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Abstract

The geochemical consequences of contact melting were investigated in the Sierra Nevada Batholith, where trachyandesite
magmas have intruded and melted the host granitic rocks. Partial melting of the granite varies from 10-20% at contact
regions, to 50-70% in a granite block within the trachyandesite. Thermal modelling suggests that the temperature of the
granite block exceeded its solidus within 3 months of trachyandesite intrusion, reached a maximum of ~ 1000°C after ca.
1.5 yr, and remained above 500°C for ca. 40 yr.

Sr, Nd and Pb isotope data of granitic melts record marked Sr isotope, and to a lesser extent Pb isotope, disequilibrium
both within different glass fractions and between glasses and their source. Rb/Sr isochron calculations on residual
mineral—glass pairs fail to yield the age of melting obtained by *’Ar—*°Ar dating (11.9 Ma). Sr and Pb isotope data of
glasses establish that major rock-forming minerals of the granite had not attained isotope equilibrium before the onset of
melting. Consequently, the isotopic composition of the successive liquid fractions originating from granite melting depended
on the relative contribution of each mineral to the elemental budget of the melts.

The extrapolation of these results to the petrogenesis of crustal melts and more generally to studies of crustal evolution,
suggests that isotope disequilibrium during anatexis and high-grade metamorphism may be a common characteristic of many
geologic settings. If future studies substantiate these results, some geochemical models of crustal melting and assimilation
may need revision. In addition, marked Sr isotope disequilibrium in the residual mineral phases within the partially melted
granite raises concerns about the reliability of radiometric dating in metamorphic terranes.

Kevwords: radioactive isotopes; equilibrium; diffusion; anatexis; absolute age

1. Introduction low (<107'® cm? s7!) even at crustal anatectic
temperatures (~ 750°C) {2-6]. This property has
enabled the use of Sr isotopes both to date the timing
and rate of mineral growth in a high-silica magma
[7] and to constrain the nature of magma mixing in a
rhyolitic magma [8]. Recent studies have demon-
strated marked isotope disequilibrium during granite
—T—C_o:c—;ponding author’s present address: Dipartimento di meltl'n‘g in the ,laboratory [9’10] an_d in the field [1 1]'
Scienza del Suolo € Nutrizione della, Pianta, Piazzale delle Cascine Empirical studies have also established that the slow
16. 50144 Firenze, Ttaly. diffusion of Nd and Pb in gamet can be used to

In the last decade a number of experiments have
determined diffusion coefficients of key elements in
major rock-forming minerals (see compilation in [1]).
In particular, Sr diffusion coefficients in feldspar are
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determine prograde metamorphic ages, despite sub-
sequent heating and long-lived cooling histories [12—
17]. Overall, these studies demonstrate that garnet
and feldspar remain isotopically closed systems with
respect to their host at high temperatures (> 600°C).
Isotope disequilibrium is commonly used in Pb iso-
tope systematics to date inherited zircon cores (and

thar inerale) in hioh 4 t .
Guall aCCessory muler?uS/ il nign-graae metamﬁlyluu

rocks and crustal melts (e.g., [18—20]). Despite these
observations, a full assessment has not been made of
the consequences of minerals not attaining isotope
equilibrium during metamorphism and anatexis.
Here we present a study of contact melting caused
by the intrusion of a trachyandesite magma in a
Cretaceous granite, northwest of Mono Lake, Cali-
fornia. The melt—source relationship is clear and can
be unequivocally identified in the field, since melts
remained essentially in situ (i.e., within the volume
of the outcrop). This fact provides us with an excel-
lent natural laboratory to assess the extent of isotope
(dis)equilibrium during anatexis, given that most ex-
posed granitoids cannot be compared with their
sources since they originated deep in the crust.

2. Geological background

The Rattlesnake Gulch granite is part of the Cre-
taceous Sierra Nevada Batholith and has a biotite
K-Ar age of 92.9 £+ 3.1 Ma [21]. It is directly over-
lain by the Late Miocene Rancheria Tuff Breccia,
indicating it was already exposed on the surface
prior to the onset of the Cenozoic basaltic magma-
tism (see Chesterman [21] for details). Two trachyan-
desite magmas have intruded and melted the granite
[22]. They represent remnanis of near-surface con-
duits through which magma flowed, and are part of
the Rancheria Tuff Breccia [21]. Textural and geo-
chemical relationships between granite melts and
residual mineral phases have been discussed else-
where [22,23] and only a brief review of field and
petrographic characteristics is given here.

This study is focused on the western trachyan-
desite plug (see [21,23] for details on the location).
The plug has an approximately circular shape, is
roughly 50 m in diameter, and outcrops along the
edge of a small valley surrounded by exposures of
unmelted granite. The emplacement of the plug is

probably related to a single magmatic event since
there is no evidence of multiple injections. Field
observations establish that granite melting along the
contact was of relatively low degrees (10-20%) and
limited to a narrow zone 2-3 m wide. A large block
of granite, ~ 4 X 4 m in size, occurs within the plug
and has experienced high degrees of melting (50-
70%). The contacts between the block of partially
melted granite and the trachyandesite are sharp, sug-
gesting negligible interaction.

