all the
omphacite has been retrograded to amphi-
bole, but no biotite was observed. Recrys-
tallized quartz and apatite coexisting with
amphibole and titanite are common. In
addition, titanite occurs as a corona around
ilmenite that contain relicts of rutile.

As shown in Figure SA—D, mineral Sm-Nd
isochron dating yields consistent Triassic ages
of 227 + 2Ma (246 + 2Ma) 213 + 5Ma,
226 + 3Ma and 238 + 3 Ma, respectively.
This demonstrates that Sm—Nd isotope equili-
brium in these rocks was achieved in the Triassic
during UHP and HP eclogite-facies metamorph-
ism and preserved afterwards without significant
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Fig. 4. U-Pb discordia diagrams for zircons from UHP gneisses at Shuanghe in the Dabie terrane. (A, B) Biotite

paragneiss on conventional Wetherill-type concordia diagram in the space of 2°°Pb/>**U v,
Li et al. 1997; Chavagnac et al. 2001). (C, D) Granitic orthogneiss in a plot of 206Pb/szb v. B
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Zheng et al. 2003). The advantage of the modified concordia diagram is that its concordia curve is expanded
relative to the conventional one at later times (<< 1000 Ma), and thus a stronger curvature of the concordia curve is
obtained to better show the intersection relationship between the discordia line and the concordia curve for the
samples having Neoproterozoic and Phanerozoic ages (Zheng 1990, 19925).

disturbance. However, the symplectite assem-
blage of amphibole + titanite + apatite in
sample 92HT-12 gives an Sm—Nd isochron age
of 200 + 23 Ma (inset in Fig. 5SD), pointing to
disturbance of mineral Sm—Nd system by later
amphibolite-facies recrystallization.

On the other hand, mineral Rb—Sr isochron
dating for these same samples yields consistent
ages of 174 + 4Ma, 171 +3Ma and
174 + 8 Ma (Fig. 6A, B and D, respectively).
This implies that the Rb—Sr isotope systems in
the UHP rocks were completely reset at the
beginning of the Middle Jurassic by amphibolite-
facies retrogression to achieve isotopic re-
equilibration. Only one phengite—garnet Rb—Sr
isochron gives a Triassic age of 219 + 7 Ma for
the paragneiss 92HT-1 (inset in Fig. 6A),
pointing to preservation of the Rb—Sr chrono-
metric signature in the two refractory minerals
since the HP eclogite-facies recrystallization.
The same was observed in the eclogite at
Qinglongshan in western Sulu, where mineral

Rb-Sr and Sm-Nd isochrons yield nearly
consistent Triassic ages of 220 + 1 Ma (Fig. 6C)
and 226 + 5 Ma (Li et al. 1994). The integrated
U-Pb, Sm—-Nd and Rb-Sr ages suggest that
continuous isotopic resetting during HP eclogite-
facies recrystallization probably ceased at about
225 + 5Ma and continuous isotopic resetting
during amphibolite-facies retrogression ceased at
about 175 + 5 Ma.

Oxygen isotopes

Oxygen isotope analysis was carried out using
the laser fluorination technique of Sharp (1990)
using a 25 W MIR-10 CO, laser at Hefei (Zheng
et al. 2002). O, was directly transferred to the
De:ltzfr mass spectrometer for the measurement

of '*0/'%0 and "0/'0 ratios (Rumble et al.
1997) Oxygen isotope data are reported as parts
per thousand differences (%o) from the reference
standard VSMOW in the 80 notation. Two
reference minerals were used: 680 = 5.8%o for


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Pennsylvania State University on September 12, 2016

O, Nd AND Sr ISOTOPE EQUILIBRIUM IN MINERALS 107

Table 3. Oxygen isotope composition of minerals and estimated temperatures

Sample 580 (%o) Pair* A0 (%0) T cC)f

92HT-1 Quartz 12.44

Paragneiss Phengite 9.83 Qz—Phg 2.61 600
Biotite 7.42 Qz-Bi 5.02 510
Garnet 8.51 Qz-Gt 393 645
Whole-rock 10.6

92SH-1 Quartz —-043

Granitic Plagioclase -2.71 Qz-Pl 2.28 420

orthogneiss Epidote -5.02 Qz-Ep 4.59 430
Biotite —6.90 Qz-Bi 6.47 410
Garnet —4.51 Qz-Gt 4.08 630
Whole-rock —-34

