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Melting of subducted oceanic sediment is considered to play a key role
in the generation of the arc magmatic signature. We have carried out
an experimental study on hydrous melting of trace element-doped
radiolarian clay at 3GPa and temperatures from 700 to 1250°C;
7-15wt Y H,0 was added to the sediment to simulate the effects
of flushing by fluids derived from underlying dehydrating lithologies,
such as serpentinites. Melting begins at ~750°C owing to the break-
down of phengite + clinopyroxene + coesite and a hydrous melt coex-
usts with mostly garnet + kyanite = quartz up to around 1250°C.
Rutile and Fe—Ti oxides are present to ~1000°C. Very high degrees
of melting occur at relatively low, supra-solidus temperatures (e.g.
with 15wt % added H50, the clay is ~54% molten at 800°C), in
marked contrast to fluid-absent melting of similar rock compositions,
which yields negligible melt fractions (<~0% ) for similar tem-
peratures. A particular focus of this study is residual monazite,
which preferentially incorporates light rare earth elements ( LREE)
and Th, thereby exerting a powerful control on the Th/La ratio of
sediment-derived fluids and melts. In contrast to previous studies,
we find that Dy,1,, varies widely and can be significantly above or
below unity. Our dataset suggests that this pattern arises because
the various members of the monazite solid solution series are influ-
enced independently by different parameters. We also demonstrate
that monazite—melt partition coefficients based on doped expert-
ments cannot be used uncritically to predict fractionation processes
in nature because of monazite—huttonite solid solution. However, ex-
trapolation of our results to natural concentration levels suggests frac-
tionation of Th from La in the presence of monazite in most cases.
We propose that a solid residue with little or no residual monazite
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is needed to explain a wide range of geochemical features of arc
magmas, including Th/La ratios. A monazite-free residue can be
achieved at relatively low sub-arc temperatures provided that enough
water is made available (e.g. through antigorite breakdown) to pro-
mote sufficient melting to dissolve the entire LREE + Th budget of
the sediment.

KEY WORDS: subduction; sediment; monazite; Th/La; U/Th
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INTRODUCTION

Subduction progressively heats and compresses relatively
low-temperature lithospheric materials through a succes-
sion of metamorphic reactions, releasing HyO-rich fluids
or melts, and certain trace chemical components, to the
overlying plate. Conceptually, the process of subduction
zone magmatism is widely accepted; however, some key
details remain poorly known. For example, there is a conti-
nuing debate in the literature about the nature of the liber-
ated fluids that are ultimately responsible for arc
magmatism (siliceous fluids, hydrous melts, supercritical
fluids), and on their origin [serpentinized lithospher-
ic mantle, hydrated mid-ocean ridge basalt (MORB),
oceanic sediment] (e.g. Pawley & Holloway, 1993;
Ulmer & Trommsdorff, 1995; Schmidt, 1996; Elliott
et al., 1997; Tatsumi & Kogiso, 1997; Class et al., 2000;
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Fig. 1. P-Tdiagram showing geotherms predicted for the top of a subducting slab, using different numerical models (Van Keken ez al., 2002;
England & Wilkins, 2004; Castro & Gerya, 2008). Variations are due to differences in model assumptions (e.g. mantle properties) and input par-
ameters (e.g. slab ages, velocities, dip angles, frictional heating). It should be noted that variation at any one pressure amounts to several hun-
dred °C. Not all models are able to predict P—7 conditions recorded in ultrahigh-pressure terrains [shaded area, modified after Hacker

(2006) ]. Experimental conditions of this study are shown as stars.

Grove et al., 2002; Poli & Schmidt, 2002; Elliott, 2003;
Spandler et al., 2003, 2008; Manning, 2004; Kessel et al.,
2005a; Hermann et al., 2006; Bebout, 2007; Portnyagin
et al., 2007; Singer et al., 2007; Bouvier et al., 2008). There is
similar uncertainty over the subduction zone geotherm.
Depth to the slab in any given arc is generally known to
within +5km because of the location of intermediate
earthquakes (~80-120km; England et al., 2004).
Prevailing temperatures, however, are much less precisely
known, and results of thermal models predict temperatures
of between 450 and 900°C at pressures of 2:7-4 GPa, de-
pending on the nature of the model parameters used
(Fig. 1). Uncertainty over subduction zone geotherms rep-
resents a substantial impediment to physical and chemical
modelling.

The diagnostic chemical signature of subduction zone
magmas, with their marked depletions and enrichments

in certain trace elements, is often attributed to the presence
or absence of particular residual phases in the slab. The
presence of rutile in subducted crustal rocks prevents the
majority of high field strength elements (HSFE, e.g.
Brenan et al., 1994; Foley et al., 2000; Zack et al., 2002;
Klemme et al., 2005) being released and transferred into
the overlying mantle wedge, especially at low slab-top tem-
peratures. This is mirrored in arc volcanic rocks by nega-
tive HFSE anomalies (e.g. Pearce & Cann, 1973;
McCulloch & Gamble, 1991; Hawkesworth et al., 1993;
Thirlwall ez al., 1994). Garnets are the major host for the
heavy rare earth elements (HREE; e.g. Stalder et al., 1998;
Van Westrenen et al., 1999; Green et al., 2000; Pertermann
et al., 2004). The behaviour of other important trace elem-
ents, such as the light rare earth elements (LREE), uran-
ium (U) and thorium (Th) is less clear. From limited
experimental studies and field investigations of subduction
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Fig. 2. MORB-normalized trace element diagram for various
ocean sediment lithologies [taken from Plank & Langmuir (1998)]
subducting below the Lesser Antilles arc. Although there is
some inter-sediment chemical variability, key elements such as Th
and the LREE are highly enriched in sediments compared with
MORB.

zone metamorphic rocks, it is apparent that the large sta-
bility field and low solubility of allanite limits the LREE
and Th concentration of liberated fluids or melts from the
basaltic portion of the slab (e.g. Hermann, 2002; Klimm
et al., 2008). This in turn implies that fluids or melts
expelled from basalts are unlikely to control the Th and
LREE budget of arc volcanic rocks.

Subducted sediments are a particularly potent contribu-
tor to the arc geochemical signature because of their ini-
tially high trace element abundances relative to subducted
matfic crust or the mantle wedge. For example, sediments
subducting below the Lesser Antilles arc (Fig. 2), show a
strong enrichment in Th, U, La and Ce relative to
Atlantic MORB. Plank & Langmuir (1993) demonstrated
a clear correlation between the trace element chemistries
of subducting sediments and their associated arc volcanic
rocks. Although the importance of sediment melting in
subduction zones is geochemically widely recognized (e.g.
Tera et al., 1986; Plank & Langmuir, 1993; Elliott e/ al.,
1997; Plank, 2005), and some experimental studies exist
(e.g. Nichols et al., 1994, 1996; Aizawa et al., 1999; Johnson
& Plank, 1999; Schmidt et al., 2004b; Auzanneau et al.,
2006; Hermann & Spandler, 2008; Thomsen & Schmidt,
20084, 20086; Hermann & Rubatto, 2009), systematic stu-
dies on phase relations in the chemically diverse suite of
subducting sediments are scant. There are even fewer ex-
perimental data on accessory phase stabilities and solubili-
ties in such rocks, and the role that they may play in
controlling trace element fluxes. To address this issue, we
have conducted high-pressure and -temperature melting
experiments on radiolarian clay, an important subducting
sediment lithology of the Lesser Antilles and many other
arcs (Plank & Langmuir, 1998).

RADIOLARIAN CLAY PHASE RELATIONS

EXPERIMENTAL METHODS

Our experimental procedure largely follows that of Klimm
et al. (2008). The starting material was a mechanical mix-
ture of pre-dried or fired synthetic oxides, natural albite
and carbonates. The main difference is that that we made
an initially Al-free starting mix, aiming for a mix that con-
tains structurally bound HyO. Similar to Klimm et al.
(2008), we have first mixed reagents in appropriate propor-
tions, which were subsequently decarbonated —at
500-1000°C for 6 h. Trace elements were then pipetted in
as inductively coupled plasma (ICP) (nitric acid) standard
solutions at concentrations above those in natural radiolar-
ian clay (see Table 1 for concentration levels), and subse-
quently dried under a heat lamp. The resulting mixture
was again homogenized in an agate mortar and denitrified
at 450°C for 1 h. The decarbonated, denitrified, trace
element-doped mixture was pressed into pellets, and equi-
librated at 1000°C in a CO-CO, gas mixing furnace at
an oxygen fugacity of the nickel-nickel oxide (NNO)
buffer. We have monitored equilibration by comparing the
weight loss owing to conversion of FeoOg into FeO with a
calculated weight loss, assuming a final Fe?"/Fe'" of 0-87
at NNO, 1000°C, 0-1MPa (calculated using Kress &
Carmichael, 1991). After reduction, pellets were homoge-
nized once more before being split into two parts. To one,
we have added Al,Os5+ Al(OH)5 to produce a mix with
~7wt % HyO; to the other, we have added Al;,Oj3 only.
The bulk chemistry of the starting material was checked
by analysing a supra-liquidus experiment (~1250°C), with
HyO analysed by secondary ion mass spectrometry
(SIMS).

Two systematic sets of experiments were performed: one
containing 7wt % H,O, with temperature (7) varied
from 700 from 1250°C; the other with ~15wt % HoO (dis-
tilled water added via a microsyringe to the dry mix) and
T from 700 to 1000°C. In addition, we performed various
experiments with different H,O contents (Table 2). Our
double-capsule technique differed slightly from that of
Klimm et al. (2008); we loaded identical mixes, including
any added HyO, into both the inner and outer Au
(T=700-900°C) or AugoPdyy (7 =1000-1250°C)) cap-
sules (which were pre-cleaned in acid), to minimize hydro-
gen diffusion and associated redox. By not using a nickel
buffer in the outer capsule, we were able to avoid the Ni—
Au—Pd alloying problems that restricted Klimm et al.
(2008) to 7 <900°C.

All experiments were conducted in half-inch, end-loaded
piston cylinder apparatus at Bristol, using the same pres-
sure cell as Klimm et al. (2008) (outer sleeves: salt—Pyrex,
inner spacer: crushable alumina, friction correction ~3%,
McDade et al., 2002). The pressure (P) was set to 3 GPa to
match the typical 100km depth to the Wadati—Benioff
Zone beneath arc volcanoes. Similar to Klimm et al.
(2008), runs were performed using the ‘hot piston-in’
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Table 1: Composition of experimental starting material,
compared with radiolarian clay ( from Plank & Langmuar,
1998)

Rad. clay RC2 16 (n=56)
Sio, 61-00 61-49 0-30
TiO, 0-85 0-87 0-03
Al,03 19-69 19:00 018
FeO 875 8-90 0-21
MnO 0-19 0-23 0-05
MgO 391 391 0-07
Ca0 1-67 176 0-03
Na,O 2:09 2:02 0-09
K0 175 1-70 0-04
P,0s 0-10 0-11 0-02
16(n=2)
H,0 10-5 7-0* 05
16(n=5)
Li 104 2
Sc ~14 94 1
\ ~150 191 1
Sr 88 72 <1
Y ~24 36 <1
Zr ~140 136 1
Nb ~18 143 2
Ba 225 158 2
La 36-34 155 2
Ce 86-59 156 2
Nd 3155 168 3
Sm 6-22 157 2
Eu 1-34 152 2
Yb 2:47 125 3
Lu 0-37 127 2
Hf ~4 45 2
Ta ~1 43 2
Th 12:25 216 3
U 1-643 142 3

Major elements were measured using EMPA (wt %), trace
elements were measured using SIMS (ppm), given on an
anhydrous basis for comparison; 1c given in wt % or ppm,
respectively. Values in italic are estimates from other sub-
ducting sediments.