2.1. Petrography

The unmelted granite has a hypidiomorphic
medium to coarse grained texture. It consists of
quartz, andesine/oligoclase (core An,y, rim An,s),
microperthitic orthoclase /microcline (Org,) and bi-
otite [mol Mg /(Mg + Fe) = 0.4], with accessory ap-
atite, zircon, oxides and allanite. The partially melted
granite has a hypocrystalline groundmass enclosing
residual plagioclase, sanidine/anorthoclase, quartz
and a fine-grained intergrowth of rutile, oxides and
orthopyroxene from biotite breakdown, along with
accessory zircon and apatite.

The onset of melting within the granite is very
clear in the contact zone and is defined by the first
appearance of glass at the boundaries between quartz
and feldspar grains. The glass forms veins and pools
that pervade feldspar and quartz grains and give the
rims of feldspars a characteristic spongy texture (e.g.,
see SEM photographs in [22]). Biotite also reacts,
breaking down to a very fine-grained intergrowth of
rutile, oxides and orthopyroxene within a glassy
matrix. At higher degrees of melting (the granite
block), feldspars display a spongy texture throughout
and the contact with the glass becomes highly irregu-
lar. Quartz grains become increasingly fractured and
embayed, although remaining inclusion-free and dis-
playing sharp contacts with the glass.

The glass, commonly perlitic, consists of light-
brown and dark-brown phases, and contains micro-
lites of quartz and feldspar, which probably nucle-
ated during rapid cooling. The light brown glass is
prevalent in the granite with low degrees of melting
(contact zone), whereas the dark brown glass is
prevalent in the granite with high degrees of melting
(granite block). In thin section, the two glass phases
have gradational contacts and hence are not a result
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of hguid immiscibility. Rather, they are probably
indicanve of incomplete liquid-state homogenisation
dve to both volume diffusion and convection (e.g.,

{10D.

3. Sampling and analytical methaods

Analyses were performed on fresh samples repre-
sentative of both the melted granite and trachyan-
desite, along with an unmelted granite sample (6708)
of similar lithology to that of the melting region,
collecied 1 km south of the plug. Crushed rock
samples were divided for whole-rock analyses and
mineral and glass separations, carried out by conven-
tional magnetic and specific gravity techaiques, The
final separated mineral and glass fractions were
checked for purity and freshness by hand picking
under a binocular microscope. Micradnlling was per-
formed using a diamond tipped drill on polished rock
chips.

Major element glass analyses were carried out on
a polished thin section from samples 6707 and 6700
(Table 1), representing low (10-20%) and high (50~
70%) degrees of melting, respectively. Henceforth,
for 1he sake of clarity, we will refer 10 these samples
as LOW and HIGH. The LOW sample s from the
contact between the trachyandesite plug and the
counery granite, whilst the HIGH sample 1s from the
granicte block within the plug. To assess the extent of
isotopic homogeneity within the glass phase, sub-
samples (A and B) of each hand specimen (LOW
and HIGH) were prepared. The analyses of HIGH
subsamples were determined on a 1-0.5 mm glass
fracnon directly hand picked after sieving (HIGH-A1
and HIGH-B1), and a 100-250 pm glass fraction
< 2.4 g/cm’ (HIGH-A2 and HIGH-B2). The analy-
ses of LOW subsamiples were determined oa a 100
250 pm glass fraction <2.4 g/cm® (LOW-A and
LOW-B). For one subsample, the glass fcaction was
further subdivided into a relatively less magnetic
(LOW-BI) and more magnetic fraction (LOW-B2).
The heavy-liquid density of 2.4 g/cm® was chosen
in order to have pure glass fractions devoid of
mineral inclusions.

All analyses were performed at the Vrije Univer-
site)), Amsterdam. Major element whole-rock analy-
sis of the unmelted granite sample was determined

Table 1

Major elemem (w1%) analyses of the granite and partially melted
granite from 1he Ranlesnake Gulch and estimation of the relative
proporions {w1%) of minerals and glass on the basis of major
element mass batauce

6708 6700 6707

£r saurce HIGH glass LOW glass
n 1 12 13
Si0, 71.63 73.514+0.34 73.30+0.33
TiO, 0.25 0.32+0.01 0.25£0603
Al,O, 14.49 14.04£0.11 12.0940.13
Fe,0, 1.89 1.724-0.05 0.80+0.11
MnO 0.05 0.03+0.01 0.00£0.00
MgO 0.52 0.331+0.04 0.08+0.02
CaO 1.85 0.61+0.03 0.27x0.02
Na.O 339 2.88+0.11 214+0.18
K.,0 479 643+0.15 606+ 033
P,0; aq7 bl hdl
BaO Q.14 0.14+0.01 hdl
F nd bdl bdl
Cl nd bdl bdi
LOI Q.30 nd nd
Total * 100.37 95.27+027 95.18 £0.45
ASI 1.02 1.08 £0.02 1.13+£0.02
Melt and mineral proportions (wt %)
Quartz 30.51 9.03 23.50
Pl core 13.76 20.53° 13.41
Pl rim 2272 16.54
K-feld ¢ 26.71 1.58 2319
Biotite 585 - 274
Opx - 1.73 1.53
Magnetite Q41 0.05 0.51
Rutile - 0.02 0.09
Melt - 67.06 14.95
Total 99.97 99.99 99.85
38D 0.0046 0.0443 0.0017

n = number of analyses averaged + 1 standard deviation; nd = not
determined:; ba) = below detection limit.