92HT-4 Quartz 8.87

Eclogite Omphacite 6.46 Qz~Omp 241 700
Garnet 5.58 Qz-Gt 3.29 730
Rutile 2.09 Qz-Rt 6.82 520
Whole-rock 59

92HT-12 Quartz 15.43

Garnet Plagioclase 13.54 Qz-Pl 1.89 500

amphibolite Amphibole 11.18 Qz-Hb 4.25 550
Garnet 7.47 Qz-Gt 7.96 <400
Titanite 11.65 Qz-Tt 3.78 720
Whole-rock 1.7

*Mineral abbreviations: Bi, biotite; Ep, epidote; Gt, garnet; Hb, amphibole; Omp, omphacite; Phg, phengite; Pl, plagioclase (An = 10);

Qz, quartz; Tt, titanite.
TCalculated using the calibration listed in Table 1.

UWG-2 garnet (Valley et al 1995), and
8'80 = 5.2%0 for SCO-1 olivine (Eiler et al.
1995). Reproducibility for repeat measurements
of each standard on a given day was better than
+0.1%0 (1) for 8'80. Table 3 lists the analysed
results on individual minerals and whole rock
from the UHP rocks at Shuanghe.

The isotherm diagram is a graphical approach
to illustrate the oxygen isotope fractionations
between quartz and the other minerals as a
function of temperature. As shown in Figure 7,
O isotope geothermometry on the paragneiss,
granitic orthogneiss, eclogite and garnet amphi-
bolite at Shuanghe yields two sets of temperature,
the first at 720 to 600 °C and the second at 540 to
420 °C. Compared to the known metamorphic
conditions from the petrologic thermometers
(Okay 1993; Cong et al. 1995; Liou et al. 1997,
Carswell et al. 2000), the first set may correspond
to the preservation of HP eclogite-facies
temperatures in the refractory minerals during
exhumation, and the second set to isotopic
resetting in the hydroxyl-bearing minerals due to
amphibolite-facies retrogression.

For paragneiss 92HT-1 (Fig. 7A), the O
isotope temperatures of 600 to 645 °C for
phengite and garnet correspond to HP eclogite-
facies conditions during cooling, but the
amphibolite-facies retrogression has reset the

oxygen isotope system in biotite to yield the low
temperature of 510 °C. Biotite has faster rates of
oxygen diffusion relative to garnet and phengite
(Table 2) and thus is easily susceptible to oxygen
isotope resetting.

For granitic orthogneiss 92SH-1 (Fig. 7B), it
appears that the retrograde minerals such as
plagioclase, biotite and epidote give consis-
tent temperatures of 410 to 430°C when
paired with quartz, suggesting oxygen isotope
re-equilibration during amphibolite-facies recrys-
tallization. Nevertheless, O isotope geothermo-
metry concerning garnet in this sample gives a
temperature of 630 °C, indicating the preservation
of HP eclogite-facies temperatures during exhu-
mation because garnet has much slower rates of
oxygen diffusion relative to plagioclase, biotite
and epidote (Table 2).

For eclogite 92HT-4 (Fig. 7C), the O isotope
temperature of 700 to 730 °C for omphacite and
garnet suggests preservation of the UHP
conditions in the refractory assemblage despite
the amphibolite-facies retrogression that has
yielded the low temperature of 520 °C for rutile.
Rutile is a mineral that not only has fast rates of
oxygen diffusion relative to garnet and pyroxene
(Table 2) but also is easily subject to retrograde
recrystallization, so that it has low closure
temperatures of oxygen diffusion.
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Fig. 5. Mineral Sm—Nd isochron plot for paragneiss, granitic orthogneiss, eclogite and garnet amphibolite from

Shuanghe in the Dabie terrane (data after Li et al. 2000).

For garnet amphibolite 92HT-12 (Fig. 7D), it
appears that garnet is in isotopic disequilibrium
with the other minerals because of the following
observations (Table 3): (1) the measured frac-
tionations between quartz, plagioclase, amphi-
bole and garnet are too large to be in equilibrium
with each other (refer to Table 1); (2) the
measured fractionation between garnet and
titanite is negative, which is opposite to the
sequence of 'Q enrichment at thermodynamic
equilibrium (refer to Table 1); (3) the unreason-
ably low oxygen isotope temperature of less than
400 °C for the quartz—gamet pair, which is at
odds with the slow rate of oxygen diffusion in
garnet (refer to Table 2) that should yield a high
oxygen isotope temperature. Obviously, the
garnet is a relict mineral from the precursor
eclogite, whereas the other minerals are new
symplectites formed by the amphibolite-facies
retrogression. Nevertheless, titanite, amphibole
and plagioclase give decreasing closure tempera-
tures of 720, 550 to 500 °C, respectively, when
paired with quartz, suggesting differential reset-
ting of oxygen isotopes by retrograde exchange
during slow cooling from the HP eclogite-facies
to the amphibolite-facies conditions.

