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with that of high-latitude ice cores may re- 
flect a nonlinear threshold response in atmo- 
spheric circulation patterns or in the hydro- 
logic system at this maritime mid-latitude 
site. The rapid return to baseline trace ele- 
ment values in stalagmite CC3 at 8310 ? 80 
years B.P. is consistent with a rapid reestab- 
lishment of North Atlantic THC (20) ending 
the cold, dry episode in Ireland. 
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Insights into Collisional Magmatism 
from Isotopic Fingerprints of 

Melting Reactions 
Kurt M. Knesel1* and Jon P. Davidson2 

Piston-cylinder experiments in the granite system demonstrate that a variety of 
isotopically distinct melts can arise from progressive melting of a single source. The 
relation between the isotopic composition of Sr and the stoichiometry of the 
observed melting reactions suggests that isotopic signatures of anatectic magmas 
can be used to infer melting reactions in natural systems. Our results also indicate 
that distinct episodes of dehydration and fluid-fluxed melting of a single, 
metapelitic source region may have contributed to the bimodal geochemistry of 
crustally derived leucogranites of the Himalayan orogen. 
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crustally derived leucogranites of the Himalayan orogen. 

The isotopic characteristics of melt and restite 
during anatexis have not been studied in detail 
in controlled laboratory experiments. It is as- 
sumed that the isotopic compositions of melts 
are given by the bulk composition of the proto- 
lith-an assumption that implies isotopic equil- 
ibration is attained between the melt and source 
minerals. Recent observations have called this 
assumption into question at shallow crustal pres- 
sures (1-3), leading us to extend the question to 
deeper levels in the crust. Here we report exper- 
imental results on dehydration melting involv- 
ing both muscovite and biotite and show how 
the results can be used to infer melting reactions 
involved in the petrogenesis of crustally derived 
granites of the Himalayan orogen. Such infor- 
mation is useful for understanding the role of 
fluids and the influence of deformation on 
anatectic melting during collisional orogenesis. 

Experiments were performed at 600 MPa 
and 850 to 1000?C in a piston-cylinder appara- 
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tus with the use of a diamond-aggregate extrac- 
tion technique (4). In a melt-extraction experi- 
ment, a thin layer of -50-pLm-sized diamonds is 
loaded on top of -300 mg of 75- to 100-pxm- 
sized grains of crushed granite in a graphite 
cylinder housed in a large-volume, thick-walled 
Ni capsule (5). The use of crushed granite rather 
than a fine powder or gel is a unique and im- 
portant aspect of the experimental design be- 
cause it allows us to simulate the influence of 
minerals on isotopic variations during melting. 
When brought to run conditions (6), partial melt 
from the crushed granite is driven into pore 
space in the overlying diamond powder by the 
transient pressure gradient between the two lay- 
ers. At the end of the experiment, quenched melt 
(glass) in the diamond layer is separated from 
the residual silicate (crushed granite) by section- 
ing with a diamond wafer saw. The glass is 
dissolved away from the diamond, and the Sr- 
isotopic compositions in the glass are measured 
by thermal ionization mass spectrometry (7). 

Variation of 87Sr/86Sr ratios of experimental 
melts as a function of the duration of the exper- 
iment shows that, for short durations, the isoto- 
pic composition of the melt is distinct from that 
of the bulk starting assemblage (Fig. 1). How- 
ever, the 87Sr/86Sr of the melt approaches that of 
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the initial crushed granite with increasing time. 
These results confirm that melt in the diamond 
layer remains chemically connected with the 
residual mineral assemblage via a network of 
melt along grain boundaries. This network, 
which is verified by petrographic inspection, 
serves as a diffusive pathway between the two 
reservoirs. 

