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cell volume increases as pressure decreases; 
the lat~ice parameter was estimated to be 
4.035 A at 37 GPa. 

Transmission electron microscopy 
(TEM) images were taken with a Hitachi 
H-800 transmission electron microscope. 
These crystallites of GaN have an  average 
size of 32 nm and display a uniform shape 
(Fig. 2A).  High-resolution electron ini- 
croscopy (HREM) images of GaN particles 
were taken on a JEOL-2010 transinission 
electron microscope. In Fig. 2B, the (001) 
lattice fringes of GaN in the wurtzite 
structure appear frequently, indicating the 
preferential orientation of the platelike 
GaN particles. The  areas marked by ar- 
rowheads ( A  and B) in Fig. 2C represent a 
typical structural image of [I001 and [I101 
orientations, respectively, of GaN in the 
rocksalt structure. 

Photoluininescence (PL) spectra of the 
nanocrvstalline GaN were measured in a 
~ i t a c h i  850 fluorescence spectrophotolneter 
with a Xe lamp at room temperature. The 
excitation wavelength was 254 nm, and the 
filter wavelength was 310 nm. The PL spec- 
trum (Fig. 3 )  consists of one broad emission 
feature at 370 nm, which is in agreement 
with that of the bulk GaN (1 2). This result . . 
indicates that the as-prepared GaN is too 
large for quantum confinement, and in fact 
the Bohr exciton radius for GaN is 11 ntn, 
which could be calculated according to (1 3). 
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Max W. Schmidt* 

Petrological experiments on oceanic crust samples characterize the recycling of po- 
tassium from mid-ocean ridge basalts and sediments. Metasomatism could develop 
directly and continuously from subducted potassium-bearing crust from shallow levels 
to a maximum depth of 300 kilometers. Phengite (a potassium-rich mica) is the principal 
potassium host at subsolidus conditions. It transports potassium and water to depths 
of up to 300 kilometers and could yield over the entire depth range potassium-rich fluids 
or melts (depending on the specific geotherm), which are likely to constitute one of the 
primary metasomatic agents for generation of calc-alkaline magmas. 

Continental  crust is growing mainly 
through calc-alkaline magmatism, which is 
related to destructive plate boundaries. 
Calc-alkaline inaernatisin from volcanic 
arcs is generally considered to forin through 
partial melting of the mantle wedge after it 
has been fluxed with fluids or melts (1-3). 
These inetasolnatic fluids or inelts carry wa- 
ter, potassium, and other large ion litho- 
phile (LIL) elements such as Rb, Ba, Sr, and 
Th.  Concentrations and isotopic composi- 
tions of U, Th,  Pb, B, and Be in calc- 
alkaline maginas reflect derivation from 
subducted oceanic crust and sediments (1) ~, 

and indicate that the metasotnatic agent 
originated from the subducted slab (4). A 
systematic increase of K in volcanic arc 
magmas is coin~nonly observed with in- 
creasing depth of subduction zones below 
arc volcanoes [the so-called K-depth rela- 
tion (5)]. In most cases, this relationship is 
accompanied by a systelnatic increase in the 
abundance of trace elements such as the 
light rare earth elements (LREEs), Hf, Zr, 
Nb, Th,  U, and Pb (6, 7). In this paper, I 
use a series of experiinents to explain the 
mechanism for transporting K 2 0  to depth 
and to understand the generation of K-rich 
lnetasoinatic flu&. 

I performed 51 experiments on mid- 
ocean ridge basalts (MORB) and andesite 
bulk compositions (8) (Table 1 and Fig. 1). 
For experiments at pressures above 4.0 GPa, 
I used a MA-8 inultianvil apparatus. The 
assemblage was composed of prefabricated 
pyrophyllite gaskets, MgO-octahedra with 
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an edge length of 18 mtn, and a stepped 
graphite heater. Temperature gradients 
were 20' to 40°, pressure was accurate to 
24%.  For ex~eriments below 4.0 GPa. I 
used an end-loaded piston cylinder with a 
full salt asseinblv. Run times of 24 to 38 
hours for the inu'ltianvil experiments (rela- 
tively high pressures and temperatures) and 
200 to 350 hours for the viston cvlinder 
experiinents (relatively low' pressurks and 
temnperatures) were necessary to produce al- 
most hotnogeneous phases, only garnets 
peserved cores of relict seed compositions. 
Run vroducts were analvzed bv electron 
microprobe; the presence of stnall quantities 
of melt was determined by secondary elec- 
tron microscopy. 