Whole-rock 8'80 values for the paragneiss and
the granitic orthogneiss from Shuanghe are
+10.6% (Fig. 7A) and —3.4%. (Fig. 7B),
respectively; those for the eclogites and garnet
amphibolite from Shuanghe are +5.9%¢ (Fig. 7C)
and +11.7%¢ (Fig. 7D), respectively. The low
880 value of —3.4, with the equilibrium
fractionations among the UHP minerals, suggests
pre-subduction meteoric—hydrothermal altera-
tion at high temperatures. In fact, the presence
of a H,O-rich fluid is evident in the protolith of
the gneisses and amphibolite at Shuanghe, as
indicated by the occurrence of hydroxyl-bearing
minerals. On the other hand, the high §'80 values
of +11.7 to +5.9%0, with the equilibrium
fractionations among the UHP minerals, from
the paragneiss, eclogite and garnet amphibolite at
Shuanghe does not rule out pre-subduction
water—rock interaction for their sedimentary
protoliths. Because sedimentary rocks can have
880 values as high as +15 to +25%o (Hoefs
1997), their 8'0 values may have decreased by
10 to 15%e by the same meteoric—hydrothermal
alteration. In either case, the fluid is an important
medium to promote Nd, Sr and O isotopic
equilibrium by intragranular and intergranular
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Fig. 6. Mineral Rb—Sr isochron plot for paragneiss, granitic orthogneiss and garnet amphibolite from Shuanghe in
the Dabie terrane (data after Li e al. 2000). Eclogite from Qinglongshan in the Sulu terrane is shown for comparison

(data after Li ef al. 1994).

diffusion among the felsic and mafic minerals
during the peak UHP metamorphism and the
subsequent HP eclogite-facies recrystallization.

Discussion

The mineral Rb—Sr isochron ages of 174+ 8 to
171+3Ma for the two gneisses and one
amphibolite from Shuanghe are interpreted to
date the timing of cessation of amphibolite-facies
retrogression at about 540 to 420°C. The
preservation of Triassic Sm—Nd isochron ages
for the same samples (Fig. 5A, B and D) implies
faster rates of Sr diffusion than Nd diffusion
among the UHP minerals on the scale of a hand-
specimen during the amphibolite-facies meta-
morphism. Paragneiss 92HT-1 was strongly
retrogressed at the amphibolite-facies conditions,
but the partially retrograded assemblage of
Gt + Ep + Bi 4+ Wr still defines a statistically
valid Sm-Nd isochron age of 2464+2Ma
(Fig. 5A). This indicates less REE mobility
than Sr and O during the retrograde metamor-
phism. It is known that garnet, phengite and
biotite have significantly different rates of Sr

diffusion, but the Rb-Sr isotope data for the
Bi—Phg—Gt—Wr assemblage from paragneiss
92HT-1 still define the statistically valid isochron
age of 174 +4 Ma (Fig. 6A). This indicates rapid
cooling from 500 °C subsequent to the amphi-
bolite-facies retrogression. However, the Phg—Gt
Rb-Sr system (inset in Fig. 6A) may
be closed at about 600 °C (Fig. 7A) and
219 £ 7 Ma since the HP eclogite-facies recrys-
tallization. This implies that closure temperature
of Sr diffusion in phengite is higher than that in
biotite.

Preservation of eclogite-facies Sm—Nd iso-
tope equilibrium between garnet and omphacite
in eclogite 92HT-4 is evident, as indicated by the
Triassic age of 226 + 3Ma (Fig. 5C) in
combination with the sensible O isotope
temperature of 720 °C (Fig. 7C). A similar case
was observed for the eclogite at Qinglongshan in
the Sulu terrane (Zheng et al. 2002), where the O
isotope temperatures of 700 to 800 °C are
correlated with the reasonably concordant Sm—
Nd and Rb-Sr isochron ages of 226 +- 5 Ma and
220 + 1 Ma (Li et al. 1994). This suggests that
the closure temperature of Sr diffusion in
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Fig. 7. Isotherm plot for oxygen isotope fractionations between quartz and the other minerals from paragneiss,
granitic orthogneiss, eclogites and garnet amphibolite at Shuanghe in the Dabie terrane (data after Table 3).
Parameters Aq,.min refer to temperature coefficients in oxygen isotope fractionation equations for quartz—mineral

pairs in the form of 10> Ina = A x 10%/77 (after Table 1).

phengite may be lower than, but close to, that of
Nd diffusion in garnet.