* Glass analyses ase reported normalised to 100% (the 1prals are
before normalisanon). ASI= Alumina Saturation Index. mol
[A),0, AAC20+ N2, 04 K,0)]. Glass analyses 21 gram bound-
aries with quantz {see Fig. 2} have not been inciuded i the
averages.

b Average between cesidual plagioclase core and rim campasition.
¢ K-feldspar is octhaclase /microcline in the unmelted granice,
anorthoclase in the HIGH glass and sanidine in the LOW glass.
SSD = sum of squared of deviates.

by XRF on a fused glass bead following standard
procedures. Mineral and glass analyses were deter-
mined using a wavelength dispersive electron micro-
probe. Sr, Nd and Pb isotope analyses were per-
formed from single sample dissolutions. Roughly
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20% of each sample solution was spiked using mixed
¥ Rb-*5r, "**Sm~"*"Nd and separate **U and *Pb
spikes. The total procedural blanks for Pb, Sr and Nd
were <300, <200 and <S50 pg, respectively, at
the time of these analyses. Pb isotope compositions
were measured in static mode and are presented
normalised to NIST SRM981, using a fractionation
correction of 0.137% per a.m.u. Nd and Sr isotope
compositions were measured in dynamic mode, and
are presented normalised to *Sr/ *¥Sr = 0.1194 and
“ONd/ *Nd = 0.7219, respectively. “*Ar-%Ar
step-heating analysis was performed on the ground-
mass of the trachyandesite sample 6706, to deter-
mine eruption age. Analytical procedure is reported
elsewhere [24]. Uncertainty, including J factor, in
the calculated plateau age is at the 2o confidence
level.

4. Results

The average major element compositions of
glasses formed by partial melting of the Rattlesnake
Gulch granite are reported in Table 1, along with that
of the granite source. The LOW glass has higher
contents of K,O and SiO, than the granite source,

CaO+Fe203+MgO (mal)

minerals
& granite source
@ glass HIGH
O glass LOW

plrim granite
[} source

plrim anr

@ glass HIGH

glass LOW @
o X

san core-rim

Na,O (mol) K,0 (mol)

Fig. 1. Na,0-K,0—~(CaO+Fe,0;+MgO} triangular diagram
(mol%) for the granite, glasses and minerals. Glass analyses at
grain boundaries with quartz (see Fig. 2) have not been plotted.
pl = plagioclase; Kf = orthoclase; san = sanidine; anr =
anorthoclase; biof = biotite. Mineral compositions represent aver-
age compositions (full individual analyses are available from the
authors upon request),

; D =510 em?s!
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Fig. 2. Glass analyses (dots and circles) at increasing distance
from the boundary with two quartz grains in the HIGH glass. The
quartz boundary 1s marked by the grey area. Solid lines represent
rough estimates of the effective binary diffusion coefficients [26).
The calculated values (D ~ 10" cm? sec ™ ') are consistent with
results on diffusive quartz dissolution in an andesitic melt {25]
extrapolated to 1000-850°C. The time-scale between the onset of
melting and the final solidification was set to 14 yr (see thermal
model).

becanse it represents the first melts mainly formed
by biotite breakdown {e.g., [23,27]). The HIGH glass
has a composition closer to that of the granite source,
although it is still enriched in K,O and SiO,. The
enrichment in the K-feldspar component from biotite
breakdown is reflected in both glasses having a
higher Alumina Saturation Index than the granite
source (ASI, Table 1). Each type of glass has a fairly
homogeneous major element composition (Fig. 1) on
the sampling scale of the thin section (~ 6 cm?).
Along the contacts with residual minerals, however,
even the HIGH glass displays a significant hetero-
geneity in terms of major elements (Fig. 2), implying
diffusion controlled dissolution across a boundary
layer at the solid-liquid interface (e.g., [25]).

The extent of melting experienced by the granite
has been estimated using major element mass bal-
ance calculations based on the compositions of min-
erals, glasses and granite source, the melting reac-
tions and the observed residual phases. The results,
including the relative proportions of minerals in the
unmelted granite, are reported in Table 1. The HIGH
glass from the granite block inside the plug repre-
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sents ~ 67% melting of the granite with a residue
composed of quartz, plagioclase, anorthoclase, or-
thopyroxene and oxides. The LOW glass from the
contact zone of the country granite represents ~ 15%
melting of the granite with a residue composed of
quartz, piagioclase, sanidine, biotite, orthopyroxene
and oxides.