In MORB, andesite [or greywacke (a)]  
(Fig. I ) ,  the principal K-bearing phase ob- 
served at subsolidus conditions was pheng- 
ite (a white mica). It forined at low pres- 
sures (<1.5 GPa) and remained present 
until 9.5 to 10.0 GPa (750" to 105OoC, Fig. 
1). In the experiments, the silica content of 

Table 1. Basaltlc (KMB) and andesitic (RPR) stari- 
ing materlal compositions (8) and averages (av) for 
MORB (22) and greywackes (GW) (23). 

T~O; 

Fez03 
FeO 
MnO 
M9O 
CaO 
Na20 
K2O 
Total 

KMB av-MORB RPR av-GW 
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phengite increased continuously with pres- 
sure from 3.5 Si per formula unit (pfu) (9) 
(2.5 GPa and 700°C) to 4.0 Si pfu (9.0 GPa 
and 900°C; Table 2). Phengite approached 
its compositional limit, that is the maxi- 
mum Si content of 4 Si pfu, and decom- 
posed with increasing pressure when it 
could no longer accolnodate a further in- 
crease in Si. At  pressures representing 
depths greater than 110 km, omphacite (a  
sodic-calcic clinopyroxene) became an im- 
portant K host in addition to phengite. 
Potassium-clinopyroxene component in 
omphacite increased from <0.5 mol% (2.5 
GPa) to as much as 6 mol% at 10.5 GPa 

(900°C; Table 2); thus, olnphacite can in- 
corporate significant amounts of K at great 
depths in subduction zones (10). 

When the wet solidus of MORB was 
achieved with increasing temperature 
(=1050°C at 9.0 GPa), phengite disap- 
peared rapidly, resulting in 3 to 5% by 
volume of a K-rich liquid. Small euhedral 
newly formed garnets were observed in in- 
terstitial melt patches. The wet solidus for 
K-bearing MORB is located at temperatures 
100" to 200°C lower than the wet solidus 
for synthetic K-free MORB [970° to 
1160°C at 4.5 to 6.5 GPa ( I  I ) ,  Fig. 21. The 
experimental results suggest that the solidus 

600 700 800 900 1000 1100 1200 

Temperature ("C) 

Fig. 1. Pressure-temperature p 400 

Table 2. Mean values of mlcroprobe analyses of experimental products from MORB bulk composition 
(24). P, pressure, T, temperature 

Pheng~tes Omphac~tes 
K-hollandlte 

diagram of experiments on 
basaltic (diamonds, quadran- 12 

gles, and crosses) and 

P (GPa) 
T i°Ci 

- + - 

- - 

~, 

SiO, 
A'ZO, 

FeO 

andesitic (circles and horizon- 
tal bars) composit~ons. All 0- 300 

filled symbols represent 
phengite, circles and dia- - 

monds indicate lawsonite also 3 - coesite - 
E 

present, and open symbols in- - - Y 
dicate liquld. Experiments at s d P 

650°C from (76, 18). Assem- $ 200 

- z 
blages all include garnet, cli- ; - - 

nopyroxene, and at subsoli- 
dus conditions an SiO, phase. - 

MgO 
CaO 
Na20 
K2O 
Hz0 
Total 
Si 
Al 
Fell1 
Fell 
Mg 
Ca 
Na 

Zcations 

of K-bearing MORB is defined by incongru- 
ent melting of phengite through the reac- 
tion phengite + coesite + omphacite = 
garnet + melt. Experiments on tnetapelites 
(12) and greywackes indicate that this sub- 
solidus reaction also occurs in these compo- 
sitions in that subsolidus assemblages are - 
identically phengite + coesite + omphac- 
ite + garnet. 