Garnet amphibolite 92HT-12 was derived from
strongly retrograded eclogite at the amphibolite-
facies conditions. The residual and retrograded
assemblage of Gt+ Amp + Tt+ Ap + Wr
yields a Sm-Nd isochron age of 238+3 Ma
(Fig. 5D), whereas the Amp—Wr assemblage
gives a Rb-Sr isochron age of 174+ 8 Ma
(Fig. 6D). O isotope re-equilibration has been
achieved among the newly crystallized minerals
(Fig. 7D), yielding the reset temperatures of 540
and 500 °C for quartz—hornblende and quartz—
plagioclase pairs, respectively. These suggest a
limited mobility of REE in a relatively closed
system during the amphibolite-facies retrogres-
sion, but much larger mobilities of Srand O under
the same metamorphic conditions. The Sr and O
isotopic disequilibria between the residual garnet
and the newly grown minerals are significant, as
indicated by the downward deviation of the
garnet data point from the isochron (Fig. 6D) and
the unreasonably low temperature (Fig. 7D).

Although the Sm—Nd isochrons give consist-
ent Triassic ages of 213 to 238 Ma for UHP
metamorphism, the Rb-Sr isochrons give
Jurassic ages of 171 to 174 Ma for the same
samples. O isotope geothermometry of the gneiss,
eclogite and amphibolite minerals yields two sets
of temperature of 600 to 720 °C and 420 to
540 °C, respectively, corresponding to cessation
of continuous isotopic resetting at about
225+ 5 Ma during HP eclogite-facies recrystal-
lization and that at about 175+ 5 Ma during
amphibolite-facies retrogression (Fig. 8). The
preservation of the Triassic Sm—Nd isochron
ages, but the occurrence of the Jurassic Rb—Sr
isochron ages and the regular O isotope
temperatures for the same samples, suggest faster
rates of Sr and O diffusion relative to Nd
diffusion among the UHP minerals on hand-
specimen scale during the amphibolite-facies
retrogression. This is consistent with experimen-
tal data that diffusion rates of trivalent cations
(e.g. REE) are much slower than diffusion rates
of divalent cations (e.g. Ca, Mg or Fe) in the
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Fig. 8. Relationship between oxygen isotope temperature
and isochron age for metamorphic minerals from
paragneiss, granitic orthogneiss, eclogites and garnet
amphibolite at Shuanghe in the Dabie terrane. Although
the closure temperatures of oxygen diffusion do not simply
correspond to those of Sr or Nd diffusion, O, Sr and Nd
isotopic resetting is evident by two episodes of
metamorphism in the Late Triassic and at the beginning of
Middle Jurassic, respectively.

same minerals (Chakraborty & Ganguly 1992;
Freer & Edwards 1999; Cherniak 2003; Van
Orman et al. 2002). Experimental studies also
show contrasting effects by pressure change:
rates of Sm-Nd diffusion in diopside and
almandine decrease with increasing pressure
(Sneeringer et al. 1984; Ganguly et al. 1998;
Van Orman et al. 2001), whereas rates of Sr and
O diffusion in silicate minerals increase with
increasing pressure (Sneeringer et al. 1984,
Giletti 1985). Since the rates of Sr and O
diffusion may respond differently to pressure
change, Sr diffusion may become faster than O
diffusion in metamorphic minerals during plate
exhumation.

In general, mineral Sm-Nd or Rb-Sr
isochrons for HP to UHP metamorphic rocks
are constructed by two to three minerals (some-
times including whole rock); so are oxygen
isotope geothermometers. It is critical to test
whether the isotopic systems of interest have
achieved and preserved isotopic equilibrium
among isochron minerals at the time of their
formation when evaluating the validity of either
mineral Sm—Nd or Rb—Sr isochrons or O isotope
geothermometry. In particular, it is essential to
know which mineral has exerted the predominant
control on isotopic re-equilibration among the
isochron minerals and thus on the initiation of the

isochron clock. While the mineral with slow
diffusivity has exerted the primary control on the
rate of isotope homogenization during meta-
morphism, the mineral with high parent/
daughter (P/D) ratio has exerted the principal
control on initiation of the isochron clock in
response to metamorphic resetting. If the mineral
with high P/D ratio has a fast rate of radiogenic
isotope diffusion, a statistically valid isochron
can be obtained to date the timing of the
metamorphic event. In contrast, if the mineral
with high P/D ratio has a slow rate of radiogenic
isotope diffusion, no new isochron can be
expected in response to the timing of the meta-
morphic resetting. It appears that the degree of
isochron resetting depends on the degree and
duration of the metamorphic event as well as the
mobility of radiogenic isotopes among the
metamorphic minerals (Zheng 1989).