Given the ranid cooline of the s

ven the rapid cooling of the shallow-
chyandesite intrusion (see Section 5.1), the age of
granite melting can be reliably dated by the “’Ar—¥Ar
step-heating release spectrum determined on the tra-
chyandesne sample. The CAr-Ar plateau (> 90%
*Ar) yields an age of 11.93 + 0.26 Ma, which is
within error of the whole-rock K~Ar age of 11.7 +
0.7 Ma obtained by Kaczor et al. {22] on the same
trachyandesite plug.
Sr, Nd and Pb isotope data for granmite, glasses,

minerals and trachyandesite are reported in Tables 2
and 3. meﬁr‘nnt Sr mnmne heternop mrv is ob-

served both within glasses from subsamples of the
same hand specimen (dm® scale), and between the

ry Science Letters 148 (1997) 273-285
19.6 ———————————
© O
=
- ol 2oL -
U{ <70
by — mal - - -
- - -
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L4040 1% 4 -
8 g °
=~ -
g r— n )
© - | 3 granite source -
g @ glass HIGH-A O glass LOW-A
¥ glass HIGH-B [J glass LOW-B
19.2 1 1 L i Lo 1 1
0.708 0.709

87Sr/ BSST 11.9 M5

wia

Fig. 3. ®*Pb/ **Pb vs. ¥ Sr/ ¥Sr at 11.9 Ma for the granite and
glasses from the Rattlesnake Gulch. 20 errors are within the
symbol size when not plotted. Two limiting case mixing lines
between granite melts in isotope equilibrium with their source,
and average trachyandesite composition are reported. Sr and Pb
concentrations used in the calculation are those of the granite
source (solid line) and the average of LOW glasses (dashed line).
Figures refer to the mass fraction (wt%) of trachyandesite in the
mixture. Clearly the mixing process cannot explain the observed
Sr—Pb isotope variations in the glasses.

Table 3

Sr isotope data of minerals from the granite and partially melted granite

Mineral [Rb] [St] %Rb/ 86SR 87Sr s %8r,, 8781 /8651, 1 oma
(ppm)

6708 granite source

Kf rim 411 523.2 2.270 0.708508 + 8 0.708124 + 9

Kf core 305 517.4 1.706 0.707771 + 14 0.707483 + 14

pl rim 104 502.1 0.5974 0.706255 + 10 0.706154 £+ 10

pl core 16.7 1112 0.0434 0.705576 + 9 0.705569 + 9

Kf 309 481.1 1.856 0.707954 + 9 0.707640 + 10

biot 960 31.66 88.78 0.829473 + 12 0.814470 + 151

6700 HIGH-A

pl 69.9 467.0 0.4332 0.707766 + 14 0.707693 £+ 14

anr 106 738.4 0.4152 0.708079 + 7 0.708009 + 7

6700 HIGH-B

anr 122 7272 0.4842 0.707882 + 10 0.707800 + 10

6707 LOW-A

san 157 378.8 1.199 0.708408 + 11 0.708205 + 11

pl 131 536.1 0.7048 0.707979 + 11 0.707860 + 11

biot res 94.0 180.2 1.509 0.708634 + 11 0.708379 + 11

Minerals of the granite were microdrilled from polished rock chips, whilst minerals of the melted granite were hand picked using a 100-250
pm fraction. pl = plagioclase; Kf = orthoclase; san = sanidine; anr = anorthoclase; biot res = residue after biotite breakdown. Details on

uncertainties as in Table 2.
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glasses and the granite source (tens of m’ scale)
(Fig. 3). Glasses LOW-A and LOW-B2 have a more
radiogenic Sr isotope composition than the granite
source at 11.9 Ma, whilst the opposite holds true for
samples HIGH-A1, HIGH-A2 and HIGH-B1, HIGH-
B2. The absolute A% Sr/ %St o\, between HIGH
and LOW glasses is up to 0.00106 £ 6 (LOW-B2
and HIGH-B2, Table 2). The Sr isotope heterogene-
ity is coupled, although to a lesser extent, with
differences in “*°Pb/ 2% Pb,, 4y, (Fig. 3), with glass
LOW-A having the most radiogenic composition. In
contrast, €Nd,, 4y, of glasses and granite source are
within error (Table 2).

5. Discussion

The isotopic heterogeneity on hand specimen scale
suggests negligible homogenisation of melts via vol-
ume diffusion and convection and hence offers the
opportunity to characterise the successive liquid
compositions produced during granite melting. Mix-
ing between putative high-silica melts, in isotope
equilibrium with the granite source, and the tra-
chyandesite magma could potentially account for
some of the observed isotopic variations. Calcula-
tions using Pb and Sr isotopes demonstrate, however,
that a mixing process is not able to reproduce the
isotopic characteristics of the glasses (Fig. 3), in
keeping with field observations indicating negligible
interaction between the trachyandesite and the gran-
ite melts. Our preferred explanation, which we ex-
plore in detail below, is that minerals of the granite
did not attain Sr and Pb isotope equilibrium during
the thermal event and consequently the glasses re-
flect isotope disequilibrium melting.