The variation of 87Sr/86Sr ratios in the exper- 
imental melts, extrapolated to the onset of melt- 
ing as a function of temperature, shows a range 
of values dependent on the mineral phases in- 
volved in the melting process (Table 1). At 
850?C, the 87Sr/86Sr of the melt is lower than the 
bulk crushed granite because of the high con- 
centration of relatively unradiogenic Sr in the 
plagioclase consumed during dehydration melt- 
ing of muscovite. With increasing temperature, 
the 87Sr/86Sr ratio of the melt increases mono- 
tonically, though a step-wise increase is suggest- 
ed above 950?C due to the increased melting 
and dissolution of biotite. This trend is consis- 
tent with experimental observations on melting 
relations of metapelitic rocks (8), which show 
that melting at temperatures higher than those of 
the muscovite-out boundary is controlled by 
dissolution of alkali feldspar, followed by incon- 
gruent breakdown of biotite. This agreement 
suggests that, if the mineralogic composition of 
the protolith and the isotopic compositions of 
the constituent minerals are known, isotopic 
compositions of anatectic magmas can be used 
to infer melting reactions in natural systems. 

Before extrapolating our experimental re- 
sults to natural systems, it is worthwhile to 
comment on the homogenization of Sr isotopes 
during crustal melting. The time scales for iso- 
topic equilibration in our experiments range 
from weeks to months (Fig. 1) because of the 
small grain size (75 to 100 jLm) and relatively 
high temperatures (850 to 1000?C) in the exper- 
iments. In nature, residual minerals are generally 
one to two orders of magnitude larger than in 

REPORTS 

our experiments and anatectic temperatures may 
be as low as 700?C. Time scales of equilibration 
by diffusion are, therefore, protracted in the 
continental crust and are of the order - 106 years 
for typical synorogenic anatectic conditions (1). 
Given that low melt-fraction liquids may be 
extracted at rates as high as 2 m year'1 (9) over 
time scales as brief as 10 to 100 years (10), 
melt-source equilibration may not be attained 
before final extraction and ascent of granitic 
magma in the continental crust. 

Our experiments differ further from anatexis 
in nature in that the source rock was heated to 
melting temperatures in a matter of minutes, 
thus ensuring preservation of isotopic differenc- 
es among constituent minerals at the onset of 
melting. Theoretical considerations suggest that 
such heterogeneity may not survive prograde 
heating during collisional orogenesis (11), be- 
cause the time scales for thermal relaxation after 
crustal thickening are longer (>106 year) than 
those required to achieve isotopic homogeniza- 
tion by volume diffusion. Yet, recent studies of 
migmatites in the Hercynian anatectic complex 
of Toledo, Spain (12), and of pelitic gneisses of 
the Nanga Parbat-Haramosh massif in the west- 
ern Himalaya (13) show that Sr-isotopic heter- 
ogeneity can be preserved on the mineralogic 
scale before and during anatexis in some oro- 
genic terrains. Such disequilibrium may require 
rapid heating due to an external heat source, 
such as shear heating on major crustal shear 
zones (14) or input of mantle-derived heat (15); 
it could also suggest that isotopic homogeniza- 
tion may not be related to temperature through 
diffusion alone. Homogenization may instead be 
governed by complex factors that may vary 
even within a given sample, such as the degree 
and distribution of recrystallization and shear- 
ing, the nature of fluid flow, and the original 
mineralogic composition and textural character- 
istics of the protolith (13). In short, isotopic 
homogenization is not a ubiquitous consequence 

Fig. 1. Results of experiments per- 0.89 
formed at 600 MPa and 850?C -Wr- - - - - - - - - 
(diamonds), 900?C (squares), and 9500C 900?C 
950?C (circles). Starting materials 850oc 
comprised 14 wt. % biotite (30 0.88 - 850 

ppm Sr), 3 wt. % muscovite (41 
ppm Sr), 26 wt. % alkali feldspar 
(135 ppm Sr), 27 wt. % plagioclase I 0 / / 

8 

(288 ppm Sr), and 30 wt. % 0 0.879 .Sr/SSr 

quartz. The isotopic compositions /r 8 of the starting materials are re- 0.87 , 4 

ported in Table 1. Open symbols 0.86 - 0.85 
show approximate times for melts 
to attain isotopic equilibrium with 0.83 Time (days) 
the source rock (dashed line la- 1 10 100 
beled Wr) based on exchange with 0.85 I I 
residual biotite, assuming kinetic 0 10 20 30 40 50 60 
data for Sr diffusion in (27) and Time (days) 
the simple relation t = a2/D. 
Agreement between power-law fits to the time series data and calculated equilibrium results confirms 
that segregated melt remains chemically connected to the underlying residual silicate. Experiments at 
1000?C are not shown because they plot above the whole-rock composition, due to the large 
contribution of radiogenic Sr from biotite. Inset shows regression of time series data used to extrapolate 
initial melt compositions in Table 1. 

of prograde metamorphism preceding anatexis, 
and the consequences of isotopic redistribution on 
anatexis are, therefore, well worth examining. 