The present case study on the Shuanghe UHP
metamorphic rocks shows that the low apparent
rate of Nd isotope re-equilibration among
isochron minerals is due to the control exerted
by garnet which has a high Sm/Nd ratio (Fig. 5)
but a slower rate of Sm—Nd diffusion than Sr
diffusion (Fig. 2). In contrast, the high apparent
rate of Sr isotope re-equilibration reflects the high
apparent rates of Sr transport in such hydroxyl-
bearing minerals as biotite and hornblende that
have not only high Rb/Sr ratios (Fig. 6) but also
faster rates of Sr diffusion than the other minerals
(Fig. 2). Nevertheless, the preservation of
Triassic ages for Rb—Sr isochrons involving
phengite from paragneiss (inset in Fig. 6A) and
eclogite (Fig. 6C) suggests that the rate of Sr
diffusion in phengite is slower than that in biotite
and hornblende, but it is faster than, or close to,
the rate of Nd diffusion in garnet. Because the
mineral with high parent/daughter ratio has
exerted the primary control on the construction of
mineral Sm~Nd or Rb—Sr isochron chord, the
difference between Nd and Sr diffusivities in this
mineral dictates the degree of isochron resetting
by the later geological event.

The present study provides insight into the
kinetics of isotopic disequilibrium in the mineral
chronometric systems of metamorphic rocks.
Triassic ages of the mineral Sm—Nd and Rb—Sr
isochrons were obtained for the eclogitic and
gneissic minerals if O isotope equilibrium
between cogenetic minerals is attained and
preserved under HP eclogite-facies conditions.
In contrast, Jurassic ages of the mineral Rb—Sr
isochrons were obtained in the minerals when
low O isotope temperatures of 540 to 420 °C
are calculated due to the amphibolite-facies
retrograde metamorphism. These observations
can be reasonably interpreted in terms of the


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Pennsylvania State University on September 12, 2016

112

difference between Nd, Sr and O diffusivities in
the isochron minerals (Fig. 2). According to the
experimentally determined diffusion coefficients,
the rates of O diffusion in feldspars and micas are
greater than those of Sr diffusion at high
temperatures (Fig. 2E and F). As a result,
attainment of Sr isotopic equilibrium in feld-
spar—mica systems suggests achievement of O
isotopic equilibrium in the same systems. Like-
wise, preservation of O isotope equilibrium in the
feldspar—mica systems implies the preservation
of Rb-Sr isotope equilibrium in the same
systems.

Similarly, the rates of O in garnet are faster
than those of Nd diffusion but lower than those of
Sr diffusion at the same temperatures (Fig. 2B);
the rates of O and Sr diffusion in pyroxene are
identical but consistently much faster than those
of Nd diffusion at the same temperatures
(Fig. 2C). As a result, attainment of O isotopic
equilibrium in omphacite—garnet systems
suggests achievement of Sr isotopic equilibrium
in the same systems. Likewise, preservation of O
isotope equilibrium in the omphacite—garnet
systems implies the preservation of both Sm—Nd
and Rb-Sr isotopic equilibrium in the same
systems. Therefore, a combined study of stable
and radiogenic isotopes in coexisting minerals
provides powerful tools for clarifying the con-
fusion concerning the interpretation of mineral
Sm—Nd or Rb-Sr isochrons.

