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Temperature–time path for the low-pressure Ryoke metamorphism,
Japan, based on chemical zoning in garnet
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ABSTRACT Garnet crystals from low-pressure/high-temperature (LPHT) Ryoke metamorphic rocks in the Yanai
district, south-western Japan, show several kinds of chemical zoning patterns that systematically vary
with grain radius between c. 0.1 and 0.5 mm. Large grains (>c. 0.4 mm) show normal zoning and small
grains (<c. 0.4 mm) show unzoned or reversely zoned cores. Observations of the chemical zoning and of
the spatial and size distributions of the garnet grains between c. 0.1 and 0.5 mm in radius suggest that
they were formed by continuous nucleation and diffusion-controlled growth.

A previously estimated temperature–time path (T –t path) for the Ryoke metamorphism, using 1-D
numerical simulation, is characterized by a rapid increase in temperature, 0.0017 °C yr−1 on average, and
a period of high temperature (>600 °C) shorter than 0.5 Myr, which was presumably caused by the
intrusion of a granodiorite sheet. Chemical zoning of garnet grains with different radii simulated for the
T–t path using a numerical model of continuous nucleation and diffusion-controlled growth, in combi-
nation with intracrystalline diffusion, compares well with the observed zoning patterns in garnet grains
with different radii. This is in spite of the fact that the simulated zoning patterns vary greatly, depending
on subtle differences in the T –t history. Therefore, they suggest that the T –t path gives a good explanation
for the LPHT Ryoke metamorphism. Although this study only refers to the Ryoke metamorphism, the
technique may be applicable to thermal modelling of other metamorphic terranes.
Key words: chemical zoning; diffusion-controlled growth; garnet; intracrystalline diffusion; Ryoke meta-
morphic belt; temperature–time path.

have been reported from many high-T metamorphic
INTRODUCTION terranes (e.g. Yardley, 1977; Tracy, 1982; Dempster,

1985; Ikeda, 1993a,b). They have been interpreted toThermal evolution during metamorphism and associ-
ated tectonism has been interpreted in a number of have formed by intracrystalline diffusion (volume

diffusion) obliterating the pre-existing chemical zoningmetamorphic terranes on the basis of numerical
thermal modelling (e.g. Oxburgh & Turcotte, 1971; during metamorphism (e.g. Tracy, 1982; Loomis, 1983;

Dempster, 1985; Chakraborty & Ganguly, 1990;Wells, 1980; England & Thompson, 1984; Lux et al.,
1986; Wickham & Oxburgh, 1987; De Yoreo et al., Spear, 1991) or by rapid growth of the garnet

(Hodges & Silverberg, 1988). Intracrystalline diffusion1989; Loosveld, 1989; Rothstein & Hoisch, 1994).
However, petrological evaluation of the modelling has more effectively relaxes the zoning pattern when a

crystal is smaller, metamorphic temperature is highernot been well documented.
Growth zoning occurs as new shells of different and duration of the metamorphism is longer (e.g.

Loomis, 1983; Chakraborty & Ganguly, 1990;composition are added onto a growing crystal. The
compositional differences in the shells arise because of Florence & Spear, 1991). Preservation of normal

zoning in garnet may therefore mean that the growthchanging external conditions, such as pressure and
temperature. Therefore, it has been considered that was slow enough for the zoning to appear, and that

the temperature and/or the duration of the metamor-chemical zoning in a metamorphic garnet records the
P–T history of metamorphism (e.g. Loomis & Nimick, phism were not high and/or long enough to obliterate

the pre-existing zoning by intracrystalline diffusion.1982; Spear, 1989a,b; Florence & Spear, 1991, 1993).
‘Normal’ zoning in garnet, involving decrease of Mn Thus, when nucleation and growth mechanisms of

garnet crystals are identified, chemical zoning cancontent from centre to margin, has been interpreted
as a result of continuous growth with increasing be used to examine the pressure–temperature–time

path (P–T –t path) of metamorphism (Spear, 1989a,b;temperature (e.g. Loomis & Nimick, 1982; Spear,
1988). In contrast, garnet crystals with unzoned cores Chakraborty & Ganguly, 1990; Florence & Spear,

1991, 1993).
In this paper, I present chemical zoning profiles in*Present address: Geological Institute, School of Science,

University of Tokyo, 7-3-1 Hongo, Tokyo 113, Japan. garnet from the Ryoke metamorphic rocks in the
427
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Yanai district, south-western Japan, and compare them E–W-trending Ryoke metamorphic belt is juxtaposed
against the E–W-trending high-P Sambagawa meta-with numerically simulated zoning patterns. Then the

temperature–time path (T –t path) of the low-P Ryoke morphic belt at the Median Tectonic Line (MTL) in
south-western Japan. The age of metamorphism inmetamorphism proposed by Okudaira et al. (1994) is

examined. both belts is Cretaceous (e.g. Banno & Nakajima,
1992; Nakajima, 1994).