*Analysed by SIMS, n=2.

routine; pressure was kept constant manually during runs
at £ 0-1 GPa; temperatures were measured with calibrated
Wos/Res~Wy5/Reqs thermocouples, with no allowance for
the effect of pressure on e.m.f;; run times were varied with
temperature (see Table 2 for full details).

ANALYTICAL TECHNIQUES

Electron microprobe analysis was performed at the
University of Bristol, using a Cameca SX-100 (five spec-
trometers). We have used 15kV and 15 nA for mineral ana-
lysis. Counting times for peaks were usually 30s and 15s
for background on each side of the peak for silicates, and
20s and 10s for melt, respectively. Volatile elements were
always measured first. For glass analysis the beam current
was reduced to 4nA; Na was measured for 5s only, and
measurements were performed with a defocused beam
(10 pm). Monazite and rutile were measured with a
focused spot at 15kV and 20 nA, and 15kV and 15 nA, re-
spectively. The combination of low accelerating voltage
and beam current sufficiently reduces the excitation
volume for the very small experimental grain sizes.
Counting times for trace Nb and Ta were increased to
120s (60s background), resulting in a detection limit of
around 500 and 2200 ppm, respectively. LREE and Th in
monazite are present in major amounts; hence counting
for 30s at 15 kV and 20 nA was found sufficient (minimum
detection limits: LREE ~1200-3000 ppm; Th ~2800 ppmy;
U ~2600 ppm; F ~440 ppm). Third-order interferences of
phosphorus on F in monazite were resolved by applying
an energy window.

SIMS analyses were carried out at the University of
Edinburgh, using the NERC Cameca IMS-4f
ion-microprobe. Negative oxygen ions were used as the pri-
mary ion beam [nominal accelerating voltage 10-5kV;
beam current 4:5 nA; spot size ~15-20 um; internal stand-
ard *°Si; see Klimm et al. (2008) for measured isotopes].
An energy filter of 754+20¢V was applied to reduce the
transmission of molecular ions. Counting times were ad-
justed based on expected concentrations such that prefer-
entially over 1000 counts were detected over the course of
a single analysis. Subsurface inclusions and contamination
were monitored in a count-rate vs time diagram and
excluded from the averaging procedure. Oxide interfer-
ences were greatly minimized in our experiments by the
careful choice of elements and their doping levels.
Remaining molecular interferences (e.g. ’Si*®O on *Sc)
were removed by conventional peak stripping. Ion yields
were calibrated on NIST SRM 610 [using concentrations
given by Hinton (1990) |; garnet DDI was analysed as a sec-
ondary standard.

We additionally measured trace elements by laser abla-
tion inductively coupled plasma mass spectrometry
(LA-ICP-MS) in a few samples with large glass pools,
using the facilities of the Bristol Isotope Group (BIG). We
employed a New-Wave EXCIMER laser (193 nm) coupled
to a Thermo Element 2 with the following settings: fre-
quency 4 Hz; spot size ~20-30 um; fluency ~2Jcm™ >
acquisition times ~30s (gas blank) and ~60s (data);
standards NIST SRM 610 (external), Ca (internal),
BCR-2 and NIST SRM 612 (secondary). Data were
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RADIOLARIAN CLAY PHASE RELATIONS

Table 2: Experimental results and calculated proportions of phases (modal % ), P =3 GFa

Run h H,0 °C grt ky qtz cpx phen ru ilm liq (H20)melt Others
cll 164 7 700 8:6 - 31 23 17 0-4 09 - - sta, mon
80 - 29 21 16 04 08 58 -
c16 235 7 750 0-3 20 29 25 17 0-3 4-8 - - tlc
03 19 27 24 16 0-3 4-5 60 -
c10 123 7 800 23 12 18 12 85 0-3 17 25 7-6 mon
21 717 17 11 80 0-3 16 30 22
c23 119 7 850 30 85 12 12 15 0-3 14 44 11 mon
30 83 12 1-2 15 0-3 14 46 15
c9 47 7 900 28 10 95 - - 0-2 30 49 71 mon
26 97 89 - - 02 2-8 53 13
c7 41 7 1000 31 87 26 - - 02 - 58 9:6
30 83 25 - - 02 - 59 12
c8 25 7 1100 23 66 - - - - - 70 83
22 64 - - - - - 71 98
c12 6 7 1200 19 66 - - - - - 74 89
19 65 - - - - - 75 94
c15 3 7 1250 - - - - - - - 100 7-0
- - - - - - - 100 7:0
c17 171 9 800 23 52 10 - 18 0-1 34 40 12 (mon)
22 4-9 98 - 17 0-1 32 43 19
cl4 29 13 1000 29 53 - - - 0-2 - 65 11
24 44 - - - 01 - 72 19
c18 167 15 700 61 - 29 27 19 01 2:6 - - sta
52 - 25 23 16 01 23 14 -
c22 161 15 750 20 - 23 - 1" 04 05 23 14 sta, am
18 - 21 - 9-9 04 04 32 47
c13 122 15 800 30 10 10 - 50 07 - 45 14 mon
25 83 83 - 41 06 - 54 28
c21 73 15 900 36 65 2:9 - - 01 - 55 12 (mon)
29 53 24 - - 0-0 - 63 24
c20 47 15 1000 31 67 - - - 0-2 - 60 12
26 56 - - - 02 - 68 22

Values in italic are corrected for unmixed fluids (see text for discussion). grt, garnet; ky, kyanite; qtz, quartz; cpx, clino-
pyroxene (omphacite); phen, phengite; ru, rutile; ilm, ilmenite; gl, glass (see text for definition); sta, staurolite; mon,
monazite; tlc, talc; am, amphibole (cummingtonite-anthophyllite). Phase proportions of ¢c13 and ¢22 are visual estimates.

*H,0 is given in wt %.

reduced using GLITTER software. Subsurface inclusions
were monitored in a count-rate vs time diagram and
excluded from the averaging procedure.

Both datasets, from SIMS and LA-ICP-MS analysis, are
in relatively good agreement (usually better than 15%, in
agreement with reported values for secondary SIMS
standards; see Blundy et al., 1998; Green et al., 2000). The
exceptions were U and Th, where SIMS gave systematic-
ally low values. We believe that this systematic offset is
due to the relatively low formation of Th and U oxide

ions in NIST glasses compared with glasses and minerals
with lower Si and alkalis (for further discussion, see also,
e.g. Blundy ez al., 1998; Green et al., 2000). The lower oxide
formation 1is significant because as the oxide formation
correspondingly
smaller. We have calculated correction factors for both

increases the MT peak becomes
elements based on numerous analyses of various second-
ary standards (including hydrous granitic glasses), mea-
sured at Edinburgh over the last ~15 vyears (see
Supplementary Data File 1, available for downloading at
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http://[www.petrology.oxfordjournals.org/, for secondary
standard data for Th and U, as well as La, Sm, Nb, and
Ba, to illustrate typical accuracy and precision).
Correction factors of 0-67 for Th and 0-69 for U were
applied to all SIMS analyses, and these values bring our
SIMS data into agreement (within ~10% for Th and
~15% for U) with ICP-MS analyses of the same samples
and anticipated doping levels in our supra-solidus run. It
should be noted that the extents of underestimation
appear to be consistent from phase to phase for most elem-
ents (see Blundy et al., 1998; Green et al., 2000). Therefore,
they largely cancel out wherever partition coefficients
were calculated using SIMS data only (garnet-melt;
melt—bulk solid; melt—whole-rock). This effect should be
borne in mind for partition coefficients that are calculated
using a combination of EMPA and SIMS data (monazite—
melt; rutile—melt).

RESULTS

Phase proportions

Phase proportions in all experimental runs, obtained
cither by least-square mass balances or by visual estimates,
are given in Fig. 3 and Table 2. Representative scanning
electron microscope (SEM) images are given in Fig. 4,
which also show that melt segregation, probably caused
by small temperature gradients in the capsule, occurred
in some runs. In addition, Na does not mass balance for
the run conducted at 1000°C, containing 15wt % HyO,
which we believe might have partitioned into the vapour
phase upon quenching.

A glass phase is abundant in all experiments at
7 >800°C. Silicate grain sizes increase with temperature
and in the presence of a melt phase from micron-sized at
700°C (except for quartz or coesite and garnet) to
well-crystallized, 10-80 um sized grains at higher tempera-
tures. At 7 <750°C, probably metastable phases (such as
staurolite and talc) are abundant. Their presence, however,
does not alter any of our conclusions, as we focus mainly
on trace element evolution of partial melts at 7> 800°C.
Major element composition are given in Supplementary

Data File 2.

Silicate phases

Garnet occurs in all sub-liquidus runs but its abundances
are variable, especially at low temperatures. Two experi-
ments, cl8 and cl6, appear to contain too little garnet
when compared with cll and ¢22, performed under similar
conditions (Table 2). This is not an uncommon feature in
experiments, given that garnet crystallization is known to
be affected by sluggish nucleation kinetics. All runs per-
formed at 7 > 800°C contained abundant subhedral to eu-
hedral garnet (20-60 pm), which may contain inclusions
of other silicate phases. Owing to slow intracrystalline dif-
fusion (e.g. Chakraborty & Ganguly, 1991; Carlson, 2006)

compared with growth rates, prograde zoning in experi-
mental garnets is very common and complete equilibration
would require unrealistically long run durations. Garnets
are enriched in Fe, Mn and Ca in the core region, whereas
Mg is enriched at the rims. Consequently, all our interpret-
ations and mass balances are based on garnet rim compos-
itions, as they are closest to being in equilibrium with the
matrix, as well as being volumetrically most abundant.
End-member calculations reveal that sub-solidus garnets
(<750°C;  discussed below) are very almandine rich
(~59%), with significant pyrope (~24%) and spessartine
(4%). The Mg-number [molar Mg/(Mg+Fe)] for those
garnets is ~0-3. Super-solidus (7 >800°C) garnets tend
towards essentially binary pyrope—almandine compos-
itions (>90% ), with Mg-number ~0-5 and <1% spessart-
ine (Fig. 5). Andradite contents are low in all garnets
(<~6 %; Fe’* after Droop, 1987). The very few garnets pre-
sent in experiment cl6 are extremely spessartine-rich
(~50-70%). All garnets contain trace Ti, as well as PyOj;
and NayO. Titanium concentrations in garnet in our
experiments increase with temperature where 11 is buf-
fered by rutile, a trend that has been noted previously
(e.g. Hermann & Spandler, 2008) (I'ig. 5). Trace P and Na
are probably introduced via the exchange Na P, ;—X*"
1Sy, widely considered to be an ultrahigh-pressure
(UHP) indicator (Bishop et al., 1978; Haggerty et al., 1994).

Kyanite occurs in all experiments where metastable
staurolite is absent (discussed below). Sizes usually vary
within a single experiment from micron-sized to ~80 pm
acicular grains. It is rich in iron, with up to ~4-5wt %
FeqO3 and up to ~0-5 wt % MgO. Kyanites contain trace
amounts of TiOy, which, in the presence of rutile, systemat-
ically increases from ~0-26 wt % at 800°C to ~0-62 wt %
at 1000°C (Fig. 5).