We used experimental constraints on melt- 
ing reactions of likely protoliths (8) and our 
experimental data to model isotopic composi- 
tions of melts parental to leucogranites of the 
Himalayan orogen, some of the best-known ex- 
amples of pure crustal melts (16). A striking 
feature of these granites is their bimodal isotopic 
and trace element geochemistry (14, 17), per- 
haps best exemplified by the well-studied Man- 
aslu intrusive complex (Fig. 2). This heteroge- 
neity has been attributed to mixing between two 
source components, delimited by metapelitic 
and metagreywacke end members (14, 17). We 
propose an alternative model whereby differenc- 
es in the nature and, therefore, the stoichiometry 
of melting reactions give rise to variations in 
Sr-isotopic compositions of granitic melts from 
a single metapelitic source, as we have shown in 
our experiments. 

A growing consensus has emerged that rec- 
ognizes the leucogranites of the high Himilaya 
were generated by dehydration melting of mus- 
covite-bearing metasediments (18). These melts 
may be expressed by the reaction (8) 

22Muscovite + 7Plagioclase + 8Quartz 

=25Melt + 5Alkali feldspar 

+ 5Sillmanite + 2Biotite (1) 
Using a typical kyanite-grade, two-mica 
schist from the high Himalayan crystalline 
series (8) as a model protolith, we find mus- 
covite-dehydration melting by reaction 1 pro- 
duces liquid with an 87Sr/86Sr ratio less than 
the source rock (Fig. 2; solid circles), near the 
average value for the relatively low Sr [<65 

Table 1. 87Sr/86Sr ratios of starting materials and 
experimental melts extrapolated to the beginning 
of melting by least-squares regression of time 
series data (+ l). The isotopic composition of the 
bulk starting material (whole rock) represents the 
mean (+1o-) of three dissolutions of 300 mg of 
the crushed granite. The isotopic ratios of the 
mineral phases in the crushed granite are from (2). 
Analytical uncertainties (2a SD) of measured ra- 
tios reflect the long-term reproducibility of SRM 
987 (7), except for biotite, where the within-run 
standard error is reported. 

Temp. (IC)/ 87Sr/86Sr Error 
phase 

Extrapolated (initial) melt compositions 
850 
900 
950 
1000 

Whole 
Plagio( 
Alkali 
Musco 
Biotite 

0.827 0.003 
0.845 0.002 
0.851 0.003 
0.938 0.005 

Starting materials (crushed granite) 
! rock 0.8884 0.0002 
clase 0.79065 0.00002 
feldspar 0.89082 0.00002 
vite 0.97507 0.00002 

~ ~ 3.4293 0.0003 
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REPORTS 

Fig. 2. Comparison of Sr-isotope com- 0.77 
positions of dehydration and H2O- 23Ma granites 
fluxed melts with leucogranites from d rock 
the Manaslu intrusive complex (Ne- Ms-dehydration melts 
palese Himalaya) for which monazite 0.76- /1i%11i' 20% 
crystallization ages have been deter- c~ / i 0 

mined by Th-Pb ion probe dating (14). - 10 
Leucogranites (outlined fields) are 19Ma granites 

grouped into low-Sr (-65 ppm) and o 075- 
high-Sr (>80 ppm) fields dated at 23 10% 15% 202- 25% 
and 19 Ma, respectively. The average j 
composition of each episode of mag- 074 - 
matism is denoted by an open circle. H20-fluxed melts 