The subduction historv of h i ~ h l v  soluble 
u ,  

elements such as is directly relat- 
ed to fluid content. In nature, fluid satura- 
tion is to be expected because dehydration 
reactions liberate fluid during prograde 
metamor~hism. However, the auantitv of 
free fluid phase present in the iescending 
oceanic crust is expected to be small (in 
fluid inclusions and intergranular fluids), 
and most of the fluid will ascend. Experi- 
mentallv. the natural situation is best sim- , , 
ulated with low fluid contents sufficient t~ 
saturate the system but with only a small 
quantity of free fluid (13). I thus perfortned 
experiments with 1, 2, or 5% H 2 0  per 
weight. A t  pressures above the phengite 
breakdown (>10.0 GPa), experiments with 
low H 2 0  content (1% by weight) yielded 
almost pure KAlSi,O, (K-hollandite struc- 
ture; Table 2) instead of phengite. In ex- 
periments with more than 1% H,O by 
weight, K-hollandite or any other solid K- 
bearing equilibriuln phase was not observed 
as a breakdown oroduct of ~hene i te .  In- " 

stead, submicrometer to 10 p m  K-bearing 
silicate phases appeared abundantly at grain 
boundaries between garnet and clinopyrox- 
ene. These phases obviously precipitated 
from the fluid vhase. This observation in- 
dicates that K was strongly partitioned into 
the fluid phase and is interpreted as evi- 
dence of the breakdown of phengite to om- 
phacite + garnet and a K-rich fluid (14). 

The  exoeriments show that vheneite, " 

and at higher pressure K-hollandite and 
also omphacite, can carry K to great 
depths in subduction zones, but that any 
fluid resulting from phengite breakdown 
will be strongly enriched in K (and other 
mobile elements such as Rb, U, Pb, and 
B). Consequently, fluids passing through, 
or arising from, subducted oceanic crust at 
great depth may leach some of the K from 
this crust during prograde metamorphism. 

Tatsumi (2 ,  7) proposed that descend- 
ing oceanic 'crust released all its potassium 
when amphibole broke down at -2.5 
GPa. This release led to subsequent meta- 
somatism of the overlvine mantle wedee , u " 

and transpottation of K 2 0  through mantle 
phases such as phlogopite or K-richterite. 
My experiments suggest an  alternative 
mechanism for burying K 2 0  in subduction 
zones. Minor amounts of K-rich sediments 
and abundant K-poor hydrated basaltic 
and gabbroic crust will lose a small 
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amount of K into fluids generated during 
initial partial dehydration at shallow lev- 
els (< lo  km). Blueschists represent a part 
of the slab that was subducted beyond 
conditions of such low-temperature alter- 
ation. These rocks document that the de- 
scending crust still contains 3 to 6% H 2 0  
by weight at depth of 10 to 50 km and that 
an essentially unchanged bulk chemistry 
with regard to their protoliths is main- 
tained (15); a substantial loss of potassium 
did not occur during low-T alteration. In 
blueschists, most K present is contained in 
phengite (15). At greater depth, phengite 
coexists with sodic-calcic amphibole (1 6), 
which contains only minor amounts of K 
(50.3% in weight (1 6)]. Thus, at 2.5 Gpa, 
most of the K is still stored in phengite 
and K and also H 2 0  is carried to depths in 
excess of the amphibole breakdown [70 to 
75 km (1 6-1 8) at temperatures of 550" to 
700°C]. The presence of minor amounts of 
phengite in metabasalts and major 
amounts of phengite in metasediments 
from eclogite terraines where coesite was 
reported (19) documents that K is re- 
tained in subducted crust to conditions 
beyond depths of 90 km. For depths of 75 
to 300 km, mass balance calculations 
based on experimental mineral composi- 
tions reveal that with increasing pressure 
during subduction, omphacite (40 to 55% 
by volume) could store almost all potassi- 
um present in a MORB bulk composition. 
Thus, the final phengite breakdown at 
depths of 300 km would release only minor 
K and H 2 0  in MORB. However, from 100 

Fig. 2. Phase relationships 
and dehydration paths of 
subducting lithosphere. 
Typical pressure-tempera- 
ture paths for cold and warm 
subduction zones are 
shown (3, 20, 25). Solidus 
for basalt at pressures be- 
low 2.0 GPa from (26);, am- 
phibole, chlorite, epidote/ 
zoisite and lawsonite phase 
boundaries from (18). Soli- 
dus for metapelite from (27) 
(stippled line). At depths 
greater than 110 km, melt- 
ing in basalts, greywackes, 
and metapelites occurs 
through the same solidus re- 
action at similar pressure- 
temmrature conditions (see 

to 300 km. when K-om~hacite forms con- 
tinuously from phengite' through the reac- 
tion phengite = KA1Si20,-clinopyrox- 
ene + enstatite + coesite + K-rich fluid, 
K will be continuously released from the 
subducted crust through solution in fluids. 
In contrast to MORB bulk compositions, 
pelites (12) or greywackes with higher 
K 2 0  contents (1.4 to 4% by weight) and 
lower om~hacite abundances (20 to 30% 
by volume) may still have significant 
amounts of phengite (10 to 35% by vol- 
ume) at 300 km depth (10 GPa). Thus a 
pulse of K-rich fluid is generated in sedi- 
ments at depths of -300 km when K-hol- 
landite + K-rich fluid form from phengite. 
At greater depths, the descending crust is 
almost completely dehydrated and should 
not cause further K-metasomatism. 