A SiOy phase is present in all experiments below
7T <1000°C, 7wt % HyO and 7<900°C, 15wt % H,O.
There is a phase transition of quartz—coesite at around
800-850°C, 3 GPa (e.g. Bose & Ganguly, 1995), which is re-
flected in a morphological change in the SiOy phase in
our experiments, coesite being tabular in contrast to more
rounded quartz crystals (Fig. 4).

Micas are found in all experiments below 7 <850°C,
consisting of 2-10 um sized, mostly euhedral phengite
grains. Phengites are muscovite—Al-celadonite solid solu-
tions with negligible Xpadonice (<0-03; Fe’* calculated via
charge balance) and Xp.ragonite (~0-1) components. The
(Al)celadonite  component  [K(ALFe®) (Mg, Fe)Si, Oy
(OH),], which increases the phengite Si content
at high pressures (e.g. Keller et al., 2005), varies with
temperature from ~0-48 at 700°C to ~0-34 at 850°C
(Fig. 6). Titanium systematically increases with increas-
ing temperature from ~0-02wt % at 700°C to 0-05wt
% at 850°C (Fig. 6). Both trends are consistent with
experiments in  chemically comparable systems
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Fig. 3. Phase proportions (in wt %) in our experiments on radiolarian clay at 3 GPa, 7-15wt % HyO, as given in Table 2 (plotted are
fluid-corrected phase proportions). Sub-solidus assemblages are calculated thermodynamically (see text for details) because these experimental
runs contained abundant metastable phases. It should be noted that mass balance, within error, does not give a clear answer as to the presence
of monazite in one experiment at 900°C, 15wt % HyO.
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Fig. 4. Backscattered SEM images of representative experimental
run products. (a) Garnet+ kyanite 4+ quartz 4 phengite + clino
pyroxene + rutile/ilmenite in a hydrous glass matrix formed at
800°C, HyO =7 wt %. (b) Visibly vesicular glass in low-temperature
experiment with high amounts of water present (e.g. 800°C,

(e.g. Hermann & Spandler, 2008; Auzanneau et al.,
2010). Auzanneau et al. (2010) have calibrated a
Ti-in-phengite thermobarometer for quartz- and
rutile-buffered systems, and have identified a coupled
substitution involving Si X**, ~AI'YAIY" |, and
Ti AV, —AIY' (Si (X*" divalent cation) as ex-
change mechanisms. No systematic trends with tem-
perature were observed in the paragonite and
celadonite components in our limited dataset.

Clinopyroxene occurs as small (<5 um) euhedral grains
in experiments below 850°C, 7wt % HyO and below
750°C, 15 wt % HoO. Because of the small grain size, it is
difficult to evaluate whether compositional zoning is pre-
sent, such as that observed in experiments by Hermann &
Spandler (2008), in which clinopyroxenes appear to have
higher Fe contents in the core. All clinopyroxenes are
omphacites with Xj,qcie ~ 0-5 and a small aegirine compo-
nent [<5%; Fe** after Droop (1987); definition and site as-
signment after Morimoto et al. (1988)]. The small excess
Na over Al correlates with Fe’*, confirming that solely
jadeite and acmite exchange vectors were operative.
Again, no systematic compositional trends with tempera-
ture were visible in our limited dataset.

Metastable phases and subsolidus phase
equilibria

We conducted two experiments at 7= 700 and 750°C with
7 and 15wt % H,O, respectively. In comparison with ex-
periments at higher 7, these experiments appear to be un-
systematic and yielded ambiguity as to the sub-solidus
phase assemblage. These experiments were composed of
abundant coesite and phengite. Fe-rich staurolite is abun-
dant (~14-18%) in three out of four low-7 experiments, as
tabular grains up to 30 um across. Where staurolite is pre-
sent, kyanite is absent. Two staurolite-bearing experiments
(T=700°C, 7wt % HyO; T=700°C, 15wt % H,O) are
characterized by low garnet contents (<~5%). Although
staurolite may occur at UHP conditions in basic rocks
(e.g. Hellman & Green, 1979; Klimm e al., 2008), studies
on the stability of staurolite in a pelitic system suggest that
almandine 4 kyanite should be stable in preference to
Fe-rich staurolite at run conditions (e.g. Richardson, 1968;
Ganguly, 1972; Ballevre e al., 1989). Hence, we interpret
staurolite to have nucleated metastably. The other experi-
ment with staurolite (7 =750°C, 15wt % HyO) contains
amphibole that is cummingtonite—anthophyllite in com-
position [Fe’™ after Droop (1987); definition and site as-
signment after Leake et al. (1997)], which is also unlikely
to be stable at run conditions. Clinopyroxene is absent in

H,O =15wt %). Glass fractions are increased compared with runs
at similar conditions but lower bulk water contents [compare (b)
and (a)]. (¢) Tabular coesite in a sub-solidus run (750°C; HoO =7 wt
%). The morphology changes towards roundish quartz [see (a)] at
higher temperatures.
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this experiment, which is counterbalanced by very high Na
contents in the melt phase and by an enhanced X ag0nite
in phengite. The fourth experiment at 7 <750°C
(T=1750°C, 7wt % HyO) without staurolite also has a
low garnet content, but has crystallized more clinopyrox-
ene and talc instead, which we also interpret to have
formed metastably.

It appears that sluggish nucleation, especially for garnet,
at sub-solidus conditions is responsible for the crystalliza-
tion of metastable staurolite, talc and/or cummingtonite—
anthophyllite. Circumventing this problem probably
requires the use of gel or glass starting mixtures and sub-
stantially longer run durations. Instead, we have calcu-
lated thermodynamically the equilibrium sub-solidus
phase assemblage for our chosen chemistry (excluding
trace Mn, Ti and P). Calculations were performed for
water-saturated radiolarian clay, using the Theriak soft-
ware package (De Capitani, 1994). We used two databases:
(I) the updated thermodynamic database of Berman
(1988); (2) the updated thermodynamic database of
Holland & Powell (1998), as distributed with the software
(databases: jun92 and tc321p2, respectively). Despite using

different databases with different solid solutions, the calcu-
lated sub-solidus phase assemblage and proportions at
700°C and 750°C, 3 GPa, agree remarkably well (£1%):
garnet, kyanite, clinopyroxene, phengite, coesite and
H,O, consistent with other experiments (e.g. Schmidt
et al., 2004b). We have chosen to adopt these calculated
sub-solidus assemblages, in preference to the experimental
metastable ones, in subsequent discussions.

Glass phase

A glass phase was identified in all experiments at
T >750°C, 15wt % HyO and 7> 800°C, 7wt % HyO. It
is possible that the metastable presence of another hydrous
phase (e.g. talc) inhibited melting to observable degrees
in the experiment at 7 = 750°C, 7 wt % HyO. The run con-
ducted at 7=750°C, 15wt % where melt was present,
however, did contain metastable phases combined with
the absence of otherwise widespread clinopyroxene in
low-7 runs. We propose that the wet solidus of radiolarian
clay at 3 GPa is at ~750°C or slightly below, which is just
above the solidi given by Nichols e al. (1996) and
Hermann & Spandler (2008) for the same pressure,
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Fig. 6. Si and Ti (a.p.f.u) in phengite, in equilibrium with rutile, as a function of temperature.

but considerably lower than that of Johnson & Plank
(1999). The 3 GPa liquidus lies between 1200 and 1250°C.

An important issue is whether fluids at our run condi-
tions were siliceous HyO-rich vapours, hydrous silicate
melts or supercritical fluids, especially as mass-balance cal-
culations (using HyO by difference in the glasses) indicate
that water does not mass balance. We used double capsules
with similar water contents in the inner and outer capsule
to minimize HyO loss or gain through Ho-mediated redox
reactions. In addition, run durations were reasonably
short, further minimizing H, diffusion. We therefore con-
clude that, similar to the experiments of Klimm et al.
(2008) with high water contents, either a single supercrit-
ical fluid phase unmixes upon quenching or that two fluid
phases (hydrous melt +siliceous fluid) coexisted at run
conditions—both explanations will result in a separate
condensed vapour phase after quenching that will be lost
during sample preparation.

The arguments of Klimm et al. (2008) in favour of a
supercritical fluid were based on optical observations such
as the presence of highly vesicular glasses. Our quenched
glasses appear only partly vesicular (at 7 <800°C,
>9wt % HyO where the ratio melt/vapour phase is smal-
lest) (Fig. 4). Other experimental glasses contain abundant
fine cracks that might have provided pathways for an add-
itional vapour phase to escape. Whether two fluid phases
or a single fluid phase existed at run conditions depends
on whether (1) the melt phase was water-saturated for a
given bulk water content or (2) the second critical endpoint
was overstepped for our melt composition. Published ex-
perimental data (e.g. Bureau & Keppler, 1999; Hermann
et al., 2006; Hermann & Spandler, 2008; Klimm et al.,
2008) suggest supercritical behaviour for haplogranites at
7 >750°C, 3 GPa. Our data actually suggest sub-critical
behaviour, at least for lower temperatures (<~900°C, dis-
cussed below). In any case it is likely that a single fluid
phase was present at run conditions, given that the

maximum water content of melts in this study is <30 wt
% HoO in runs at 7> 800°C (Table 2), and that the misci-
bility gap at high pressures is located at rather high water
contents when approaching the second critical endpoint.
[For example, for MORB, the miscibility gap at 4 GPa
(second critical endpoint at 6 GPa) starts at>35wt %
H,0O in the melt (Kessel et al., 20055)]. This suggests that
during quenching, the liquid in our capsules separated
into a fluid—vapour phase and a hydrous melt or glass and
hence must be corrected to its unmixed fluid state.
Chemical compositions and phase proportions given in
Table 2 are consequently given twice: once as measured
and once to include the unmixed fluid phase (compare
Klimm et al., 2008). We emphasize that whether the fluid
phase is supercritical or not has very little bearing on our
conclusions concerning trace element transport. In the
ensuing discussion we will refer to the liquid phase as
‘melt’, when considering its high-7" behaviour, or ‘glass’
when discussing its quenched-phase chemistry. We will fur-
ther refer to ‘fluids’ when considering water ( = trace dis-
solved elements), or if the nature of the HP liquid is
unknown.