The Yanai district (Fig. 1b) is mainly composed of
BACKGROUND granitoids (the Ryoke and Hiroshima granitoids) and

associated metamorphic rocks (the Ryoke metamor-
Geological setting phic rocks) of Middle Cretaceous age (e.g. Nureki,

1960; Okamura, 1960; Higashimoto et al., 1983; HaraThe Ryoke metamorphic belt (Fig. 1a), which consists
of abundant granitoids and an associated low-P/high- et al., 1991; Ikeda, 1991, 1993a; Okudaira et al. 1993;

Nakajima, 1994). The granitoids have been dividedT (LPHT) type metamorphic complex, is a typical
low-P metamorphic belt (e.g. Miyashiro, 1961). The into two categories (Fig. 1b): sheet-like granitoids (the

Fig. 1. (a) Outline map showing the location
of the Ryoke metamorphic belt of south-
western Japan. RMB, Ryoke metamorphic
belt; MTL, Median Tectonic Line; ISTL,
Itoigawa-Shizuoka Tectonic Line. (b)
Geological and metamorphic zonation map
of the Yanai district, south-western Japan. 1,
alluvium; 2, Tertiary volcanics; 3, Hiroshima
granitoid; 4, Younger Ryoke granitoid; 5,
Older Ryoke granitoid; 6, agmatic migmatite
zone; 7–10, Ryoke metamorphic rocks (7
biotite zone, 8 cordierite zone, 9 sillimanite
zone, 10 garnet zone.)
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Older Ryoke granitoids) and stock-like granitoids
(the Younger Ryoke and Hiroshima granitoids) by
Higashimoto et al. (1983), Hara et al. (1991) and
Okudaira et al. (1993). Because their mineralogical
and chemical features are those of metaluminous I-type
granitoids, they are believed to be derived from the
lower crust and upper mantle, rather than having been
generated in situ in the middle crust (e.g. Honma, 1974;
Kagami et al., 1992).

Following Okudaira et al. (1993, 1995), the Ryoke
metamorphic rocks are divided into four M1 meta-
morphic zones (Fig. 1b): biotite zone, cordierite zone
(460–590 °C, 2.5–3.5 kbar), sillimanite zone (630–
690 °C, 3.0–5.0 kbar) and garnet zone (730–770 °C,
5.5–6.5 kbar). Some residual minerals, such as cor-
undum, sillimanite, garnet and Zn-rich hercynite,

Fig. 2. T –t path for the sillimanite zone, calculated by 1-Din a few xenoliths of the agmatic migmatite zone have
numerical simulation (Okudaira et al., 1994).been inferred to be evidence of pre-M1 metamor-

phism (M0) (Okudaira et al., 1993). After M1, the stock-
like granitoids intruded and locally metamorphosed volume (about 4 cm3) of metapelite from the sillimanite

zone (Fig. 1b). The rock was heated in air to 700 °Cthe surrounding rocks (M2) in the north of the area
(Fig. 1b). Because there is no evidence of M0 and M2 for 60 min, quenched in water and pressed in a vice.

Garnet crystals were separated from other mineralsin the analysed sample from the sillimanite zone, M0
and M2 are not discussed in the following sections. using tweezers. Approximately 80–90% of the gar-

net crystals could be extracted without breaking.
Idioblastic crystals were mounted in resin. The mount

Estimated T–t path was ground down and polished until the crystal
diameter seen in the petrographic microscope wasM1 metamorphism has a strong temporal and spatial

correlation with emplacement of the Older Ryoke equal to that seen in the reflecting microscope. By this
procedure, a good polished section of garnet throughgranitoid, as indicated by the following evidence. (1 )

The distribution of the granitoid correlates with that its centre was obtained.
Separated garnet crystals were analysed using anof the sillimanite and garnet zones. (2) Throughout

the high-grade metamorphic zones, distinct contact electron-probe microanalyser (JEOL, JCMA-733II) at
Hiroshima University, operating at an acceleratingaureoles caused by the intrusion of the granitoid are

lacking. (3 ) Structures of the high-grade metamorphic voltage of 15 kV, a current of 19 nA and a beam width
of 5 mm.rocks are concordant with those of the granitoid. (4 )

Radiometric ages of the metamorphic rocks are
compatible with those of the granitoid (Shigeno &

CHEMICAL ZONING IN GARNETYamaguchi, 1976; Higashimoto et al., 1983; Banno &
Nakajima, 1992; Nakajima et al., 1993; Nakajima, The studied metapelite of the sillimanite zone (Fig. 1b)

is composed of alternating, mica-rich and mica-poor1994; Suzuki et al., 1994). These relationships suggest
that M1 resulted from the intrusion of the Older layers (a few millimetres thick). Quartz, plagioclase,

K-feldspar, biotite, sillimanite, garnet and cordieriteRyoke granitoid (Okudaira et al., 1993, 1994), and a
probable T –t path for M1 was proposed by Okudaira are present, though cordierite is rare and does not

coexist with garnet. Graphite, ilmenite, apatite, zirconet al. (1994), based on a 1-D numerical simulation
(Fig. 2; Appendix). The T –t paths of rocks that reached and tourmaline occur as minor minerals. A typical

mineral assemblage in the zone is shown onthe sillimanite zone are characterized by a rapid
increase in temperature, 0.0017 °C yr−1 on average, Thompson’s (1957) A∞FM diagram in Fig. 3.

Garnet crystals in the metapelite are idioblastic orand a period of high temperature (>600 °C) shorter
than 0.5 Myr. According to the model, the peak subidioblastic (Fig. 4a,d), although some large crystals

are xenoblastic where they grew together (Fig. 4b,c).temperature (670 °C) was attained 0.1 Myr after the
intrusion of the Older Ryoke granitoid. Since the Garnet crystals smaller than c. 0.5 mm in radius are

concentrated in mica-poor layers, whereas garnetthermal relaxation was fast, the geotherm recovered to
a nearly steady state after c. 5 Myr. crystals larger than c. 0.5 mm in radius are sparsely

dispersed in mica-rich layers. Almost all the garnet
crystals show textural zoning, which consists of

EXPERIMENTAL PROCEDURE inclusion-rich core and inclusion-poor rim (Fig. 4).
The inclusions, which are mostly xenoblastic quartzGarnet crystals were separated following the methods

of Kretz (1973) and Banno et al. (1986) from a small and a very small amount of graphite, ilmenite and
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boundary between the inclusion-rich core and
inclusion-poor rim is commonly parallel to the faces
of the garnet crystal (Fig. 4c). There is no relationship
between the textural and chemical zonings.