5.1. Thermal modelling

An estimate of the time-scale of the melting
process is critical in assessing the significance of any
isotope (dis)equilibrium. The rate of melt extraction
is also crucial, but does not apply to this particular
case since melts remained in situ. To estimate the
order of magnitude of the time-scale of melting we
used a simple one-dimensional explicit finite differ-
ence method (e.g., [28]). A granite block, 4 m wide,
was placed within the plug according to field rela-
tions. Time-dependent temperature profiles are re-

ported in Fig. 4, whilst thermal parameters and

boundary conditions are given in the caption. The

most pertinent conclusions from the thermal mod-

elling are:

1. the granite block inside the plug reaches the
solidus almost instantaneously (ca. 3 months);

2. the maximum temperature reached by the granite
block is ~ 1000°C after ca. 1.5 yr;

3. the country granite at the contact of the plug does
not reach the solidus, although the temperature at
1 m from the contact rises to > 700°C within a
few months;

1200
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400 |
~3 m'onrhs
200f Il 25 days
* /=0 \
0 e
-40 -20 0 20 40

distance (m)

Fig. 4. Temperature—space—time profiles of the cooling trachyan-
desite plug. Based upon field observations, the plug was assumed
to be emplaced instantaneously. The diameter of the plug was set
to 50 m, and a block of granite, 4 m wide, was allowed within the
plug. The finite difference array was oriented radially from the
centre of the plug to the far field boundary (500 m) in the country
rock at steps of 1 m. In order for the calculation to be mathemati-
cally stable [28], time steps were set to 5 days. Thermal parame-
ters are from Peacock [28] and Huppert and Sparks [29]. The heat
of crystallisation of the plug (400 kJ /kg) and the heat of fusion of
the granite (300 kJ /kg) were incorporated into the model, allow-
ing for variation in the effective thermal diffusivity, «
(trachyandesite from 9- 1077 t0 2.6+ 1077 m>s™ ', granite from
1-107% to 44-1077 m?s™', below and above the solidus,
respectively). The onset of melting in the granite was set at 850°C
on the basis of a pressure estimate < 0.5 kbar (e.g., [30,31]). This
estimate is based on field observations indicating that the plug
represents a near surface conduit and the granite was already
exposed on the surface prior to the Cenozoic basaltic magmatism
[21). The temperature profile for t=0 was initialised to the
temperatures of the trachyandesite magma and the country granite
as a function of the space steps. Magma intrusion temperature was
set to 1 100°C on the basis of estimates by Kaczor et al. {22] on the
eastern trachyandesite plug intruding the Rattlesnake Guich gran-
ite. The country granite temperature was set to a maximum value
of 50°C on the basis of the assumed pressure of melting.
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4. the temperature of the plug and at the contact
with the country granite remains above 500°C for
ca. 40 yr.

From experimental petrology data on granites
(e.g., [32]), the calculated maximum temperature of
~ 1000°C implies that the granite block should have
experienced high degrees of melting (but not total
fusion). This is consistent with the geochemical and
petrographic characteristics of the HIGH glass and
residual minerals.

The estimated temperature at the granite—plug
contact, however, does not reach the granite solidus.
This contrasts with field observations, indicating sig-
nificant degrees of melting (LOW glass, Table 1).
The reason for the discrepancy is probably due to the
assumed boundary conditions: (1) the chosen space
step of 1 m does not permit the determination of the
temperature within 1 m of the contact; (2) no ac-
count is taken of more complex geometries, such as
irregular and interfingering contacts, that could have
enhanced local melting; (3) the instantaneous injec-
tion model does not take into account magma flow
through the conduit. This third possibility would
maintain the contact temperature at the initial magma
temperature (1100°C) and consequently enhance
melting within the host granite. In addition, the
release of volatiles from both the trachyandesite
magma and biotite breakdown in the granite, could
have increased the confined volatile pressure along
the contact, thus decreasing the solidus of the granite
(e.g., [33D.

We can estimate the time-scale necessary to reach
the solidus within 0.5 m of the contact for a constant
flow of magma (i.e., maintaining the contact temper-
ature at the initial magma temperature) and solving
the relative analytical solution [34]:

X
T.=T |1—e 1
i magma [ rf( m )] ( )
(Dwhere T,,,p, is the initial magma temperature

remaining constant at the contact (x;=0 m); 7, is
the temperature in the country granite at distance x;
from the contact; erf is the error function; « is the
thermal diffusivity of the granite; ¢ is the time
elapsed from the intrusion. Eq. (1) indicates that,
after approximately 20 days of continuous flow, the

temperature at 0.5 m of the contact is > 850°C, the

solidus of the granite. In summary, the above expla-
nations, although not included quantitatively in the
thermal model, allow for some melting to occur
within a few metres of the plug—granite contact, in
keeping with field observations.

5.2, Isotope disequilibrium during anatexis

The essential requisite to assess the extent of
isotope (dis)equilibrium during anatexis is that the
relationship between the source rock and the melt
can be unequivocally identified. In addition to this,
the analytical problem of resolving isotope disequi-
librium is made easier in the case of ancient pro-
toliths (Archean or Proterozoic), consisting of miner-
als with a wide range of parent—daughter isotope
ratios (e.g., * Rb/ *¢Sr in feldspar and micas), which
have experienced a melting event in the recent past
(the last few million years). These conditions ensure
the attainment of large isotopic differences, coupled
with negligible isotopic age correction to the sam-
ples. It is also useful for the crustal sources to have
modal proportions of minerals, resulting in a bal-
anced distribution of the element to be studied iso-
topically (e.g., St).