Our experiments confirm that high-pressure melts in
equilibrium with calcium-poor metapelites are essentially
peraluminous, Mg-poor  granites  with molar
Al>Na+ K +Ca (Table 3). In general, aluminium satur-
ation indices (ASI) are ~13 in melts generated just above
the solidus, and increase with increasing temperature to-
wards the starting material value of ~2-8. Glasses are rela-
tively homogeneous with 16 for major elements typically
<10% relative. In addition, no quench crystal phases were
observed, indicating that the glass composition has not
been significantly modified upon quenching. The SiO,
content decreases slightly from 750 to 1000°C and then
markedly at higher temperatures (Table 3; TFig. 7). This
trend is mirrored by an increase in FeO. The TiO, content
in the glass increases steadily from 750 to 1100°C, reflecting
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Table 3: Major element composition of experimental quenched glasses

Run: c10 c23 c9 c7 c8 cl12

°C: 800 850 900 1000 1100 1200

H,0: 7 7 7 7 7 7

Melt: n=14 1o n=30 1o n=21 n=234 1o n=39 1o n=32 1o
SiO, 76-17 1-00 75-65 0-91 75-34 0-61 7523 0-70 7113 0-39 69-35 0-28
TiO, 0-23 0-02 0-18 0-06 0-42 0-13 0-561 0-03 102 0-02 0-99 0-03
Al,O3 13-82 0-58 14-30 0-27 14-21 0-36 13:37 0-46 14563 0-10 14-87 0-09
FeO 1-36 0-356 11 0-13 1-40 0-09 262 0-44 470 0-09 6-:02 0-13
MgO 0-46 0-12 0-59 0-05 0-31 0-02 0-68 0-17 1-41 0-05 1-82 0-05
MnO 0-02 0-02 0-05 0-06 0-01 0-01 0-03 0-02 0-07 0-02 0-14 0-03
Ca0 0-84 0-22 0-99 0-05 0-75 0-02 128 0-04 1-88 0-02 193 0-02
Na,O 3-88 0-30 4-07 0-25 342 0-37 312 0-12 2-66 017 250 0-06
K0 3-16 0-30 299 0-09 4-06 0-09 314 0-08 2:47 0-05 2:26 0-04
P,05 0-08 0-02 0-07 0-04 0-07 0-03 0-1 0-03 0-12 0-02 0-12 0-03
ASI 131 0-10 132 0-06 133 0-08 1-38 0-06 1-66 0-06 179 0-03
Run: c17 cl4 c22 c13 c21 c20

°C: 800 1000 750 800 900 1000

H,0: 9 13 15 15 15 15

Melt: n=9 1o n=46 1o n==8 1o n=41 1o n=25 1o n=9 1o
SiO, 76-50 1-86 7414 113 76-66 0-99 78-01 162 76-92 1-10 77-62 0-23
TiO, 0-15 0-01 0-59 0-02 0-06 0-03 0-13 0-01 022 0-04 0-45 0-01
Al,O3 14-49 0-37 14-63 0-98 121 0-24 12:82 0-27 13-28 0-19 13-73 0-1
FeO 0-95 0-10 273 0-13 0-87 0-50 110 011 122 0-14 2:33 0-05
MgO 0-55 0-08 121 0-04 0-41 0-45 0-73 0-06 0-57 0-03 0-69 0-02
MnO 0-01 0-01 0-07 0-03 0-03 0-04 0-04 0-03 0-05 0-05 0-04 0-02
Ca0 092 0-05 175 0-05 137 0-22 0-61 0-07 097 0-05 131 0-01
Na O 4-06 0-59 212 0-23 6-43 0-67 361 0-22 3-45 0-39 0-93 0-13
K,0 2:30 0-20 264 0-06 1-83 0-15 2-88 0-10 325 0-12 280 0-04
P,05 0-08 0-02 0-12 0-02 0-24 0-06 0-06 0-02 0-07 0-04 0-09 0-02
ASI 1-45 0-15 1-84 0-15 0-88 0-07 133 0-06 132 0-09 2:38 0-09

All analyses in wt % oxides, given on an anhydrous basis. Errors=1c of multiple (n) analysis.

enhanced rutile solubilities at higher temperatures
(Table 3; Fig. 7) (e.g. Ryerson & Watson, 1987). Given that
rutile is not actually present at 1100°C, the increase from
1000 to 1100°C may imply that rutile is exhausted closer
to 1100°C than 1000°C. The K5O content steadily increases
in the presence of phengite, reaching a peak at 7~ 900°C,
just above the upper stability of phengite in our experi-
ments (Table 3; Fig. 7). NayO appears to decrease steadily
with increasing temperature despite the presence of
omphacite at 7=3800-850°C, 7wt % H,O (Table 3).
We note, however, that the experiment conducted at

T=750°C, 15wt % HyO lacks clinopyroxene and has
metastable phases (staurolite + orthoamphibole), which
probably caused high excess NayO in the melt phase (ASI
~0-9) (Table 3).

Phase proportions and the melting reaction
Phase proportions are given in Fig. 3 and Table 2. We note
that corrections for unmixed water are subject to potential-
ly high errors (e.g. water estimates owing to the difference
method; uncertainties in mass balance), but corrections
may be important, for example, to identify positive or
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Fig. 7. Major element chemistry of quenched glasses (on anhydrous basis) from this study as a function of temperature. Data from Table 3.

negative changes in phase proportions with changing
temperature.

Phase proportions show systematic changes with tem-
perature. The sub-solidus assemblage contains garnet,
kyanite, clinopyroxene, phengite, coesite and an excess
fluid phase whose amount depends on the initial HyO con-
tent less structurally bound water in phengite (~0-5%).
With increasing temperature, the modal amount of
510, +- clinopyroxene + phengite
accompanied by a steady increase in the melt phase. The
amount of garnet and kyanite varies less systematically,
but overall garnet modes increase and peak at 7=1000°C.
where clinopyroxene + phengite are exhausted and SiOy
(quartz) occurs only in trace amounts. Significant changes
in garnet composition (Mg-number) above the solidus
(Fig. 5) occur, implying that garnet chemically takes part
in the melting reaction. In combination, our data suggest
an initially incongruent melting reaction at 7 <~1000°C
that consumes phengite, clinopyroxene, SiO, and H,O
and forms garnet, kyanite and melt (see Schmidt, 1996;
Hermann & Green, 2001; Poli & Schmidt, 2002; Hermann
& Spandler, 2008). Above 1000°C, there is a change in the
melting reaction, with melt fraction increasing at the

decreases  steadily,

expense of garnet and kyanite. This coincides with a sig-
nificant change in the melt composition (e.g. strong in-
crease in FeO; Fig. 7), consistent with Fe-rich garnet being
consumed.

Although the general pattern of phase relations in both
experimental sequences (7 and 15wt % HyO) looks very
similar, there is a remarkable difference in the melt frac-
tion that is generated at low temperatures. Figure 8 shows
melt fraction vs temperature, assuming that the solidus is
at T=750°C. Melt productivity has a steep trend at
7wt % HyO until around 850-900°C, above which the
trend flattens. Approximately 50% of the melt is generated
within the first ~100-150°C above the solidus, whereas fur-
ther melting from 900 to 1200°C: produces only a further
25%. Melt productivity occurs along an even steeper
slope in experiments with 15wt % HoO, where >50% of
melt is generated within the first ~50°C above the solidus.
At higher temperatures the melt fraction curve has a flatter
slope, with an increase in the melt fraction from ~55 to
only 70% over 200°C. It appears that when the melt frac-
tions in the two experimental sequences are compared
isothermally, the differences in melt fraction at 7 =900—
1000°C approximately equal the excess HoO; however,
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Fig. 8. Fluid-corrected melt fractions (as calculated from mass balance) for both experimental sequences (7 and 15 wt % HyO) as a function of

temperature. Data from Table 2.

the presence of melt at 800°C is clearly enhanced by a
factor of two in the sequence with higher HyO. This melt-
ing behaviour is reminiscent of a binary HyO-silicate
system in which there is a eutectic, at least for near-solidus
temperatures. The presence of a eutectic is more consistent
with sub-critical than supercritical behaviour (e.g. Kessel
et al., 20050).

Accessory phases

Compositions of accessory phases are given in
Supplementary Data File 3. Rutile is present in all runs at
7 <1100°C. Grains are usually 1-2 um in size and round-
ish in shape with trace amounts of SiOy (<~1wt %) and
AlyOs (~lwt %), as well as significant FeO (~6wt %).
The amount of rutile steadily decreases with increasing
temperature, reflecting its increased solubility, until it is
exhausted above 1000°C. Fe—Ti oxides (ilmenite) were
identified in most runs at 7 <1000°C. They are typically
>2 pm in size, tabular to acicular in shape, and contain
significant hematite (>50 %) with minor MgO (~0-6 wt
%) and Al,O3 (~12wt %).

Above the solidus, monazite was identified in all runs at
7 <900°C, 7wt % HyO, and T <800°C, 15wt % H,yO;
its presence is inferred from mass balance for 7=900°C,
15wt % HoO and for T=2800°C, 9wt % H,O. Similar to
rutile, monazite is exhausted at 7>900°C because of the
temperature dependence of monazite solubility in silicate
melts (e.g. Rapp & Watson, 1986). Below the solidus, a
single grain of monazite was identified in only one run

(T=1700°C; 7wt % HyO). Apatite, an alternative host for

LREE 4 Th and sometimes related to monazite formation
(e.g. Wolf & London, 1995), was never observed, despite
the presence of phosphorus. Allanite, which is also often
reported as a precursor to monazite (e.g. Janots el al.,
2007), also was never detected. The absence of apatite and
allanite are plausibly related to the low Ca content of the
starting material. It is also unlikely that the total
LREE 4+ Th could have been dissolved into any of the
other stable or metastable silicate phases. We therefore be-
lieve that monazite was saturated at sub-solidus conditions
at around 700-750°C, 3 GPa. It is likely that positive iden-
tification of monazite was hindered by the generally very
small grain sizes in sub-solidus runs.

Monazites rarely exceed 2 pm in size. The larger grains
clearly exhibit some zoning that varies from irregular
and patchy to sector-zoning. Similar zoning patterns
have been reported from many naturally occurring
monazites (e.g. Zhu & O’Nions, 1999; Townsend et al.,
2000; Yang & Pattison, 2006). Monazites are LREE-
monazite (LREEPO,)—huttonite (ThSiO4)—brabantite
(Cag.5ThpsPOy) solid solutions (e.g. Bowie & Horne,
1953; Forster, 1998; Forster & Harlov, 1999; Spear & Pyle,
2002). (There is also a U equivalent to the monazite—
huttonite substitution, with U taking the place of Th
[coffinite (USiOy); ,(OH),,] solid solution (e.g. Williams
et al., 2007)) Our experimental monazites are highly vari-
able in composition. They either have an X, onazie Of
~0-6-0-7 and approximately equal amounts of X}, onite
and Xp apanites OF have lower Xionazice 0f ~0:5 and major
Xhuttonite  (~0-4-0-5) (Fig. 9). Compositions can vary
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Fig. 9. Monazite compositions in this study, plotted into the Ce-monazite (Ce)—huttonite (ThSiO4)—brabantite (Cag.5Th;POy4) ternary
(U was added to Th for the calculations). Also shown is a natural monazite phenocryst from Macusani (Pichavant et al., 1987; Montel, 1993).

appreciably even within a single experiment, consistent
with individual larger grains being zoned. We have
therefore measured several spots per grain where possible,
and present mean analyses in Fig. 9. Monazites contain
trace amounts of F (~0-5wt %), and appreciable U
(~0-15 atoms per formula units, a.p.fu.,) substituting for Th.

The presence of trace amounts of zircon is suggested by
mass-balance calculations in experiments at 7 < ~850°C,
but this was never identified positively by SEM.

Trace element partitioning
Trace element abundances in glass pools (Table 4) and gar-
nets (Supplementary Data File 4) were analysed by SIMS,
and REE, Th and U, and Nb and Ta in monazites
(Table 5) and rutile (Supplementary Data File 5), respect-
ively, were analysed by electron microprobe. The effect of
doping the starting materials with LREE and Th on
monazite stability and partitioning is discussed in a section
below.