Representative chemical compositions of the garnet
are presented in Table 1. The chemical zoning profiles
of molar fractions of almandine (XFe), spessartine
(XMn), pyrope (XMg) , and grossular (XCa) in metapelitic
garnet grains with radii between 0.1 and 0.8 mm at c.
0.1-mm intervals are shown in Fig. 5. These profiles
were measured from the geometrical centre to the
outermost margin. The garnet was regarded as lacking
chemical zoning where variation in spessartine content
was <1 mol% within a single grain, except for the
reversely zoned part.

With regard to the profiles of spessartine (XMn),important features in Fig. 5 are as follows.Fig. 3. A∞FM diagram projected from K-feldspar in
1 Three kinds of garnet with normally zoned, unzonedThompson’s AKFM system for the sillimanite zone.
and reversely zoned patterns in their cores occur
together in the metapelitic unit.biotite, show no distinct alignment and do not show

evidence of rotation, which indicates static crystalliz- 2 Sample A (radius: r=0.10 mm) is reversely zoned
from the centre to outermost margin (Fig. 5a).ation of the garnet (e.g. Spry, 1969; Barker, 1990). The

Fig. 4. Textures of garnet crystals in the studied metapelite. Grains with high refractive index are garnet. Dark-coloured and light-
coloured minerals are biotite and felsic minerals (quartz, plagioclase and K-feldspar), respectively. Plane-polarized light. (a)
Idioblastic to subidioblastic garnet crystals preferentially concentrated in mica-poor layer. ( b) and (c) Xenoblastic garnet grains
showing a texture suggesting impingement of more than two crystals. (d) Idioblastic garnet crystals with quartz inclusion in their
cores.
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Table 1. Chemical compositions at the geometrical centre (left column) and outermost margin (right column) of garnets in cations
per mineral formula (O=24). Radius (mm) of each sample is given in parentheses.

Sample no. A ( 0.10 mm) B (0.20 mm) C ( 0.32 mm) D (0.44 mm) E ( 0.50 mm) F (0.56 mm) G (0.70 mm) H (0.80 mm)

Si 6.03 6.02 6.02 6.06 6.00 5.99 5.97 5.95 5.98 5.95 6.03 6.07 5.96 5.85 5.93 5.98
Al 4.04 4.04 4.05 4.13 4.04 4.07 4.05 4.05 4.03 4.09 4.01 4.07 4.07 4.06 4.07 4.16
Fe 4.18 4.19 4.20 3.93 4.17 4.07 4.17 4.20 3.95 4.12 3.91 3.96 3.83 4.20 4.21 3.95
Mn 0.84 1.11 0.88 1.11 0.95 1.21 1.03 1.15 1.25 1.16 1.25 1.20 1.35 1.25 1.03 1.24
Mg 0.59 0.46 0.57 0.46 0.56 0.42 0.54 0.47 0.47 0.47 0.45 0.41 0.42 0.43 0.52 0.40
Ca 0.25 0.22 0.24 0.19 0.26 0.19 0.24 0.21 0.32 0.21 0.31 0.19 0.38 0.24 0.29 0.22
Sum 15.93 16.04 15.96 15.88 15.98 15.95 16.00 16.03 16.00 16.00 15.96 15.90 16.01 16.03 16.05 15.95
*XFe+Mn 0.86 0.89 0.86 0.89 0.86 0.90 0.87 0.89 0.87 0.89 0.87 0.90 0.87 0.89 0.87 0.89

* XFe+Mn=( Fe+Mn)/(Fe+Mn+Mg+Ca).

Fig. 5. Chemical zoning patterns for almandine (XFe), spessartine (XMn), pyrope (XMg) and grossular (XCa) of the separated garnet
crystals with radii between 0.1 and 0.8 mm at c. 0.1-mm intervals. (a) Sample A (r=0.10 mm); ( b) sample B (r=0.20 mm); (c) sample
C (r=0.32 mm); (d) sample D (r=0.44 mm); (e) sample E (r=0.50 mm); (f ) sample F (r=0.56 mm); (g) sample G (r=0.70 mm); (h)
sample H (r=0.80 mm).

3 Samples B (r=0.20 mm) and C (r=0.32 mm) consist contrast, XMn at the outermost margins (open squares in
Fig. 6) does not vary with grain size, ranging betweenof unzoned cores and reversely zoned rims (Fig. 5b,c).

4 Samples D (r=0.44 mm), E (r=0.50 mm), F (r= c. 0.18 and 0.22 (mean value c. 0.2).
0.56 mm) and G (r=0.70 mm) consist of normally
zoned cores and reversely zoned rims (Fig. 5d–g).