Isotopic ratios of plagioclase and mus- i I 
covite used in melting models repre- 40 60 80 100 120 
sent 87Sr/86Sr calculated at 23 and 19 Sr ppm 
Ma (28). Muscovite-dehydration melt- 
ing at 23 Ma produces melts (solid circles) with 87Sr/86Sr ratios less than schistose source rock 
(solid diamond) and Sr concentrations (29) spanning the low-Sr field at low to moderate melt 
fractions. Melt fraction is labeled in %. Water-fluxed melting at 19 Ma yields lower 87Sr/86Sr liquids 
(solid squares), which span the high-Sr field at relatively high melt fractions. 

parts per million (ppm)] Manaslu granites 
(Fig. 2; open circle). Though our experiments 
support this result (Table 1), we note that the 
calculated melt compositions represent hypo- 
thetical end members given that individual 
minerals would have been partially reset be- 
fore anatexis, albeit to an unknown extent. 

Although it accounts adequately for the 

high-87Sr/86Sr, low-Sr granites (Fig. 2), mus- 

covite-dehydration melting of a pelitic source 
cannot account for production of the granites 
with relatively high Sr concentrations (>80 
ppm) and low 87Sr/86Sr ratios. In contrast, 
H20-fluxed melting, which may be expressed 
by the reaction (8) 

9Muscovite + 15Plagioclase + 7Quartz + 

xH2O = 31Melt (2) 

where x is the stoichiometric coefficient for 

H20 added to the experiment, consumes pla- 
gioclase in greater proportion than musco- 
vite, and therefore produces higher Sr melts 
with 87Sr/86Sr ratios lower than muscovite- 

dehydration melting (Fig. 2; solid squares). 
This result alleviates the need to invoke a 
different source composition to account for 
the Sr-isotope signatures of the relatively 
high-Sr granites and provides support for a 
role for water in the generation of some 

Himalaya leucogranites (19). Moderately 
high melt fractions [-20 to 25 weight percent 
(wt. %)] are required to yield appropriate 
trace-element concentrations (Fig. 2), which 
is consistent with experimental constraints 

indicating that hydrous melting at mid-crustal 

depths generates granitic compositions only 
if melt fractions are high enough to require 
substantial breakdown of muscovite (8). At 
low melt fractions ('-10 wt. %), H20-fluxed 
melts are trondhjemitic. 

Disequilibrium compositions, such as those 

proposed here, may be an inevitable result of 

rapid production, extraction, and ascent of 
anatectic melt in dynamic orogenic environ- 
ments (10). During Himalayan anatexis, shear- 

enhanced compaction (20) as well as feedback 
mechanisms between melting and deformation 

(21) may have promoted rapid extraction of 
anatectic liquids at low to moderate melt frac- 

tions, thereby arresting isotopic exchange be- 
tween melt and source before complete equili- 
bration. The melt residence times calculated 
from accessory-phase dissolution rates, which 
indicate that some Himalayan leucogranites 
may have been extracted in less than 7 thousand 

years (ky) (22), support this suggestion. For 

anhydrous conditions, high dilational strain 

generated by muscovite-dehydration melting 
(23) may have further encouraged melt segre- 
gation. In contrast, reduction in volume during 
hydrous melting may hinder complete extrac- 
tion (24), thereby favoring isotopic equilibra- 
tion of the residual melt fraction. Inasmuch as 
hydrous melting may lead to migmatitic struc- 
ture, apparent Sr-isotopic homogenization of an 
anatectic migmatite from the Zanskar Himalaya 
(11) supports this scenario. 
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where Co is the concentration in the initial solid, CL is 
the concentration in the liquid, Do is the bulk solid- 
liquid distribution coefficient weighted according to 
the modal assemblage in the source, F is the degree 
of melting, and P is the bulk distribution coefficient 
weighted according to the proportion of phases en- 
tering the melt. The effect of product mineral growth 
on melt chemistry during incongruent breakdown of 
muscovite was accounted for by replacement of P in 
the equation above with Q (26) 

p - 
pa. tk' 

Q= 
1 -p (1-t) 

where p, is the mass contribution of phase i to the 
liquid, t, is the mass fraction of the incongruent phase 
contributed to the liquid and product mineral phases. 
Sr-partition coefficients are given in (18). 
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