Glasses are relatively homogeneous with respect to trace
elements, with 16 on 4-5 analysis spots typically <10%

relative. Glasses are generally enriched in ‘“fluid-mobile’
elements such as Sr and Ba, and depleted in elements that
are retained by accessory phases (rutile, monazite) and
garnet. As expected, garnets are major hosts for HREE, Y
and Sc. Monazite is the major host for LREE (La—Eu;
Gd was not added) and Th in all runs at 7 <900°C.
Rutile is the major host for Ti, Nb and Ta. Phengite is the
major host of K, and although not measured, should be
the major host for other large ion lithophile elements
(LILE; e.g. Ba, Cs, ectc.; Domanik & Holloway, 1996;
Schmidt, 1996; Sorensen et al., 1997, Melzer & Wunder,
2000; Zack et al., 2001; Hermann, 2002; Schmidt et al.,
20045; Hermann & Rubatto, 2009). All mineral-melt par-
tition coefficients are calculated using the fluid-corrected
trace element composition of quenched glasses (i.e. taking
account of exsolved HyO on quenching).

Garnet—melt partitioning

Although core-to-rim trace element zoning could not
be determined, garnet trace element zoning is to be
expected because of slow intracrystalline diffusion rates
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Table 4: "Trace element composition of experimental quenched glasses

Run c10 c23 c9 c7 c8 c12

°C: 800 850 900 1000 1100 1200

H,0: 7 7 7 7 7 7

Melt: n=5 1o n=4 1o n==6 1o n=5 1o n=5 1o n=4 1o

Li 134 32 187 96 210 36 189 8 162 2 145 1

K* 22500 2120 24200 740 31500 700 25500 610 20200 400 18700 330

Sc 31 0-2 5-1 0-2 34 0-2 14-9 0-7 197 0-4 259 0-6
Ti* 825 91 927 315 1360 430 2700 140 5490 120 5370 140

\Y 61 5 99 12 88 9 121 2 161 1 176 4

Sr 200 6 190 5 166 5 131 5 107 1 98 2

Y 23 0-3 26 0-2 15 0-4 107 0-4 14-6 0-3 19 1

Zr 75 6 94 5 106 21 138 5 158 1 158 3
Nb 22 3 84 71 71 6 100 4 199 1 193 4
Ba 276 12 309 " 384 12 299 12 246 2 224 4

La 69 13 91 5 185 11 270 10 227 2 212 6
Ce 66 13 89 6 181 11 268 12 231 3 215 7
Nd 65 11 85 4 142 9 231 10 235 2 224 7
Sm 54 8 59 2 65 6 130 5 190 2 192 5
Eu 47 4 49 1 44 5 106 4 167 1 173 5
Yb 18 05 38 06 15 0-7 147 09 21-3 09 32 2
Lu 13 05 34 08 12 0-6 116 05 16-8 05 26 2
Hf 43 5 50 4 57 8 59 3 60 2 58 3
Ta 7 2 26 14 23 3 32 3 64 1 61 2
Th 179 16 261 10 349 42 438 17 347 3 315 9

U 285 21 272 14 268 21 258 12 214 2 195 4
Ba/lLa, 393 076 331 0-23 203 014 1-09 0-06 1-06 0-02 1-04 0-04
Th/La, 1-83 0-38 2:01 015 1-33 018 114 0-07 1-08 0-03 1-05 0-05
Zr/Hf, 0-57 0-09 0-62 0-07 0-61 015 077 0-06 0-86 0-05 0-90 0-06
Nb/Ta, 0-92 0-26 0-96 0-96 091 016 0-94 010 0-93 0-04 0-94 0-05
Th/U, 0-38 0-04 0-58 0-04 0-78 011 1-02 0-06 0-98 0-03 0-97 0-04
Run c15 c17 cl4 c13 c21 c20

°C: 1250 800 1000 800 900 1000

H,0: 7 9 13 15 15 15

Melt: n=5 1o n=3 1o n=3 1o n=5 1o n==6 1o n=>5 1o

Li 104 2 140 53 97 47 1 21 33 7 171 1

K* 14100 340 17600 1550 19900 490 19900 700 23300 890 20600 280

Sc 936 10 4-6 0-6 119 0-3 55 0-6 7-8 0-1 10-7 0-3
Ti* 4900 152 725 59 2860 87 577 51 981 7 2100 59

\% 191 1 81 4 52 1 67 1 23 28 63 1

Sr 719 0-6 158 3 98 1 126 3 108 5 109-9 0-4
Y 359 0-3 07 01 50 01 19 01 45 0-3 4-9 0-1
Zr 136 1 73 4 118 3 51 3 96 8 102 3
Nb 143 2 36 1 131 4 31 2 68 7 94 8
Ba 158 2 249 9 222 4 245 11 249 16 247 3
La 155 2 46 4 206 5 130 7 200 15 217 4
Ce 156 2 45 3 206 5 131 8 195 15 213 5
Nd 168 3 47 3 186 5 116 7 130 1" 164 3
Sm 156 2 34 3 110 2 56 3 42 2 76 2
Eu 152 2 22 2 90 2 29 2 42 3 70 1
Yb 125 3 05 0-3 10-1 0-8 59 0-4 56 0-4 75 0-4
Lu 127 2 0-6 0-0 87 05 72 06 4-7 0-4 83 47
Hf 45 2 44 3 472 07 29 2 48 5 45 3
Ta 43 2 14 1 37 2 10-2 05 22 2 31 2
Th 219 3 157 12 325 6 77 5 267 19 356 12

U 132 3 332 21 188 4 209 14 201 15 196 7
Ba/La, 1-00 0-03 528 0-47 1-06 0-04 1-85 014 122 0-12 112 0-03
Th/La, 1-00 0-03 240 0-27 11 0-04 0-42 0-04 0-94 0-10 115 0-05
Zr/Hf, 1-00 0-06 0-54 0-05 0-82 0-04 0-57 0-06 0-66 0-09 073 0-06
Nb/Ta, 1-00 0-06 078 0-07 1-06 0-08 0-90 0-07 091 0-13 0-90 0-10
Th/U, 1-00 0-03 0-28 0-03 1-04 0-04 0-22 0-02 0-80 0-08 1-09 0-06

All analyses in ppm, measured using SIMS, given on a H,0 reintegrated basis; ¢15 = superliquidus experiment = starting

material.

*Measured using EMPA.

2225

220z 1snBny 0z uo 1senb Aq 651921 1/1 1.2Z/L L/1.G/el0mE/ABOj0Ned/ W00 dno"olWepeo.//:Sd)y Woly papeojumoq



JOURNAL OF PETROLOGY VOLUME 51 NUMBER 11 NOVEMBER 2010

Table 5: 'Irace element composition of experimental mona-

zite and  Macusani obsidian and calculated partition

coefficients

Run: c10 c23 c13 Macusani
°C: 800 850 800 650
Monazite: n=5 1o n=6 1o n=9 1o

La 88500 10300 98600 3360 91100 15800 94700
Ce 87500 10300 97800 3850 92100 15400 207500
Nd 84800 7530 90600 4330 85300 12300 94600
Sm 52200 7520 47900 5310 34800 3610 20100
Eu 33400 7880 28700 4050 13700 1140 -
Gd - - - - - - 15000
Th 235300 59300 213200 26140 287100 49350 64000
U 18100 1440 15200 2430 35100 10590 20000
D mon-mett

La 1290 280 1080 70 700 130 78900
Ce 1320 310 1090 80 700 130 57600
Nd 1300 250 1070 70 740 110 -
Sm 970 200 820 90 620 70 39400
Eu 710 180 590 80 480 50 -
Gd - - - - - - 23800
Th 1320 360 820 110 3710 700 37600
U 63 6 56 9 170 50 980
Dth/La 10 0-4 0-8 0-1 54 14 06
Dty 23 7 16 3 24 9 38

Partition coefficients make use of H,O-correction.

(e.g. Ganguly et al., 1998; Van Orman et al., 2002; Tirone
et al., 2005) and because garnet is known to have some
very high and very low partition coefficients (Dgyjrock)-
Given that analyses were made on randomly cut garnets,
single measurements will reflect various snapshots of the
zoning profiles, which should produce scatter in the data.
Indeed, SIMS analyses of garnets can have 1o of up to
70% relative, and these are most marked for highly com-
patible (HREE) or incompatible (LREE) elements.
Although these calculated partition coefficients are
subject to relatively high errors, relative variation in
element ratios will be considerably less (e.g. Wood et al.,
1999).

Garnet—melt partition coefficients are given in Fig. 10
and Supplementary Data File 4, and generally agree well
with existing studies at similar conditions (e.g. Green
et al., 2000; Klimm et al., 2008). It is evident that tempera-
ture strongly influences the partition coefficients, with
D grmer. decreasing with increasing temperature, consist-
ent with Van Westrenen et «al. (2001). Temperature

dependence is more pronounced compared with chemical
dependence, given that garnets with the lowest X, ossular
occur at the highest temperatures in this study (but Dy
melt generally increases with decreasing Xgosoutan Van
Westrenen et al., 2001. HREE and Y are the most
compatible, with Dyrpg+y generally ~200-300 at
T =800-900°C, and ~50-100 at 1000—1100°C. Scandium
has slightly lower D values of 80-140 at 7=2800-900°C,
and ~20-50 at 1000—1100°C. Elements with D values
around 1-10 include Ti, V, Zr, Hf, Sm, and Eu, all showing
an overall small decrease with increasing temperature.
Incompatible elements with D <1 were Li, Nb, Ta, Th, U,
La and Ce. The most incompatible elements, with
D <0-0I at all temperatures, are Ba and Sr. As explained
above, garnet strongly fractionates LREE and LILE from
HREE, and further causes small fractionation by prefer-
ring Zr over Hf (~2-3 times) and U over Th (2-3 times).
Nb/Ta fractionation (~1) and Th/La fractionation are less
well constrained by our experiments (~0-5-2), as a result
of analytical imprecision.

Rutile—melt partitioning

Rutile-melt partition coefficients from six experiments are
given in Supplementary Data File 5. Dy, and Dy, both
vary from 900 to 200, with the highest Dy;, and D,
values at lowest temperatures. Dy s consistently
around unity (average =105 30-08). This is considerably
higher than the Dxppn of around 0-56 of Klimm et al.
(2008) for basaltic fluids; however, both values agree well
with the data of Schmidt et al. (20044, e.g. Fig. 5), who
showed that rutile-melt Dyp, 1, increases with increasing
melt SiOy. Ilmenite in our experiments was found to con-
tain Nb and Ta well below the detection limits of EMPA
at our applied conditions. We hence conclude that our
ilmenites host insignificant amounts of Nb (and probably
Ta), although they can be up to 10 times more modally
abundant.

Monazite-melt partitioning

Monazite-melt partition coefficients are presented in
Table 5 and Fig. 11. Calculations were hampered by several
factors. First, monazite occurs in trace amounts and only
a few grains were suitably large for analysis, problems that
were exacerbated at higher temperatures because of
reduced proportions of monazite. Second, many analyses
exhibited non-stoichiometric amounts of REE +Th:P + Si
owing to contamination by surrounding phases. Small
amounts of contamination should not alter the REE 4+Th
analysis because monazite is by far their major host, so we
have confined ourselves to analyses with <l0% contamin-
ation. Finally, monazites exhibit zoning, which makes ana-
lysis somewhat dependent on sectioning. Hence, only
samples where enough grains were present to be analysed
in detail are likely to be representative.
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Fig. 10. Garnet—melt trace clement partition coefficients from our experiments. Partition coefficients for LREE, HREE, and Th may be subject
to high uncertainties (see text for discussion). Data from Supplementary Data File 4.
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—8— 800°C, 7 wt% H20
—-O— 800°C, 15 wt% H20
—y— 850°C, 7 wit% H20

Th U La

Ce Sm Nd Eu Gd

Fig. 11. Monazite-melt partition coefficients for LREE, U and Th from our experiments, compared with a natural monazite-bearing obsidian
glass (Macusani, Peru; Pichavant et al., 1987; Montel, 1993). Data from Table 5.