NUCLEATION AND GROWTH M ECHANISMS OF
5 Sample H (r=0.80 mm) does not show an XMn GARNETmaximum at its centre (Fig. 5h), but shows multiple
peaks of XMn, as reported by Ikeda (1993a,b). Nucleation and growth mechanisms of crystals are

reflected in textural features, such as spatial and size6 The width of the reversely zoned part in garnet
grains with radii smaller than 0.70 mm is #0.1 mm, distributions, which are recorded in the rock at the

end of the crystallization episode (e.g. Kerrick et al.,whereas that of reversely zoned parts in grains of 0.70
and 0.80 mm in radius is c. 0.2 mm. 1991). The crystal size distribution (CSD) plot

(Cashman & Ferry, 1988) for garnet in the metapeliteThe molar fraction of spessartine (XMn) at the centre
of garnet grains (solid squares in Fig. 6) continuously is shown in Fig. 7. This plot was made by the following

procedures. Using an optical microscope with aincreases with an increase in radius, except for the larger
(r>0.5 mm) grains, in which the XMn varies greatly. Since micrometer, I measured the size of all the garnet grains

(n=504) in two thin sections (total measured areathe XMn in the larger (r>0.5 mm) grains is more variable,
the zoning profiles for the larger grains shown in 14 cm2) from the same metapelite for which the

chemical zoning in garnet was studied. FollowingFig. 5(f–h) are not representative of their grain sizes. In
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also indicates that garnet continuously nucleated and
grew during the prograde metamorphism, because XMnat the centre of garnet grains is inferred to reflect the
P–T conditions at the time of nucleation (e.g. Loomis
& Nimick, 1982; Spear, 1989a,b; Carlson, 1989, 1991).
In other words, it is unlikely that the garnet of the
intermediate size classes grew during multiple crys-
tallization events.

The deviation of population densities of the larger
and smallest size classes from the slope in Fig. 7 could
indicate that growth of the garnet for these size classes
was not governed by the same nucleation and growth
mechanisms (or rates) as for crystals of the intermediate
size classes (Cashman & Ferry, 1988; Kerrick et al.,
1991). This could be inferred from the fact that the
nucleation density of garnet grains (r≤0.5 mm) in the
mica-poor layers is much higher than that of garnet
grains (r>0.5 mm) in the mica-rich layers. A difference
in nucleation density could lead to a difference in
growth rate (e.g. Carlson, 1989, 1991). The presence of
multiple peaks of XMn (Fig. 5h) and of multipleFig. 6. XMn values at geometrical centres (solid squares) and
inclusion-rich cores (Fig. 4b,c) in some larger grainsoutermost margins (open squares) of garnet grains from the

metapelite. (r>0.5 mm) suggests that these larger grains may have
resulted from impingement of more than two crystals
followed by overgrowth (Toriumi, 1986; Ikeda, 1993a).
In contrast, a decrease in the number of garnet grains
in the smallest size class may be interpreted as a result
of suppression of nucleation in diffusion domains
during diffusion-influenced nucleation and diffusion-
controlled growth (Carlson, 1989, 1991), or a consump-
tion of them due to Ostwald ripening after crystal
growth at constant rate (Cashman & Ferry, 1988).
However, even if the decrease resulted from Ostwald
ripening, the effects of later modification may have
been minor, considering a small departure of the
population density from the slope in Fig. 7.

Most of the garnet crystals are preferentially distrib-
uted within the mica-poor layers, possibly because
they were produced by consumption of reactants such
as biotite. Most of the garnet grains have diffusion
(depletion) haloes (Fig. 4) formed possibly because

Fig. 7. CSD plot for garnet grains of metapelite. later nucleation was suppressed in the vicinity of
nuclei, which suggests diffusion-controlled growth of
the garnet (Fisher, 1978; Ridley & Thompson, 1986;Cashman & Ferry (1988) and Morishita (1992), the

number of garnet grains per size class and unit area Carlson, 1989, 1991).
In summary, the observations suggest that the garnet(Na) is expressed by Na=c/(a DL ) , where c, a and DL

are the number of garnet crystals within the size class, grains of intermediate sizes (c. 0.1≤r≤c. 0.5 mm) have
been formed by continuous nucleation and diffusion-measured area and size class (0.06 mm in this study),

respectively. The number of crystals per size class and controlled growth, whereas the smaller (<c. 0.1 mm)
and larger (>c. 0.5 mm) crystals, the populationper unit volume (Nv) is represented by Nv=(c/a)1.5/DL

(Cashman & Ferry, 1988; Morishita, 1992). In Fig. 7, densities of which deviate from the slope in Fig. 7,
have crystallized by different mechanisms or rates. Forthe CSD plot shows that crystals of the intermediate

size classes, from 0.12 to 0.48 mm (solid circles), fit a simplicity, the following analyses are concerned only
with crystals of intermediate size (0.1≤r≤0.5 mm).line with a slope of 5.68×10−3 cm (solid line). The

linear crystal size distribution suggests that the crystals
continuously nucleated and grew (Cashman & Ferry,

NUM ERICAL ANALYSIS1988; Carlson, 1989; Kerrick et al., 1991). The
continuous increase in XMn at the centre of garnet Through numerical analysis, chemical zoning in garnet

grains with different radii developed during thegrains with radius between 0.1 and 0.5 mm (Fig. 6)
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evolution of M1 metamorphism will be simulated surface was in equilibrium with adjacent minerals and
the composition of the surface was a function ofalong the T –t path proposed by Okudaira et al. (1994),

as shown in Fig. 2 and the Appendix. The simulated temperature until the metamorphic temperature
decreased below the closure temperature for cationand observed zoning patterns in garnet grains with

different radii from the sillimanite zone will be exchange; (8) after the temperature fell below the
closure temperature, intracrystalline diffusion occurred,compared, in order to evaluate the validity of the

proposed T –t path for M1. being constrained by mass balance within the garnet;
and (9) the shapes of garnet crystals are taken as
approximately isotropic spheres to simplify the ana-