In the case studied, the essential requisite is ful-
filled, although the other desirable conditions are
only partly met. For example, the time-scale between
the formation of the granite protolith and the melting
event is relatively short (At~ 80 Ma). The modal
proportion of biotite in the granite source is <6
wt% (Table 1), and hence < 0.7% of the bulk Sr
content has a highly radiogenic signature
(*7Sr/ #Sr,, gma = 0.8145, Table 3). Given these less
than ideal conditions, the Sr isotope heterogeneity
among the glasses (Fig. 3) is quite striking.
206pp / 24Pb, 4. heterogeneity among glasses is
also significant (Fig. 3), although not as extreme as
Sr isotopes. In contrast, the identical eNd,, g, Of
glasses and granite source is an expected result,
given the long half-life of *’Sm (106 Ga) and the
similar Sm~Nd ratios of major rock-forming miner-
als in the granite protolith.

The importance of accessory phases preserving Pb
isotope heterogeneities during anatexis was dis-
cussed by Hogan and Krishna [35]. Here, although
not neglecting the observed Pb isotope differences
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both within the glasses and between the glasses and
the granite source (Fig. 3), we shall focus on the
importance of major rock-forming minerals not at-
taining Sr isotope equilibrium during high-grade
thermal events as this isotope disequilibrium is the
most marked.

Rb-Sr isotope data on the glasses do not yield an
isochron (PV'IS‘VVD = 74, Table “?} 1v10i‘60'v’61’, the er-
rorchron of 3.6 + 0.5 Ma yielded by the two glasses
from subsample LOW-B (~70% younger than the
actual age), implies that, at the time of melting, the
glass fraction with lower Rb/Sr (LOW-B2) had
higher *'Sr/®Sr. This is the opposite to that ex-
pected if mixing with the trachyandesite magma

Table 4
Isochron regression caicuiations on giasses and minerais from the
partially melted granite

Age+20 MSWD
Mineral-Glass HIGH-A
anr, HIGH-A1, HIGH-A2 11.9+02 2.1
anr, pl. HIGH-A1, HIGH-A2 13+6 309
pl, HIGH-A1, HIGH-A2 1444 11.9
pl. HIGH-A2 13.74+0.2
pl. HIGH-A1 142402 -
Mineral-Glass HIGH-B
anr, HIGH-B1, HIGH-B2 11.9+02 0.02
Mineral-Glass LOW-A
biot res, LOW-A 126+0.1 -
san, LOW-A 13.5+0.1 -
pl, LOW-A 129+0.1 -
san, pl 61+4 -
san, pl biot res 58433 43
sai, pl UlUl ICS, L 1 O‘v‘v’-A 13 i 9 810
san, biot res 57+3 -
pl. biot res 517 -
Glasses
HIGH-A1, HIGH-A2, HIGH-BI, 14+1 74
HIGH-B2 LOW-A, LOW-B1, LOW-B2
LOW-BI, LOW-B2 3.6+05 -
LOW-A, LOW-B1, LOW-B2 12467 216
HIGH-A1, HIGH-A2 124408 -
HIGH-B1. HIGH-B2 12+1 -

A minimum uncertainty of +0.00254% was assumed for the
measured ¥ Sr /% Sr, based on the external precision of the stan-
dard (see Table 2). If the standard error (2 run precision) of an
analysis was > 0.00254%, then the higher value was used.
Isochron regressions were calculated with the software ISOPLOT
[36] and age estimates are at the 2o confidence level. pl=
plagioclase; Kf = orthoclase; san = sanidine; anr = anorthoclase;

biot res = residue after biotite breakdown.

(3]
[=<]

were the process responsible for the observed iso-
topic variations.

Glass—anorthoclase isochrons of subsamples
HIGH-A and HIGH-B are, however, within error of
the “’Ar-*Ar age (11.9 + 0.2 Ma for both HIGH-A
and HIGH-B, Table 4). This demonstrates that Sr
1sotope equxhbrium was attained on a very local

(~ £a atenc) Quibe mlog IITAILT_A 1 and
bbalC la ICW \«Ulll—llllCuCD/ QuUBdllllJ Lo} lll\Jll 1 auu

HIGH-B1 have lower Rb/Sr than the density-sep-
arated glass fractions HIGH-A2 and HIGH-B2. This
suggests that the former (hand picked directly after
sieving) could contain feldspar microlites nucleated
in isotope equilibrium with the host melt during
rapid cooling. The attainment of isotope equilibrium
in the residual anorthoclase grains is probably due to
their spongy texture, which resulted in a large sur-

face area between mineral and melit and an effective

diffusional radius < 50 pwm (based on SEM analy-

cis) Average chemical diffusion coefficient of Sr in

sis). Average chemical diffusion coefficient of Sr in
anorthoclase at 900-1000°C is ~ 5+ 107" cm? 57!
[3]. This implies that isotope equilibrium in these
grains has been attained in roughly 5 yr [37], in
keeping with the estimate of the time over which the
granite block has remained above 900°C (Fig. 4).
Despite anorthoclase having attained isotope equi-
fibrium on a local scaie, other residual feidspars of
the HIGH glasses did not (Tables 3 and 4), even

~ 1000°
LRVAVLV I N

lar, mineral—glass pairs from sample HIGH-A yield
geologically meaningless ages up to 20% higher than
the actual melting age (e.g., pl, HIGH-A2).
Mineral-glass and mineral-mineral isotope disequi-
librium within the partially melted granite along the
contact (LOW-A glass) is the most pronounced.
Calculated ages are as much as > 300% higher than
the melting age of 11.9 Ma, and tend towards the

Cretaceous EIllpldbcmCIll age of the gI'dIlllC

The Sr isotope compositions of minerals and
olaccpc at the time of mplnpg are shown in Fie. §.