We have supplemented the partition coefficients deter-
mined from monazite analyses with values derived from
mass balance, assuming that melt and garnet are the only
other phases to accommodate U, Th and LREE. Both sets
of values are given in Table 6. Where we have partition

coeflicients from both methods agreement is good and the
overall partitioning patterns displayed in Fig. 12a and b
are generally consistent with Iig. 11. The only exception is
experiment c9, where the only two measurable grains
of monazite were excessively Th-rich compared with
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Table 6: Trace element composition of experimental monazite and monazite—melt partition coefficients via mass balance

This study
Run: c10 c23 c9 c17 c13 c21
°C: 800 850 800 800 800 900
1o 1o 1o 1o 1o 1o
Monazite
La 113300 17000 159100 20700 194400 85500 121700 5630 114500 11600 210200 307700
Ce 114100 16700 165000 18100 189600 83300 121900 5390 113300 11600 131900 217800
Nd 108400 16900 133800 17200 128700 67300 114400 5900 113100 11400 - -
Sm 65700 17700 21700 17800 - - 69600 8680 48600 10200 - -
Eu 54300 18900 - - - - 60000 10600 - - - -
Th 139800 33400 141700 18800 100900 115500 135800 9690 241100 14100 304100 501200
U 34100 52600 - - - - - - 9600 17500 - -
Dmon-meit
La 1640 310 1740 250 1050 470 2640 240 880 100 1050 1540
Ce 1730 340 1850 230 1050 470 2690 220 870 100 680 1120
Nd 1670 300 1580 220 910 480 2450 190 980 110 - -
Sm 1220 310 370 300 - - 2050 310 870 190 - -
Eu 1160 350 - - - - 2750 540 - - - -
Th 780 170 540 80 290 340 870 20 3130 280 1140 1910
U 120 150 - - - - - - 50 80 - -
Dth/La 05 02 03 0-1 0-3 0-4 03 0-0 36 05 11 28
Dthiu 656 17 - - - - - - 68 45 - -
Hermann & Rubatto (2009)
Run C1563 C1614 C1872 C1578 C1699 C1848
°C:
Monazite
La 121400 145600 103000 137200 113500 104900
Ce 48700 58600 42600 55600 46900 43100
Nd 34900 45900 30900 43500 34000 31800
Sm 28100 43800 25000 38700 27700 26500
Eu 7690 14000 9750 12600 10700 10800
Th 160800 194400 151600 174800 158600 152600
U 268900 155200 314000 198800 281000 306000
D mon-mert
La 890 790 1200 1210 1060 1360
Ce 810 750 1220 1160 1070 1310
Nd 780 880 1190 1400 1030 1450
Sm 720 1290 1000 1760 960 1560
Eu 240 560 410 740 410 770
Th 670 660 1300 880 790 1330
U 340 140 670 280 300 710
Dth/La 07 0-8 11 07 0-8 10
Dty 20 46 19 31 26 19

Partition coefficients make use of H,0O-correction (for this study).
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—{1- 900°C, 15 wt% H20

(@)

1000 4

Dmonazite/melt

100 4

Hermann & Rubatto (2009)

1000°C, 4.5 GPa, 2.8 wt% H20
900°C, 4.5 GPa, 6.8 wt% H20
800°C, 4.5 GPa, 6.8 wt% H20
900°C, 3.5 GPa, 6.1 wt% H20
900°C, 3.5 GPa, 3.1 wt% H20
800°C, 3.5 GPa, 6.8 wt% H20

(b)

Th U La

Ce Nd Sm Eu

Fig. 12. Calculated monazite-melt partition coefficients for LREE, U and Th from (a) this study and (b) that of Hermann & Rubatto (2009),
using a mass-balance approach. The latter experimental study involved very high U concentrations (>500 ppm) for which there may be
additional hosts, for which we cannot account. (See text for details) Data from Table 6.

mass-balance constraints. We believe that this discrepancy
1s related to chemical variability combined with the mea-
sured monazite not being representative for this sample.
Indeed, some other monazites, for which measurements
were contaminated (>10%) by the surrounding matrix,
appear to have much lower Th concentrations. It is clear
that errors on mass-balance partition coefficients are sig-
nificantly higher than those on measured values because
of error propagation through the calculations (e.g. phase

proportions, analytical), and this is most notable near
monazite-out at ~900°C.

We have also tried to estimate the monazite composition
for the dataset of Hermann & Rubatto (2009) by the same
method. For garnet modal abundance, we have used 20%
(J. Hermann, personal communication); garnet trace
element contents of our run cl0 were used for all of their
garnets. Meaningful error propagation could not be per-
formed. It should be noted, however, that the exact trace
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content of garnet is largely insignificant for our mass bal-
ance as the key elements (La, Th) will primarily be
hosted by monazite and melt.

Calculated and measured monazite-melt partition coef-
ficients (Iigs 11 and 12a,b) reveal, as expected, that
LREE 4+ Th are strongly retained in monazite compared
with the melt phase, especially at low temperatures. Also,
monazite fractionates La from heavier REE (e.g. Sm),
with Dy ,/Dsg,, varying from 11 to 1-3. Water-rich melts can
dissolve more LREE +Th compared with water-poor
melts (e.g. Rapp & Watson, 1986), reflected in lower bulk
D1 rgg, for 800°C when 15 wt % H,O was loaded in the ex-
periment compared with 7wt %. All monazites strongly
fractionate Th from U, with Dy}, 16-24 times greater than
Dy. Dryjrq varies widely, from ~0-3-5. In Fig. 11 we fur-
ther compare our partition coefficients with those of a nat-
ural monazite-rhyolite glass pair from Macusani, Peru
(Pichavant et al., 1987; Montel, 1993). The calculated equi-
librium temperature for the Macusani rhyolite is ~650°C
(Pichavant et al., 1987) at a sub-volcanic pressure of
~200 MPa. As expected, partition coeflicients for LREE
and Th are much higher than those in this study, because
of the strong temperature dependence of monazite solubil-
ity. However, the overall pattern is similar, with
Dy, > Dy and Dy, > Ds,y,. It is striking that at Macusani
Dy /Dy, =05, further supporting our observation that
this ratio is not necessarily unity (see Plank, 2005;
Hermann & Rubatto, 2009).

Natural monazites are a solid solution of monazite
[LREEPO,], huttonite [ThSiO4] and brabantite
[Cag5ThysPO,4], and the relative solubilities of these
three components may play a role in controlling the
relative partitioning of LREE and Th. This is more acute
in doped experiments, where LREE/Th ratios are typical-
ly much higher than they are in nature. For example, we
observe that in most cases Dy ,/Dp, <1 (Fig. 11), except for
one experiment with high water content (cl3: 800°C,
15wt % HyO) where Dy,/Dty, ~ 5. We believe that this
may be due to different solubility behaviours of Th vs
LREE end-members of monazite solid solution as a re-
sponse to increased water contents (see Supplementary
Data File 6 for more information).

Melt—bulk solid partitioning

Partition coefficients between the bulk residue and melt
can be calculated from the glass fraction determined by
mass balance and the compositions of the starting material
and the glass (Fig. 13a), with the caveat that fluid-corrected
trace element concentrations, together with mass-balance
uncertainties, may be subject to relatively high errors.
Indeed, if trace elements are predominantly in the melt
phase, mass balances for solids can be within error of
zero. We therefore consider only solid—melt partition coeffi-
cients between 0-01 and 100. Partition coefficients are
shown in Fig. 13, and given in Supplementary Data File 7.

The most incompatible (or fluid-mobile) element, which
is not retained to any significant degree in the solid residue
at any temperature, is Sr (see Hermann & Rubatto, 2009).
Hermann & Rubatto (2009) have also noted that Cs (not
present in our experiments) is similarly incompatible.
Barium is also highly incompatible, but partly held back
by phengite (e.g. Hermann, 2002) up to ~850°C. U and
Li are also relatively fluid-mobile. Elements that are buf-
fered by accessory phases (rutile: e.g. Ryerson & Watson,
1987; monazite: Rapp & Watson, 1986; zircon: Watson &
Harrison, 1983) have strongly increasing D eigjsolida With
increasing temperature as a result of increased solubilities
up to the point that the host phase becomes exhausted.
This is most notable for LREE and Th (monazite-buffered,
exhausted above ~900°C), and Ti, Nb and Ta
(rutile-buffered, exhausted above ~1000°C). In the case of
monazite control we illustrate this behaviour in Fig. 14a
and b, where the La and Th contents of melts are plotted
versus melt fraction and temperature, respectively,
for 7wt % and 15% H,O. Both La and Th increase to
maximum values at the point of monazite exhaustion,
plotting thereafter along a dilution curve consistent with
Dy, and Dy, both being approximately zero. This
trend corresponds well to either positive monazite identifi-
cations or inferences from mass balances at any given
temperature (Fig. 14b). The different melt fractions at
which monazite is exhausted are clear from the displaced
maxima between the 7% and 15% H,O series. Similar be-
haviour is observed for rutile control of Nb and Ta
(Fig. 14c and d). Similar conclusions cannot be drawn for
Zr and Hf (Fig. 14e and f); because of appreciable in-
corporation of these elements into residual garnet (Fig. 10),
zircon-out as suggested by mass balance (7 ~850°C)
does not correspond to the maxima in a concentration
versus melt fraction or temperature diagram (Fig. l4e
and f). In all three panels of Fig. 14 it is clear from the dis-
placement of the curves for 7% HyO and 15% H,O
that HoO, as well as temperature, exercises a strong con-
trol on the solubilities of monazite, rutile and zircon (see
Rapp & Watson, 1986, for monazite; Xiong et al., 2009, for
rutile).

The fact that monazite fractionates Th from La means
that the source-normalized Th/La ratio of the fluids is not
unity until the point of monazite exhaustion. Our values
differ somewhat from those of Hermann & Rubatto
(2009), who found that D1, in monazite-saturated ex-
perimental melts lay close to unity over a wide temperature
range. However, their initial doping levels differ signifi-
cantly from ours in having higher Th (and U) relative to
LREE.

Effects of doping

Before considering the implications of our experimental re-
sults for trace element behaviour during melting of natural
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Fig. 13. (a) Melt-bulk solid and (b) melt-whole-rock partition coefficients from this study, using the H,O reintegrated modal proportions from
Table 2 and corrected glass analyses from Table 4. Data from Supplementary Data File 7.

Nb Sm_ Ti
Eu Lu

radiolarian clay it is important to consider the effects of
doping the starting materials with some trace elements in
excess of natural values. This practice is widespread in ex-
perimental studies of trace element behaviour to generate
sufficient accessory phases to be positively identified in
run products. It is, however, clear from Fig. 14 that the

presence or absence of accessory phases can, in fact, be
deduced in many cases from the evolution of trace elem-
ents with increasing melt fraction without the need to
dope.