Analytical model lysis. An explicit finite-difference method with a
1×10−5-m array spacing and a 3.15×107-s time stepGrowth zoning in regionally metamorphosed garnet is

produced by continuous net transfer and exchange was used for the numerical simulation.
reactions driven by changes in P–T conditions (e.g.
Loomis & Nimick, 1982; Spear, 1988). If the rate of

Composition of garnet surfaceprograde reactions is assumed to be sufficiently rapid
compared with the rate of change in P–T , local If Tschermak’s exchange is ignored, only four indepen-

dent continuous reactions may operate in the assem-equilibrium between the surface of the garnet crystal
and matrix is inferred to be maintained throughout blage quartz+plagioclase+K-feldspar+biotite+silli-

manite+garnet in the SiO2–Al2O3–FeO–MgO–MnO–metamorphism (Walther & Wood, 1984; Spear, 1988),
i.e. components move freely across grain boundaries CaO–Na2O–K2O–H2O (MnNCKFMASH) system

(Spear, 1989a,b), namelybetween garnet and matrix. As mentioned above,
textural observations suggest that the garnet grains of

FeMg−1 (garnet)=FeMg−1 (biotite), (1 )intermediate size (c. 0.1≤r≤c. 0.5 mm) have been
formed by diffusion-controlled growth. Therefore, the FeMn−1 (garnet)=FeMn−1 (biotite), (2 )rate of prograde reactions is inferred to have been
much faster than that of intergranular diffusion,
because the growth rate of metamorphic minerals is

Ca3Al2Si3O12
(grossular)

+ 2Al2SiO5
(sillimanite)

+ SiO2
(quartz)controlled by the slowest rate-limiting process (Fisher,

1978). Consequently, for diffusion-controlled growth, I =3CaAl2Si2O8,
(anorthite)

(3 )consider that the rate of intergranular diffusion would
be slower than that of prograde metamorphic reactions,
although it is rapid enough to justify the boundary
conditions on the surface of garnet.

KFe3AlSi3O12 (OH)2
(annite)

+ Al2SiO5
(sillimanite)

+ 2SiO2
(quartz)Garnet crystals are grown by net transfer reactions

only during the prograde stage, but are never consumed =Fe3Al2Si3O12
(almandine)

+ KAlSi3O8
(K-feldspar)

+H2O . (4)by retrograde net transfer reactions unless an exotic
fluid infiltrates the rock. In contrast, cation exchange
reactions at the surface of garnet occur during prograde
and retrograde stages, and continue until the metamor- In general, the manganese component is more concen-
phic temperature decreases below the closure tempera- trated in garnet than in most coexisting minerals, the
ture for cation exchange (Spear, 1989b; Yardley, 1989). ratio Mn/(Mn+Fe) decreasing in the order
Retrograde resorption caused by hydration reactions garnet>ilmenite&cordierite>biotite (e.g. Pownceby
has been inferred to explain reverse zoning in garnet et al., 1987). Garnet may stably coexist with ilmenite
(e.g. Tracy, 1982). However, because the garnet crystals (FeTiO3), which commonly forms a solid solution with
separated from the metapelite unit are idioblastic and pyrophanite (MnTiO3). This suggests the possibility of
the decrease in the number of the garnet crystals of Fe–Mn partitioning between garnet and ilmenite,
the smallest size class is small (see Fig. 7), these according to the following exchange reaction:
observations suggest that retrograde resorption of the
garnet was minor. Fe3Al2Si3O12

(almandine)
+ 3MnTiO3

(pyrophanite)Basic assumptions employed in the analysis are: (1 )
the garnet statically formed during M1 metamorphism
only; (2 ) nucleation and growth occurred only during =Mn3Al2Si3O12

(spessartine)
+3FeTiO3 ,

(ilmenite)
(5 )the prograde metamorphic stage; (3 ) the maximum

radius of grains crystallized by continuous nucleation
and growth is 0.5 mm; (4) growth of the garnets was and this partitioning strongly depends on temperature

(Pownceby et al., 1987).governed by diffusion-controlled growth; (5) intracrys-
talline diffusion in the garnet occurred during and From Spear (1988), a difference in the composition

(DXMn) of garnet grown by continuous reactions (Eqsafter the crystallization; (6 ) after the thermal peak, the
grain size of the garnet did not change; (7) the garnet 1–5) may be computed for a difference in temperature
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(DT ) and pressure (DP ) by the relationship those adopted by Kretz (1974) and Carlson (1989). In
the above mentioned mineral assemblage, garnetDXMn=( ∂XMn/∂T )pDT+(∂XMn/∂P )TDP . (6 ) can be grown by the reaction biotite+sillimanite+
quartz=garnet+K-feldspar+H2O, at a temperatureBecause changes in spessartine component only slightly
above the breakdown of muscovite+quartz (Spear,reflect changes in pressure (Spear, 1989b) and the
1989a). Provided that the largest grain radius attain-garnet grains are assumed to have crystallized stati-
able by diffusion-controlled growth is 0.5 mm duringcally, the second term on the right-hand side of Eq.
the increase from the breakdown temperature of(6 ) can be neglected. Therefore, the composition of the
muscovite+quartz (600 °C) to the highest temperaturesurface of the garnet is expected to be a function only
(670 °C), the growth constant k2 is obtained asof temperature, and the above equation can be
6.29×10−8 m s−0.5. The value of the growth constantrewritten for a certain finite temperature interval as
is fixed for other garnet grains with different radii.