2AQSSTS (B8 OF G ait 50110 i

These data clearly demonstrate that the residual
feldspars contain a population that did not attain Sr
isotope equilibrium during melting. An explanation
of Sr isotope disequilibrium is provided by the kinet-
ics of solid-state diffusion. On the basis of published
Sr diffusion coefficients [2—6], the almost instanta-
neous melilng event experienced by the graniie {ca.
3 months, Fig 4) is liable to have allowed negligible

recpnmo nf
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wiDUgN ICIIIPpeTadics icdania 111 paiticu-

Qr/86Qr among the majnr rock-for-
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Fig. 5. ¥Sr/%Sr vs. “Rb/%Sr at 11.9 Ma for the granite,
glasses and residual minerals. 2o errors are within the symbol
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ing would have caused the glasses and residual minerals to have
the same 87Sr/ 85Sr of the granite protolith (i.e. to plot along the
dashed line). In contrast, the glasses define a trend (grey arrow)
consistent with the model proposed in Fig. 6. Smaller symbols
refer to residual minerals from the corresponding glass: san=
sanidine, anr = anorthoclase, p! = plagioclase, biot res = residue
after biotite breakdown.

ming minerals. Consequently, the onset of melting in
the granite resulted in a liquid phase whose Sr
isotope composition depended on the relative propor-
tion of minerals contributing to the melt, along with
the solid—liquid distribution coefficient (K ) of Sr
for each mineral (i.e., the Sr budget provided to the
melt by each mineral).

As a schematic example, we show the composi-
tion of successive liquid fractions formed by biotite
and plagioclase melting in the case of no isotope
equilibration and considering each mineral separately
(Fig. 6). Liquid fractions will have *’Sr/ *Sr corre-
sponding to that of the mineral (biotite or plagio-
clase) from which they are derived (grey arrows).
The Rb/Sr will depend on the relative degree of
melting (e.g., F,,,,) and the K3 /K&® This means
that as F,; , — 0, the Rb/Sr of liquids originating
from biotite will be low and will approach that of
biotite as F,; , — 1. The opposite sense holds true
for plagioclase. The liquid fractions from plagioclase
and biotite melting, provided they are homogenised,
will exhibit intermediate *'Sr/%Sr and Rb/Sr
(dashed lines, Fig. 6), according to the relative Rb
and Sr budget provided to the melt by each mineral.
If incomplete liquid-state homogenisation occurs, or
the first melts are rapidly extracted from the source,

we would expect to find a succession of distinct
liquid fractions, originating from the same source,
that have variable Rb /Sr and *’ Sr / # Sr (thick curved
arrow). Only by chance, therefore, will the Sr iso-
tope composition of a given liquid fraction be identi-
cal to that of the source rock. The presence of other
major rock- forming minerals (e.g., K-feldspar) and
isotopic zonation (e.g., plagioclase core and rim,
Table 3) will complicate the diagram but not modify
the conclusion.

In the case studied, the presence of isotopically
distinct glass fractions is indicative of incomplete
homogenisation of the melts. The evolution pattern
of the glasses observed in Fig. 5, corresponds to that
predicted by the model (Fig. 6). The glass with
¥’Sr/ *Sr more radiogenic than the granite source
and with the highest Rb/Sr (LOW-A) represents a
liquid fraction originating at the onset of melting
from biotite breakdown. The two glass subsamples
with different magnetic susceptibility (LOW-B1 and
LOW-B2) represent different liquid fractions at the
onset of melting: the more magnetic fraction (LOW-
B2) has the most radiogenic *'Sr/ *¢Sr and a lower
Rb/Sr than the less magnetic fraction (LOW-B1).

hypothetical evolution
of successive liquids

87gr / 865y

87Rb / 86sr

Fig. 6. Schematic diagram illustrating the effects of Sr isotope
disequilibrium during anatexis. This model considers melting of
biotite and plagioclase without any isotopic resetting (see text).
Solid line = pre-melting isotopic relationship between plagioclase
and biotite (also reported is the composition of the hypothetical
whole rock). Grey arrows = compositions of liquids from biotite
and plagioclase considering a degree of melting of the relative
mineral (F,;,, ,,) from O to 1. Dashed lines = possible composi-
tions of mixtures of liquid fractions originating from biotite and
plagioclase melting. Thick curved arrow = hypothetical evolution
of successive liquid fractions if melts are rapidly extracted from
the source or are chemically isolated.
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This is consistent with LOW-B2 representing a lig-
uid phase produced from a greater proportion of
biotite (thus relatively more magnetic) contributing
to the Rb—Sr budget of the melt than LOW-B1 (Fig.
6). At higher degrees of melting the glass subsam-
ples HIGH-A and HIGH-B have less radiogenic
*’Sr/*Sr, although still higher Rb/Sr, than the
granite source. This implies that feldspars were the
dominant minerals contributing to the Rb—Sr budget
of these melt fractions.