The elements most affected by doping levels are those
that are major structural components of accessory phases.
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Fig. 14. (a—f) Concentrations of various trace elements in the melt,
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which are principally controlled by accessory phase solubilities (La,

Th = monazite; Nb, Ta =rutile; Zr, Hf = zircon), plotted against melt fraction (a, c, ¢) and temperature (b, d, f). Trace element concentrations
steadily increase until the point of host phase exhaustion. This is indicated in (a), (c) and (¢) where trace elements start following a trend as pre-
dicted by D =0 ( =exhaustion), and in (b), (d) and (f) by decreasing concentrations (see Klemme et al., 2002). These trends are in agreement
with either positive identification of host phases via SEM or mass balance (MB). Zircon-out is not well matched because of the persistence of

garnet, which hosts significant amounts of Zr 4= Hf.

The principal effect of doping is to increase the modal
amount of an accessory phase. Although this does not
affect the solubility of the phase (within reasonable limits)
it does affect the bulk partition coefficient for add-
itional trace elements that are incorporated into that
phase. Klimm et al. (2008) discussed the case of rutile.

They showed that adding additional TiOy to a starting
material does not affect Ti solubility (and hence TiO,
in the melt), but does affect the bulk partitioning
behaviour of Nb and Ta because it is related to the modal
abundance of rutile via DR}L“‘ =X, x Dy, (or

Dvlf};lk = X, x D)) where X, is the modal abundance of
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rutile. It is therefore very important to acknowledge the
distinction between solubility (unaffected by doping) and
bulk partitioning (affected by doping) (see Hanson &
Langmuir, 1978).

Our experimental starting materials have 11 and Zr
contents similar to natural radiolarian clay (Table 1) there-
fore the modal abundance of rutile and zircon in our ex-
periments mimics that in nature. Consequently the bulk
partitioning behaviour of trace elements preferentially
taken up into these phases (Nb, Ta, Hf) will be unaffected
and the doping issue need be considered no further. In the
case of monazite the situation is more complex because
monazite exhibits extensive solid solution between three
end-members containing LREE and/or Th: monazite
(LREEPO,), huttonite (ThSiO4), and brabantite
(Cag.5Thy.sPOy). Thus in systems doped with high levels
of Th, relative to LREE, Th may become a major (or ‘es-
sential’) structural component. In our experiments both
Th and LREE are added in excess of natural levels
(Table 1), such that Th/LREE is nearly four times higher
than in natural radiolarian clay. [Th/LREE of Hermann
& Rubatto’s (2009) starting material is over six times
higher]. As a consequence our experimental monazites
are solid solutions with appreciable huttonite and braban-
tite components (Fig. 9). (Analogously, coffinite may
become a major structural component in monazite in ex-
periments that are highly doped in U, although other
phases such as garnet and zircon can host significant
amounts.) As all components are likely to display solubility
dependences on temperature, pressure and composition
(including HyO) that differ from those of monazite, and
may exhibit non-ideal interactions in monazite solid solu-
tions, it is plausible that the behaviour of Th, U and other
LREE in our experiments (Fig. 14) does not replicate that
in nature.

The transition from partitioning-controlled behaviour,
where a species acts as a passive trace component, to
solubility-controlled behaviour, where the species becomes
a major structural component, corresponds thermo-
dynamically to the change from Henry’s Law behaviour
to Raoults Law behaviour (separated by a transitional
zone). In most magmatic systems a species can be con-
sidered as showing one or other type of behaviour. For
example, in the case of rutile, Ti is Raoultian, whereas Nb
and Ta are Henrian. For natural rocks where La
(and other LREE) are much more abundant than Th
(and U), one would imagine that La is Raoultian, whereas
Th is Henrian. It is possible, however, that in systems
doped with significant Th, such as ours and that of
Hermann & Rubatto (2009), one may see the transition
from Henrian to Raoultian behaviour. This transition
must be accounted for if experimental data are to be ap-
plicable to nature.

RADIOLARIAN CLAY PHASE RELATIONS

The solubility of a component, say huttonite, in a fluid or
melt (hereafter just fluid’) can be described by an equilib-

rium constant, K"

N 0(hut ,Yhut Xhut
ut __ 'mzss __ mzss mzss __
]{SOI — ghut T hut x hut _f(P’ T7X) (1)
o X
fluid Vfluid fluid

where mzss denotes monazite solid solution, o denotes ac-
tivity, Y denotes the activity coefficient and X denotes
molar fraction. An analogous expression can be written
for LREE in mzss. In the Raoults Law region, where
o=JX, the y terms are unity. Thus the Th (and LREE)
content of the fluid at a given pressure, temperature and
fluid composition depend inversely on the monazite solid
solution composition. For binary huttonite-LREE
monazite solid solutions the weight fraction Th in mazss is
given by
232.04.X10t

Thmzss = mzss
933.88 + 90.25 X hut @)

mzss

and the molar fraction of Th in the fluid can be calculated
from the molar fraction of all other cations in the fluid.
For a given fluid composition

Thﬂuid - EXﬂllﬁd (3)

where the constant of proportionality, ¢, is related to the
gram formula weight of the fluid. Equations (1)—(3) can be
combined to yield the effective Nernst partition coefficient
in the Raoult’s Law region (DXaoult) at a given Pand T:

Raoult __ ThmZSS
Th - .
Thyyia

(4)
In the Henrian region, at the same Pand 7, the partition
coeflicient is a constant:

Henry _ Thmzss
Th =
Thyyid

= constant. 5)

Henrian behaviour applies when X™! — 0 and the

Raoultian region when X' '— 1. Between these two ter-
minal regions there is a transition, whose form depends
on the ratio of the activity coefficients yhul /yhut
According to the Gibbs—Duhem relationship, when Th
shows truly Raoultian behaviour, the LREE are Henrian
and vice versa. In Fig. 15 we show this behaviour schemat-
ically for Dy, and Dy rgg. The ratio of Dyy,/Dy, is a sensi-
tive function of monazite solid solution, which depends on
the doping levels of these two elements. The behaviour of
natural systems, where LREE >> Th, is likely to approxi-
mate that in whichTh is Henrian and the LREE (La) are
Raoultian, whereas in doped systems, where Th ~ LREE,
Th and LREE (La) may enter the transitional region.
Unfortunately, quantitative assessment of this model is
hampered because of our limited and unsystematic (poly-

thermal, polybaric) datasets; however, we can qualitatively
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a-b solid solution (ss)

b Raoultian
D
a
Henrian
0 1
X558

Fig. 15. Schematic diagram illustrating the partitioning behaviour
of elements ¢ and b that form a solid solution (ss), as a function
of X7°. Behaviour depends on the relative concentrations of @ and b:
if a < b, then a shows Henrian behaviour whereas b shows Raoultian
behaviour, and vice versa. Transitional behaviour is expected for
arb.

assess its applicability by comparing calculated Dysprer
and Dy, as a functions of X3, Figure 16 shows that
Dsyrip decreases with increasing X177, but this pattern
is reversed for Dy, consistent with our simple thermo-
dynamic evaluation in Fig. 15. This suggests that both ex-
perimental studies [this study and that by Hermann &
Rubatto (2009)] have investigated partitioning behaviour
that is entering the ‘transitional zone’ as defined above,
where results are sensitive to doping levels. Our data span
a larger range in partitioning behaviour when compared
with the dataset of Hermann & Rubatto (2009), which
may be attributable to greater solubility differences be-
tween monazite and huttonite at the very high HoO con-
tents in some of our experiments. We have contoured the
experimental data for Dyy,/Dy, in Fig. 16b (change from
Dy, <Dy, to Dpp> Dy, with increasing X77*), to deter-
mine whether Th will be fractionated from La in the pres-
ence of monazite in natural radiolarian clay. In the
absence of reliable partitioning data, X77* can be esti-
mated only for sub-solidus conditions, assuming that the
sub-solidus monazite composition has an LREE/Th ratio
close to that of the bulk-rock (i.e. monazite is the only
major LREE +Th host). Figure 16b shows that monazites
from natural radiolarian clay are likely to have a very
small X7 of <01, which plots in the area where our ex-
periments show Dy, < Dy ,. This is consistent with our nat-
ural example (Macusani Obsidian), whose X7 also
plots in that range. Based on the available data we there-
fore conclude that doping does affect the relative partition-
ing of Th and La and that, for natural levels of Th and
La, Dyy/Dy,<1. Such a value may generate Th—La frac-
tionation in fluids relative to their solid residues.

DISCUSSION

Melting behaviour of subducting sediments
The experiments in this study were performed assuming
that external water is available during melting; for ex-
ample, as a result of serpentinite breakdown from the
underlying portions of the slab. Fluid-present melting of
subducted sediments has been suggested previously (e.g.
Domanik & Holloway, 1996), and high-pressure phase rela-
tions in S-type granites (broadly similar to clays) with dif-
ferent water contents were determined by Huang &
Wyllie (1973, 1981). Excess water in our experimental study
ranges from 65 to 145wt %, given that, for the bulk
radiolarian clay composition, only ~0-5wt % of water
(total) would be structurally bound up in sub-solidus
phengite. Our experiments show that substantial volumes
of melt can be generated above the solidus if excess, exter-
nally derived water is available. Melt fractions (F) could
be >0-5 even at near-solidus temperatures (~800°C) if
around 15wt % water is available at 3 GPa. Our attempt
to perform fluid-absent experiments (~lwt % HyO)
failed because no detectable reaction occurred in our start-
ing material, even at temperatures >900°C.

In Fig. 17 we compare our results to those of Schmidt
et al. (2004b) for a greywacke and a pelite, the latter being
chemically similar to radiolarian clay. Figure 17 illustrates
clearly that, for an overstepping of 7;,jiqus of ~50°C, only
negligible amounts of melt (¥<~0-1) would be generated
if no (or negligible) external fluid is available. Figure 17
further shows that substantial melting (F£>0-5) in
fluid-absent systems can be achieved only at relatively
high temperatures (~1000°C) where phengite disappears
[see also discussion by Hermann & Spandler (2008)]. In
fact, the melt fraction in our study at phengite-out (~830—
870°C) approximately equals the phengite-out melt frac-
tion of Schmidt et al. (20045) at ~1000°C (Fig. 17).
Differences in detail are probably related to the starting
composition, especially the amount of K5O, stabilizing dif-
ferent amounts of phengite.

We can model the observed differences between fluid-
absent and fluid-excess melting behaviour in terms of a
simple binary between an anhydrous aluminosilicate com-
ponent (in the case of end-member phengite, this is ortho-
clase 4+ orthopyroxene) and pure HoO, wherein phengite
is an incongruent-melting, intermediate compound
(Fig. 18). Our schematic phase diagram is calculated for
the case where the fluid’ lies just below the second critical
end point, such that there is a eutectic between phengite
and HyO (see Kessel e al., 20056). We use the schematic
phase diagram to calculate melt productivity (F—7) paths
for three contrasted scenarios: fluid-absent melting of
phengite (A), melting with a very small amount of excess
fluid (B) (see Schmidt et al., 20045), and melting with sub-
stantial excess fluid (C + D), approximating that in our ex-
periments. We show that the calculated F—T curves bear
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Fig. 16. Partitioning behaviour of XLREE (a) and Th (b) between monazite and melt as a function of X?". Whereas Dy rpp decreases with
increasing X3, Dy, shows the opposite behaviour. This pattern is consistent, in principle, with the simple thermodynamic evaluation in

mon

Fig. 15. Continuous lines are eyeball fits. Also shown in (b) are contours of Dy,/Dy,, as well as estimated X" of natural radiolarian clay, sug-
gesting that, in nature, Th will be fractionated from La in the presence of monazite. (Note that the presence of monazite in the experiment

marked with brackets is uncertain based on mass balance).

similarities to those depicted in Fig. 17, with maximum
melt production achieved at the point of phengite break-
down, which occurs at lower 7 in scenarios (C) and (D),
compared with (A) and (B). Of course, natural sediments
are not peritectic binaries, because of ubiquitous solid solu-
tion and the presence of minor components. However, our
simple approach illustrates clearly why melt productivity
is negligible for fluid-absent (or fluid-poor) conditions

except at high temperatures, whereas it is copious for the
fluid-abundant case.