XMn=(dXMn/dT )T+C , (7 ) Figure 8(b) shows the radius vs. time curves nucleated
at different times during the prograde T –t pathwhere T and C are temperature (K) and constant,
(Fig. 8a). The average growth rate ranges fromrespectively. (dXMn/dT ) and C are assumed to be
5.1×10−6 to 2.9×10−5 mm yr−1. The growth rate is−1.0×10−3 and 1.095, respectively, to fit the highest
comparable with the estimated one (1.3×10−6–1.9×and lowest values of XMn simulated for 0.5-mm garnet
10−5 mm yr−1 ), based on dating of a zoned garnetafter 2 Myr of the system’s evolution to those of the
grain from Pigeon Island, Newfoundland, which prob-observed one. These values correspond with those
ably crystallized by diffusion-controlled growth (Vancecalculated by the Gibbs method by Spear (1989a) for
& O’Nions, 1990).metamorphic temperatures at which the assemblage

garnet+biotite+sillimanite+K-
feldspar+quartz+pla-

gioclase is stable, as at Fall Mountain, New Hampshire.

Diffusion-controlled growth

A rate of growth controlled by intergranular diffusion
has an exponential dependence upon temperature
(Ridley & Thompson, 1986; Carlson, 1989; Kerrick
et al. 1991). When the ith crystal nucleates at time ti,its radius r as a function of time t is given by the
following general form of the diffusion-controlled
growth law (Christian, 1975; Carlson, 1989):

ri (t)=k1√De(t−ti ) (8 )

where De and k1 are an effective diffusion coefficient
for intergranular diffusion and a dimensionless con-
stant, respectively. According to Carlson (1989), the
effective diffusion coefficient De at T for intergranular
diffusion is written as an Arrhenius type equation:

De=D2 exp A−Ea
RT B (9 )

where D2 is the value of the diffusion coefficient at
infinite T , which is assumed to be constant, and Ea, R
and T are the activation energies for intergranular
diffusion, gas constant and temperature (K), respect-
ively. Substituting (9) into (8) gives

Fig. 8. (a) T –t path during the prograde stage of the path in
Fig. 2. (b) Radius–time curves of garnet grains with radii ofri (t)=k2S(t−ti ) exp A−Ea

RT B (10)
0.5 mm (ti=0.0150 Myr), 0.4 mm (ti=0.0460 Myr), 0.3 mm (ti=0.0695 Myr) , 0.2 mm (ti=0.0865 Myr) and 0.1 mm (ti=0.0966
Myr), respectively, corresponding to the T –t path of (a) usingwhere growth constant k2 is k1√(D2) , and Ea is taken
Eq. (10). Nucleation of garnet crystals is continuous from theto be 8.37×104 J mol−1 (Fisher, 1978). The growth
temperature of the breakdown of muscovite+quartz (600 °C)constant k2 has not previously been estimated by to the highest temperature (670 °C), and growth of the garnet

experimental studies. Here, the value of k2 is assumed grains is governed by a diffusion–controlled growth law during
the above temperature range.by using the following method, which is similar to
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Intracrystalline diffusion

For intracrystalline diffusion in garnet, it is appropriate
to apply the model for diffusion in a sphere (Crank,
1975). A fundamental equation to be solved is

∂X
∂t =

1
x2

∂
∂x ADx2

∂X
∂xB , (11)

with boundary conditions as
∂X
∂x=0 at the centre of a sphere ,

X=f (T ) at the outermost margin of a sphere ,

where X, t, D and x represent concentration of the
Fig. 9. Schematic diagram showing the changing chemicalcomponent, time, diffusion coefficient of the component zoning (XMn) during and after growth of garnet grain withand distance, respectively. 0.5 mm radius.

The garnet is treated as an almandine–spessartine
solid solution in the following analyses, because the

grain size of the garnet after the thermal peak does notgarnet grains have high (Fe+Mn)/(Fe+Mn+Mg+
change. The XMn of the outermost margin of the garnetCa) ratios, 0.86–0.90 (Table 1), and complementary
is calculated by using Eq. (7) until the metamorphiczoning profiles of spessartine and almandine with
temperature decreases to 600 °C, which is assumed to berelatively small change in pyrope and grossular (Fig. 5).
the closure temperature for the retrograde exchangeTherefore, the diffusional relaxation of the pattern can
reactions. Even after the temperature is decreased belowbe considered to involve essentially Fe–Mn exchange
the closure temperature, intracrystalline diffusion in the(Elphick et al., 1985; Loomis et al., 1985; Chakraborty
garnet occurs until 2 Myr, being constrained by mass& Ganguly, 1992), and the diffusion coefficient of the
balance within the garnet. There is no change in XMn ofmulticomponent system can be treated as that of a
any crystals after 2 Myr, because the intracrystallinebinary (Fe–Mn) system.
diffusion coefficient is very small below the temperatureAccording to Loomis et al. (1985) and Chakraborty
established at 2 Myr (=520 °C).& Ganguly (1992), the diffusion coefficient in all ideal

binary ionic solutions can be written as
Analytical results

D= D*1D*2
X1D*1+X2D*2

, (12)
Figure 10 shows simulated zoning profiles of XMn in
garnet grains of different radii (0.1, 0.2, 0.3, 0.4 andwhere D*1 and D*2 represent tracer diffusion co- 0.5 mm) when growth is complete (thin solid lines) andefficients of the components 1 and 2, respectively, and those after 2 Myr has elapsed after the intrusion (thickX1 and X2 (=1–X1) are the concentrations of compo- solid lines). Important results shown in Fig. 10 are: (1 )nents 1 and 2, respectively. In this study, the tracer the smallest grain (0.1 mm in radius) shows reversediffusion coefficients of Fe and Mn are expressed as zoning from the centre to the outermost marginfollows (Chakraborty & Ganguly, 1990, 1992): (Fig. 10a); (2) small grains (0.2≤r≤0.4 mm) consist of

D*Fe=(6.4×10−4) exp[−(65.82×103 unzoned cores and reversely zoned rims (Fig. 10b–d)
and the variations of XMn in the unzoned parts of the+0.14P)/RT ] cm2 s−1 , (13a) garnet grains with radii of 0.2, 0.3 and 0.4 mm are c.