The mechanism described above applies 
to subduction zones where thermal condi- 
tions remain in the subsolidus region. For 
hot subduction zones (3,20) it appears that 
the solidus is reached at depths between the 
amphibole breakdown and the phengite sta- 
bility limit, that is, between 70 and 300 km 
(Fig. 2). In such a case, phengite melts 
incongruently and generates K-rich melt. 
This melt could metasomatize the overlying 
mantle wedge. The exact depth of this 
melting process depends on the specific 
geotherm of an individual subduction zone. 

At blueschist conditions, phengite is 
the principal host of Rb, Ba, B, and Be 
(21). Be, B, and Pb isotopes show that 
calc-alkaline arc magmas have a crustal 
component dominated by altered MORB 

phengb 

' K-hdlandRe 
cold M 

textj. In extremely cold sub- rlah K-rich fluM 
350 

duction zones lawsonite (18) I I I 
12 

and phengite will be stable 
to 300 km, at intermediate conditions, only phengite persists to 300 km. In warm subduction zones, 
oceanic crust will melt between 70 and 300 km because the solidus reaction is almost parallel to 
possible pressure-temperature paths, small dierences in thermal structure will cause large differences 
in melting depth. As can be seen from this diagram, individual subduction zones will have very dierent 
phase assemblages during dehydration and different pressure-temperature conditions of final dehydra- 
tion or melting as a function of the thermal regime. 

(mixed with minor sediments) ( 4 ) .  A rel- , . . ,  
ative increase of K and LIL elements in 
the crustal comDonent of arc maematism 
with increasing hep& could be explained 
by the role of phengite relative to other 
hydrous phases during dehydration or 
melting of subducted crust [a similar mod- 
el has been deduced from geochemical 
arguments (6)J. At shallow to intermedi- 
ate depths ( ~ 1 1 0  km) the fluid produc- 
tion history of subducted oceanic crust is 
dominated bv dehvdration of K-free  has- 
es such as chlorite, epidote or zoisite, law- 
sonite, amphibole, and chloritoid (18). At 
larger depths, phengite is the dominant 
hydrous phase in subducted crust [in ex- 
tremely cold subduction zones lawsonite 
also occurs (18); Fig. 21, and thus controls 
the dehydration or melting process at 
depths larger than 110 km (Fig. 2). As a 
consequence, metasomatism generated 
from oceanic crust in large depth is ex- 
pected to be enriched in K. 
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method presented by Schrag and DePaolo 
(4). T h e  change in 61",,v caused by chang- 
es in continental ice volume through the 
Pleistoce~le represents a periodic boundary 
condition for the sediment-pore fluid sys- 
tem. This variation diffi~ses dowll from the 
sea floor, leaving a profile of S1" versus 
depth in the pore fluid that is a record of 
the SIQ history of the overlying seawater. 
T h e  S'"s,,, during the LGM can be recon- 
structed with the use of a niunerical model 
to calculate the attenuation of the signal as 
long as high-precision, high-resolution pore 
fluid data are available. 

Pore fluids were salnpled during Leg 154 
of the Ocean Drilling Program (ODP) from 
Site 925, drilled at a water depth of 3041 m 
on  the Ceara Rise (4"12'N, 43'29'W) (5). 
T h e  oxygen isotope data (6) identify a peak 
in 6180 between 20 a ~ l d  35 m below the sea 

Pore Fluid Constraints on the Temperature floor (Fig. 1).  T h e  6180 values are constant 
at  -0.02 per mil in the first 7 In. From 10 

and Oxygen Isotopic Composition to 20 m, the sl" values increase to 0.18 

of the Glacial Ocean per mil, followed by a plateau from 20 to 
35 In .  Below 35 111, the 6'" values decrease 