Conclusions
Isotopic equilibrium or disequilibrium is a
crucial issue in identifying the validity of mineral
isochron dating and geothermometry. Not only is
the attainment of isotopic equilibrium during
geological processes not always synchronous
with mineralogical equilibration, but also the
cquilibria for different isotope systems in the
same minerals do not exactly correspond to each
other due to the difference in element diffusivity.
Both isotopic equilibrium and disequilibrium are
possible  between metamorphic  minerals,
between accessory mineral inclusions and host
mineral, between mineral cores and rims, and
between altered product and precursor matrix
during prograde, peak and retrograde meta-
morphism. The question is how to recognize
the equilibrium or disequilibrium of chrono-
metric systems in metamorphic minerals when
the mineral isochron ages are applied to the
tectonic evolution of metamorphic terranes, i.e.
reasonable interpretation of radiometric clocks.
Mineral Sm-Nd, Rb-Sr and O isotope
systems in UHP metamorphic rocks are often in
partial equilibrium: equilibrium with respect to

Y.-F. ZHENG ET AL.

some minerals and isotopes, but not all. Because
the isotope systems are subject to substantially
different rates of intragranular and intergranular
diffusion (Fig. 2), the integrated radiogenic and
stable isotope data suggest that the equilibration
of different isotope systems in minerals occurs
over geologically different scales of time and
length. For mineral Rb—Sr and Sm—Nd isochron
dating, the isotopic equilibration means that the
dated minerals have the same initial ®’Sr/®°Sr
and '**Nd/'*Nd ratios at the time of their
formation (Zheng 1989). This corresponds to
given oxygen isotope fractionations between the
isochron minerals at equilibrium temperatures
(Zheng et al. 2002). Kinetics of intragranular and
intergranular diffusion of elements is the rate-
limiting factor in high-T geological processes.
The difference in the initial ®’Sr/**Sr and
3Nd/'"**Nd ratios may be viewed as the gra-
dient in chemical potential among different
mineral grains. During metamorphism, rapid
diffusion may flatten the intergranular chemical
potential gradients for some elements (e.g. Sr),
whereas slow diffusion for others preserves steep
or intermediate gradients (e.g. Nd). As a result,
the Rb—Sr isotope system in metamorphic rocks
has equilibrated among minerals while the Sm—
Nd isotope system has not with respect to a given
scale of time and length.

The preservation of Triassic Sm—Nd isochron
ages, but the occurrence of Jurassic Rb-Sr
isochron ages and the regular O isotope tem-
peratures for the same samples of UHP
metamorphic rocks at Shuanghe in the Dabie
terrane, suggest that rates of Sr and O diffusion in
such hydroxyl-bearing minerals as biotite and
hornblende are faster than rates of Nd diffusion in
garnet and Sr diffusion in phengite on the scale of
a hand-specimen during the amphibolite-facies
retrogression. This indicates that there has been
no resolvable transport of Sm—Nd since the time
of HP eclogite-facies recrystallization, but
significant exchange of Rb-Sr occurred some
50 Ma after Sm—Nd due to amphibolite-facies
retrogression. While the mineral with high
parent/daughter ratio has exerted the primary
control on the construction of the mineral Sm—
Nd or Rb-Sr isochron chord and thus on
initiation of the isochron clock, the difference
between Nd and Sr diffusivities in this mineral
dictates the extent of isochron resetting during
retrograde metamorphism. Therefore, in a rock
that has experienced high temperatures and
that contains phases with different closure tem-
peratures and different grain sizes, complete
diffusional re-equilibration can be expected, in
which case a statistically valid isochron can be
obtained if there exists a phase with much faster


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Pennsylvania State University on September 12, 2016

O, Nd AND Sr ISOTOPE EQUILIBRIUM IN MINERALS

rates of radiogenic isotope diffusion than other
phases.

With respect to the interpretation of mineral
isochron ages in connection with the closure
temperatures of radiogenic isotope diffusion and
the timescale of metamorphic processes, caution
must be exercised not only because there are
considerable differences in REE and Sr
diffusivity among the isochron minerals (Fig. 2),
but also because diffusion-controlled isotope
exchange proceeds continuously in the courses of
peak metamorphism, transition from peak to
retrograde metamorphism, and retrograde meta-
morphism. In general, the mineral that has the
fastest rate of diffusion exerts the primary control
on initiation of the radiometric clock for isochron

minerals and thus places the minimum estimates

of timing and closure temperature for isotope
resetting during a given geological process,
whereas the mineral with the slowest rate of
diffusion provides the maximum estimates.
Therefore, a mineral isochron age may date a
time—temperature point at which the geological
process has just ended and thus retrograde
isotope exchange has effectively ceased among
the minerals during cooling to a given closure
temperature.

This study was supported by funds from the Natural
Science Foundation of China (40033010) and the Chinese
Academy of Sciences (KZCX2-107). Thanks are due to
B. Luais, D. P. Mattey and D. Vance for their reviews that
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