6. Implications

The most significant result of this study is the
marked Sr isotope disequilibrium both within the
different glass fractions and between the glasses and
the granite source (Fig. 5). Undoubtedly, this geolog-
ical setting is atvpical of granitoid petrogenesis, in
that melts were frozen in the site of formation and
did not rise through the crust and form pluton-size
igneous bodies. However, this has enabled us to
study crustal melting in a geologic setting with an
unambiguous source—melt relationship, and to iden-
tify isotopically different liquids reflecting a disequi-
librium melting process. The important question
raised by these data is: to what extent is it possible to
extrapolate the results to the genesis of crustal melts
and. more generally, to studies of regional metamor-
phic terranes?

In general, the extent of isotope equilibration
between rock-forming minerals before the onset of
melting is mainly controlled by: (1) the time-scale
between the closure temperatures of minerals and the
onset of melting and (2) the rate of elemental diffu-
sion between adjacent mineral phases. After melting
is initiated, the main parameters controlling the ex-
tent of isotope equilibration are: (1) the duration of
high-temperature regimes above closure tempera-
tures; (2) the rate of melting; (3) the rate of meit
extraction; and (4) the rate of elemental diffusion
between mineral and melt phases.

The Sr isotope data on the glasses and granite
source demonstrate disequilibrium on both the out-
crop (a few tens of m’) and hand specimen (a few
dm?) scales. Recent studies on melt segregation in
the continental crust {38,39] provided evidence for
rapid extraction (10°~10"* yr) of small melt fractions

once the permeability threshold has been reached
(e.g., [40] and well below the rheologically critical
melt percentage (e.g., [41]). Consequently, incom-
plete isotopic resetting between adjacent mineral
phases before the onset of melting (as in our study),
coupled with rapid rates of melt extraction, will
prevent isotope equilibration after melting is initi-
ated. The net result is the production of isotopically
distinct batches of melts that do not mirror the
isotopic composition of the source region.

The generation of crustal melts by basalt under-
plating, a process akin to the case studied, occurs in
time-scales of 102-10° yr [29]. This is a rapid
process, significantly shorter than the time-scales of
10°-10" yr implied for the production of crustal
melts due to crustal thickening alone [42], and will
generally limit the possibility for isotope equilibra-
tion. Thus, anatexis by basalt underplating can poten-
tially produce melts in isotope disequilibrium with
their sources.

The temperature reached during melting of the
Rattlesnake granite, aithough for only 5 yr, was
extremely high (~ 1000°C), and uncommon during
anatexis caused by collisional tectonics [27,42). Con-
sequently, the diffusion coefficient of Sr in feldspar
should have been increased by approximately 34
orders of magnitude [2-6], relative to more typical
crustal melting temperatures (700-800°C). Despite
this fact, residual feldspars maintained Sr isotope
heterogeneities and melts are in strong isotope dise-
quilibrium with their source (Fig. 5). At temperatures
typical of anatexis in orogenic belts, diffusion calcu-
lations [37] establish that the time required to achieve
Sr isotope equilibrium in feldspar grains of medium
and coarse grained (0.1-1 cm) rocks is between a
few million and several tens of millions of years. In
feldspar porphyroblasts (> 1 cm) a time in excess of
100 Ma may be required. This suggests that isotope
disequilibrium during high-grade metamorphism and
anatexis may be important even in long lived (10%—
107 yr) regional metamorphic settings.

These observations have important implications
for the petrogenesis of granitoids. Closure tempera-
ture, and by inference diffusion coefficient, of Nd in
garnet [12~17] is comparable to or even higher than
that of Sr in feldspar (depending on the composition
of the latter), making this mineral liable to retain its
isotopic signature during thermal events even for
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tens of millions of years. This implies that old
garnet-bearing crustal sources can potentially pro-
duce melts with significant heterogeneities in terms
of Nd isotopes. As such, we cannot rule out a priori
that Nd isotopes, on which models to infer the ratio
of mantle vs. crustal components in granitoids rely
(e.g., [43]), are not susceptible to isotope disequilib-
rium during anatexis. Equally, current models for the
assimilation of crustal material by basalts [44] may
need to be re-considered, as also suggested by Kne-
sel and Davidson [10] and Tommasini and Davies
[11]. Furthermore, the preservation of isotopic het-
erogeneities between mineral phases during high-
grade thermal events prevents reliable radiometric
dating, because the fundamental assumption of iso-
tope equilibrium does not apply. Mineral-whole rock
or mineral-mineral pairs will yield erroneous ages
(Table 4), as observed in other geological settings of
high-grade terranes {(e.g., [45]). Clearly, a better as-
sessment of the extent of isotope (dis)equilibrium in
crustal rocks during high-grade thermal events is
critical to our understanding of igneous and meta-
morphic processes.
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