Daniel P. Schrag, Gretchen Hampt, David W. Murray 

Pore fluids from the upper 60 meters of sediment 3000 meters below the surface of 
the tropical Atlantic indicate that the oxygen isotopic composition (6180) of seawater 
at this site during the last glacial maximum was 0.8 t 0.1 per mil higher than it is today. 
Combined with the S 1 8 0  change in benthic foraminifera from this region, the elevated 
ratio indicates that the temperature of deep water in the tropical Atlantic Ocean was 
4°C colder during the last glacial maximum. Extrapolation from this site to a global 
average suggests that the ice volume contribution to the change in S 1 8 0  of foraminifera 
is 1.0 per mil, which partially reconciles the foraminiferal oxygen isotope record of 
tropical sea surface temperatures with estimates from Barbados corals and terrestrial 
climate proxies. 

Pleistocene oxyeen isotoue records of fora- , L, 

~ninifera in deep sea sedi~nents reflect 
changes in ocean temperature and in the 
oxygen isotopic composition of seawater 
(6180,,,) over glacial cycles. Cooling during 
glacial episodes illcreases the mass-depen- 
dent fractio~lation of oxygen isotopes be- 
tween water and calcite, resulting in higher 
S1'O values of carbonate microfossils. T h e  

per mil (1 ), 1s a n  ilnporta~lt step toward 
understandirig Pleistocene c l i~nate  change. 

T h e  generally accepted estimate for the 
contribution of ice volume to the change ill 
6'" of foraminifera1 calcite is 1.3 per  nil 
( 2 ,  3),  which implies that the deep ocean 
was 2°C cooler during the LGM. W e  sug- 
gest a revision of this estimate based o n  
measurements of deep sea pore fluids using a 

to a lninimurn of - 1.75 per mil at a depth 
of 569 m. 

W e  lnodeled the data by i~sing the peri- 
odic change in 61"5, with time at the 
sediment-water interface given by benthic 
6180 records for ODP Site 677 (7) a ~ l d  
Core V19-30 (8). W e  assumed that the 
relative contributions of temperature and 
S1",_ to the benthic 6'" records were 
constant w ~ t h  time and adjusted the ampli- 
tude of those records in multiple calcula- 
tions with glacial-interglacial cha~lges in 
S1"O,,, of 0.7, 1.0, and 1.3 per mil. T h e  
decrease in S1"O,,, over the last 20,000 
years was calculated from the Barbados sea 
level curve ( 2 ,  9 ) .  T h e  effects of sedimen- 
tation (-30 cm per 1000 years at  Site 925) 
and chemical reaction were not  considered 
because they are too slow over the time 
period to affect the calculations. W e  used 
dif f~~sion coefficients from rneasured values 
of the se l f -d i f f~~s io~~  of water (10) (adjusted 
for tortuosity i~sillg the square of the mea- 
sured porosity) and a bottom-water temper- 
ature of 3°C (1 1 ). T h e  diffusion coefficient 

growth of large ice sheets on  c o ~ ~ t i ~ ~ e n t s  
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&creases the "o/'~o ratio of seawater, also ~ i ~ .  1. oxygen isotope data 6 1 8 0  (per mil SMOW) 
resulting in higher 6'" values for carbon- on pore fluids [relative to -2.0 -1.5 -1.0 -0.5 0.0 0.5 6 1 8 0  (per mil SMOW) 

0~ ate microfossils. De te r l l~ i l~ i l~g  how much standard tnean ocean water 
each of these components contributes to (SMOW)] from Site 925, 
the total change in 6180 of foraminifera plotted versus depth, Error 
since the last glacial maximum (LGM), data in  the upper 60 
which for bellthic foramillifera averages 1.7 represent One  standard z "@ 

deviation of four replicate 2 
measurements. c, 300- 

D. P. Schrag, Department of Geological and Geophysical z 
Sciences, Princeton University, Princeton, NJ 08544- 400, 

1003, USA. 
G. Hampt, Institute o i  Marine Sciences, University of Cal- 

5 0 0  
~fornia, Santa Cruz, CA 95064, USA. 
D. W. Murray, Department of Geological Sc~ences, 
Brown Unvers~ty, Providence, RI 0291 2, USA. GOO 

I I - . 
P . . . . . . 

. 

L .  ' -010-0.05 0.00 0.05 0.10 0.15 0.20 0.25 - - .  