D*Mn=(5.1×10−4) exp[−(60.57×103 0.13, 0.36 and 0.69 mol%, respectively; (3) the largest
grain (0.5 mm in radius) consists of a normally zoned+0.15P)/RT ] cm2 s−1 , (13b) core and reversely zoned rim (Fig. 10e), and the
difference between the highest and lowest XMn is c.where P is pressure in bar, and is taken to be 4 kbar.

Figure 9 is a schematic diagram of the changing 5.96 mol%; and (4) the widths of the reversely zoned
parts of all the crystals with different radii vary fromchemical zoning during and after growth of the garnet.

As mentioned above, the garnet is grown by using Eq. 0.07 to 0.1 mm.
Comparison between the zoning profiles at the end(10), as shown in Fig. 8(b), and the composition at the

surface of the garnet is calculated by using Eq. (7). of growth and those at 2 Myr shows that the unzoned
core of smaller garnet grains (Fig. 10b–d) does notBecause intracrystalline diffusion operates during and

after garnet growth, the molar fraction of spessartine at really cause diffusional homogenization, but reflects
very small reaction progress (=DXMn) in the laterthe centre of the garnet decreases with the system’s

evolution. The growth of garnet finishes after 0.1 Myr formed garnets. That is, the smaller garnet grains have
unzoned cores because the very small difference in XMnwhen the metamorphic temperature is highest, and the
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Fig. 10. Simulated chemical zoning patterns
of grains with radii: (a) 0.1 mm; ( b) 0.2 mm;
(c) 0.3 mm; (d) 0.4 mm; and (e) 0.5 mm. Thin
and thick solid lines indicate zoning profiles
at the end of growth and 2 Myr after the
intrusion, respectively.

Fig. 11. Observed zoning profiles of garnet
grains with different radii, compared with
the simulated ones after 2 Myr. (a)–(e) are
the same as (a)–(e) in Fig. 5, respectively.
Thin solid line with open squares and thin
solid line denote observed and simulated
zoning profiles, respectively.

resulted from very small change in temperature during
DISCUSSIONtheir growth. In contrast, the preservation of a distinct

normal zoning of XMn in the garnet grain of 0.5 mm Figure 11 shows comparisons between the chemical
zoning of the observed garnet grains (0.10, 0.20, 0.32,radius (Fig. 10e) results from a relatively large change

in temperature during the growth period. The tempera- 0.44 and 0.50 mm in radius) in Fig. 5 and the patterns
simulated at 2 Myr in the system’s evolution. Itture interval (DT ) during the growth of the 0.5-mm

garnet is c. 70 °C, although the DT during the growth indicates that the observed zoning profiles are well
reproduced by the numerical model with a differenceof the garnet grains smaller than 0.40 mm in radius is

smaller than c. 10 °C (see Fig. 8). These results suggest of less than 1 mol%, except for the largest grain. In
the middle part of the largest grain, the values of thethat the zoning patterns in the cores of all the garnet

grains reflect the prograde T –t history, although the simulated XMn are lower than those of the observed
one, with a maximum difference of c. 1.7 mol%zoning patterns at the rims of all the garnet grains and

near the centre of the largest garnet grain are modified (Fig. 11e). The difference between the observed and
simulated zoning patterns in the garnet may haveby intracrystalline diffusional relaxation, because of

relatively large difference in XMn within a relatively resulted from differences between the actual and
proposed T –t paths. According to Okudaira et al.short distance.



T – t PATH B AS E D ON CHE MICAL ZON IN G I N G ARNE T 437

(1993), the highest temperature for rocks in the (thin solid line) calculated for the modified path. In
this calculation, the same assumptions are employedsillimanite zone could have ranged between 630 and

690 °C. It is therefore necessary to examine possible as those of the previous ones, except for the values of
k2 and ti. As shown in Fig. 12(b), the observed zoningvariations in the zoning patterns for a range of T –t

paths. To examine the variation of garnet zoning, pattern for the 0.5-mm-radius garnet grain (thin solid
line with open squares) falls between the profilestemperatures of different T –t paths are taken to be

proportional to those of the previously simulated one calculated for the modified T –t path and for the
previously estimated one. This result indicates that the(Fig. 2). Hence, temperatures of the different path to

be examined here are given by difference in the peak temperature between the numeri-
cally simulated T –t path and the actual T –t path was

T 1=T 0+(T 0–773) f (14) probably less than 20 °C. Furthermore, the maximum
difference between the observed and simulated XMnwhere T 0 and T 1 represent the temperature (K) of the

previously estimated path (Fig. 2) and that of the occurs in the middle part of the garnet grain, which
may suggest that the temperatures of the actual T –tmodified one, respectively, and f is a scaling factor.

Figure 12(a) shows the modified T –t path (thin solid path are lower than those of the proposed one at the
early to middle stages (c. 0.02–0.06 Myr) of theline) between 0 and 2 Myr with f of −0.12, which

corresponds to a 20 °C decrease in the thermal peak prograde metamorphism.
As mentioned above, the observed XMn at the centrefrom the previously estimated one (thick solid line).

Figure 12(b) represents the modified zoning profile of of garnet grains ranging from c. 0.1 to 0.4 mm in radius
(solid squares in Fig. 13) increases slightly with grainXMn in the simulated garnet grain of 0.5 mm radius
size, although the XMn value of garnet grains with
similar grain size varies by c. 1 mol%. In contrast, for
the grains with a radius greater than c. 0.4 mm, the
increase of the XMn values with grain size is abrupt.
Such a sharp increase has been reported by Kretz
(1973) for a garnet–biotite–cordierite schist near
Yellowknife, Canada. The XMn at the centre of the
simulated garnet grains (solid line in Fig. 13) also
slightly changes for the sizes between c. 0.1 and 0.4 mm,
and abruptly increases for the sizes greater than c.
0.4 mm. Overall, the values of XMn at the centre of the
simulated garnet grains are comparable with those of
the observed ones, and the difference is less than about
1 mol%, which corresponds to a difference in tempera-
ture of c. 10 °C calculated by using Eq. (7). In the

Fig. 12. (a) T –t plots between 0 and 2 Myr, to examine
possible variations in zoning patterns for different T –t paths.
Thick solid line represents the same path ( f=0 ) as in Fig. 2.
Thin solid line shows the path with f=−0.12. ( b) Plots of XMnversus distance (in mm) for the garnet with 0.5 mm radius

Fig. 13. Observed and simulated XMn values at the geometricalsimulated for the previously estimated path (thick solid line) centres of the garnet grains between 0.1 and 0.5 mm in radius.and the modified one (thin solid line). Thin solid line with Solid squares: observed XMn values. Line: simulated XMn valuesopen squares denote the observed zoning profile for the garnet at 2 Myr after the intrusion.grain with 0.5 mm radius (sample E).
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of volatile evolved (Walther & Orville, 1982). During
metamorphism, a typical metapelite loses #5 wt%APPENDIX
H2O (Walther & Orville, 1982), which is equivalent to
#7.6×103 mol m−3 of rock. Assuming 60 kJ mol−1Thermal modelling for M1 metamorphism
for dehydration reactions results in a heat sink ofThe thermal model for M1 metamorphism proposed 1.6×105 J kg−1 (Peacock, 1989). The dehydrationby Okudaira et al. (1994) is as follows. A one- reaction interval between 350 and 800 °C is used. It isdimensional heat transfer equation with fluid advection assumed that rocks initially at temperatures belowterm is written as 350 °C contain 5 wt% volatiles, and rocks initially at
temperatures above 800 °C contain no volatiles. For

rmCm
∂T
∂t=K

∂2T
∂z2 −Cf

∂(Tu)
∂z +A (A1) rocks initially at the temperatures within the reaction

interval, the volatile content is calculated from eq. (3 )
where rm=density of rock (2750 kg m−3 ); Cm=specific in Peacock (1989).
heat of rock (880 J kg−1 K−1 ); T=temperature (K); The production of heat by the magmatic crystalliz-
t=time (s); K=thermal conductivity (2.8 W m−1 ation and consumption of heat by the endothermic
K−1 ); z=vertical coordinate measured from the earth’s reactions are calculated assuming that they are a
surface (m); Cf=specific heat of fluid (3750 J kg−1 continuous linear function of temperature between the
K−1 ); u=mass fluid flux (kg m−2 s−1 ); and A is heat crystallization interval and between the endothermic
production of radioactive elements (W m−3 ). Equation reaction interval, respectively. The production and
(A1) is solved numerically using an explicit finite- consumption of heat are incorporated into the numeri-
difference method with a 1000-m array spacing (Dz) cal model using an effective heat capacity and an
and a 3.15×109-s time step (Dt ). effective thermal diffusivity for the rocks (Jaeger, 1964;

The boundary conditions are a constant temperature Hanson & Barton, 1989; Peacock, 1989). The second
at the earth’s surface and constant mantle heat flux qm term on the right-hand side of Eq. (A1) indicates heat
at the bottom of the lithosphere. The thickness of the transport by advection. The fluid flux produced by the
lithosphere before the intrusion of the Older Ryoke crystallization of the magma and by the dehydration
granitoid sheet is assumed to be 30 km. The initial reactions is calculated using the methods of Peacock
geotherm in the lithosphere is assumed to be c. (1989) and Hanson (1992). Radiogenic heat pro-
30 °C km−1, based on the P–T conditions of M0 duction, the third term on the right-hand side of Eq.
metamorphism, corresponding to qm of 0.08 W m−2. (A1), is calculated by using eq. (4–24) in Turcotte &
The initial geothermal gradient (c. 30 °C km−1) is Schubert (1982).
comparable with the mean geothermal gradient of an The results of the simulated peak temperatures for
active continental margin or an island arc (Sugimura the cordierite, sillimanite and garnet zones are well
& Uyeda, 1973). within the limits of the petrologically estimated ones

The Older Ryoke granitoid sheet was emplaced at (Okudaira et al., 1993, 1995). The simulated and
the middle layer between the sillimanite and garnet petrologically estimated metamorphic field gradients
zones (Okudaira et al., 1993). Based on the inferred are also consistent. Therefore, the T –t path is used as
pressures of the sillimanite and garnet zones, the a standard T –t path for M1 metamorphism in this
granitoid sheet is assumed to have been emplaced study. The simulated T –t path for the sillimanite zone
between 16 and 19 km. In the numerical simulation, is shown in Fig. 2.