We conclude that dissolution of phengite ultimately con-
trols melt productivity at high pressures (see Schmidt
et al., 2004b) and that this is considerably enhanced by the
addition of water, even at relatively low temperatures.
Hence, substantial volumes of melt can be generated close
to the solidus if external water is available. In the absence
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Fig. 17. Comparison of melt productivity (melt fraction %) in near fluid-absent melting experiments of Schmidt ¢ al. (20044) at 4 GPa, com-
pared with melting of sediments in the presence of larger quantities of excess water (termed ‘flush melting’, this study, 3 GPa). Differences in

Tsolidus include a pressure effect.

of such external fluids sediment would be (nearly) refrac-
tory at similar temperatures. There is clearly an important
distinction between fluid-absent melting and what we
term “flush melting’

Trace element signature of the melt

It is now well established that the presence or absence of
trace element-rich accessory phases (e.g. rutile, allanite,
monazite) is collectively responsible for the arc magmatic
geochemical signature. The stability of rutile exerts pri-
mary control on the behaviour of HFSE (e.g. Brenan
et al., 1994; Yoley et al., 2000; Zack et al., 2002; Klemme
et al., 2005); mirrored in arc volcanic rocks by negative Nb
and Ta anomalies (e.g. Pearce & Cann, 1973; McCulloch
& Gamble, 1991; Hawkesworth et al., 1993; Thirlwall et al.,
1994). This characteristic is readily reproduced in this
study (Fig. 13a and b), because rutile is present until
~1000—1100°C. Garnet is known to be a major host for
the HREE (e.g. Stalder et al., 1998; Van Westrenen et al.,
1999; Green et al., 2000; Pertermann et al., 2004) and is pre-
sent up to the liquidus in our experiments. Zircon, as well
as garnet, exercises further control on Zr and Hf, which
may also show negative anomalies in arc magmas.
However, the relatively early exhaustion of zircon from

the residue means that appreciable Zr and Hf anomalies,
above and beyond those attributable to garnet, would not
be anticipated where the slab temperature exceeds
~850°C.

The behaviour of LREE 4 Th is controlled by the pres-
ence of residual allanite in subducted metabasalt, and po-
tentially in some CaO-rich metasediments (Hermann,
2002; Klimm et al., 2008), and by monazite in low-CaO
metasediments (this study; Hermann & Rubatto, 2009).
Allanite may also be present in metasediments as a low-P
precursor of monazite (e.g. Hermann & Rubatto, 2009).
Apatite may further be present in high-P;O5 protoliths
(e.g. Johnson & Plank, 1999), but appears to contain too
little LREE 4+Th to be of major significance [despite its
abundance; see, e.g. Krenn et al. (2009) for trace element
contents of coexisting apatite and monazite in UHP
metapelites].

Plank (2005) has shown that for most arc magmas the
magmatic Th/La ratio matches that of the subducted sedi-
ment associated with a particular arc. She argued that
monazite does not appreciably fractionate Th from La at
sub-arc conditions, a conclusion supported by Hermann
& Rubatto (2009). Conversely, we have shown that Th-La
fractionation in experiments is a sensitive function of
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Fig. 18. Model melting behaviour in a simple, fictive binary system [orthoclase (Or) 4 orthopyroxene (Opx)~H,O], where phengite
[(Al)celadonite] is an intermediate phase, for bulk compositions corresponding to fluid-absent, lwt % excess HyO (Schmidt et al., 20045),
6 wt % excess HoO and 14 wt % excess HyO.
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Fig. 19. Source-normalized Th/La, as a function of temperature from our experimental study, compared with data from Hermann & Rubatto
(2009). (Note that the presence of monazite in the experiment marked with brackets is uncertain based on mass balance).

doping levels of Th relative to LREE and that for realistic,
low-Th sediments the effective Dy,/Dy,, ratio is probably
significantly below unity. We conclude that Plank’s (2005)
observation is most simply reconciled with the destruction
of monazite beneath most arcs. Of course, the
monazite-out temperature is itself controlled by doping
levels and must be extrapolated from the experiments
(with XLREE ~ 788) to the natural situation [with
2LREE ~ 177 after Plank & Langmuir (1998); Pr was not
given but is estimated to be around 15 ppm]. Our experi-
ments show that monazite solubility is a sensitive function
of temperature and fluid composition (especially HoO).
We can use our measured solubilities for the series of ex-
periments at 7 and 15 wt % H5O to calculate the tempera-
ture at which monazite-out would occur for a radiolarian
clay with natural LREE levels. At 7wt % HyO
monazite-out is at ~840°C, whereas for 15% H,O it is at
~780°C (see Supplementary Data File 8 for more informa-
tion on the calculations). These can be considered approxi-
mate lower bounds for slab-top temperatures at sub-arc
depths where radiolarian clay is a key subducting lithology.

The supply of LREE to volcanoes behind arcs, for ex-
ample in back-arc basins (see, e.g. Portnyagin et al. 2007),
appears to be inconsistent with complete destruction of
monazite in the sedimentary portion beneath the arc,
which would effectively relinquish all LREE. One solution
is that monazite is not entirely destroyed beneath the arc,

allowing tiny amounts of monazite to be carried beyond.
Source-normalized Th/La ratios at near monazite-out will
be close to their initial value, because bulk fractionation is
a function of the modal amount of host accessory phase
(Dl = Xon x Dy and D= Xy x DI
Hence, as X,,,,, = 0, little bulk fractionation occurs even
when Dy,/Dy, #1. This effect is apparent from a plot of
source-normalized Th/La versus temperature (Fig. 19),
where Th/La approaches unity at 900°C, although mona-
zite 1is still present in tiny amounts at that temperature.
Alternatively, back-arc LREE 4Th could be supplied
from the basaltic portion of the oceanic crust through the
destruction of allanite at greater depth. Across-arc isotopic
studies (e.g. Nd) would be required to quantitatively
assess this possibility.

The study of Hermann & Rubatto (2009) shows that re-
sidual phengite controls the behaviour of LILE (e.g. K,
Ba, Rb, Cs) (e.g. Domanik & Holloway, 1996; Schmidt,
1996; Sorensen et al., 1997; Melzer & Wunder, 2000; Zack
el al., 2001; Hermann, 2002; Schmidt et al., 2004
Hermann & Rubatto, 2009). In our study phengite dis-
appears at 7>850°C in runs with 7wt % HyO, and
>800°C in runs with 15wt % H,O. Hermann & Rubatto
(2009) have demonstrated that in the presence of phengite,
fractionation of Rb from Cs occurs (which cannot be
shown here because we did not add either of these
elements), consistent with what is observed in nature
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(Melzer & Wunder, 2000; Hermann & Rubatto, 2009).
Hence, LILE fractionation is ensured by our experimental
results until ~870°C, and this may represent an upper tem-
perature limit for slab-top temperatures beneath, for ex-
ample, the Lesser Antilles, provided that there is no
phlogopite formation in the overlying mantle column
(Wunder & Melzer, 2003). Moreover, in natural sediments
Ba will not be significantly fractionated from La when
both monazite and phengite are exhausted.

Implications for U/Th disequilibria

Our conclusions on monazite-free (or very monazite-poor)
solid residues have implications for U/Th disequilibria in
arc magmas (Avanzinelli e/ al., 2008). A striking feature of
many lavas from sediment-poor arcs is that they show a
P excess over "Th compared with their source, in con-
trast to sediment-rich arcs, which appear to plot close to
the  (*BUMTh) vs  (*°Th/*Th) equiline (e.g.
McDermott & Hawkesworth, 1991; Condomines &
Sigmarsson, 1993). The creation of excess **U in depleted
arc lavas is generally explicable by the presence of either
monazite or allanite in the dehydrating mafic crust (e.g.
Hermann, 2002; Klimm et al., 2008; Hermann & Rubatto,
2009; this study), which strongly retains Th in preference
to U (Fig. 11). This leads to the development of a strong
P81 excess signal that may persist in young arc lavas that
receive minimal sediment input. All samples, whether
coming from sediment-poor or sediment-rich arcs, that
plot on the (P**U/**Th) vs (¥**Th/***Th) equiline can po-
tentially be explained by having decayed back to equilib-
rium. A portion of the samples that plot close to the
(*FBUPTh) vs (P"Th/**Th) equiline have minor ***Th
excesses (e.g. Condomines & Sigmarsson, 1993; Elliott
et al.,1997) that cannot be explained by decay alone. Only
fluids or melts that have initially started with excess Th
(compared with the initial composition) can plot above
the equiline. Fluids or melts with excess Th, however,
cannot be expelled in the presence of monazite because of
strong retention of Th (compared with U) in monazite.
Conversely, fluids or melts expelled from a monazite-free
but garnet + rutile & zircon-bearing solid residue will
have excess Th, as a result of the strong preference for U
over Th in these minerals (e.g. Blundy & Wood, 2003;
Klemme et al., 2005; Rubatto & Hermann, 2007). Hence,
our proposal for a monazite-free solid residue is corrobo-
rated by U-Th disequilibria studies, and is consistent
with a recent appraisal of the Marianas arc (Avanzinelli
et al., 2008).

CONCLUSIONS

We have shown that substantial melting of the subducted
sedimentary layer can be achieved if external water is
available, even at low, near-solidus temperatures. In con-
trast, fluid-absent melting produces negligible amounts of

RADIOLARIAN CLAY PHASE RELATIONS

melt at similar temperatures. Water is also the key for the
removal of monazite from the solid residue beneath arcs,
given that such substantial melt volumes are capable of
accommodating the entire LREE 4 Th budget of the sub-
ducting sediments. Arc genesis in the absence of residual
monazite is supported by several geochemical features
(Th/La; U/Th disequilibria) that have been reported
from volcanic arcs worldwide.

The availability of water at sub-arc depths appears to be
the key parameter for the subduction signature in arc
lavas. It is striking that, although water may be continu-
ously released during subduction (e.g. Poli & Schmidt,
2002), arcs develop above a very distinct region of the sub-
ducting plate (around 80-120km depth; England et al.,
2004). There appears to be minimum temperature in the
mantle wedge above which melt is produced in preference
to hydrous phases (chlorite, serpentine) when water enters
the wedge (e.g. Grove et al., 2009). Of all potential
water-releasing reactions (e.g. Poli & Schmidt, 2002), ser-
pentinite dehydration seems the most viable at sub-arc
depths (e.g. Ulmer & Trommsdorff, 1995), adding large
amounts of water but rather few trace elements (e.g.
Scambelluri e al., 2001). At 3 GPa, antigorite (~13 wt %
H,0) breaks down at ~700°C. Sediments at sub-arc
depths will experience higher temperatures (>100°C)
than the underlying serpentinites given their much closer
proximity to the hot mantle wedge (e.g. Van Keken et al.,
2002). A slab-top temperature of >800°C accompanied by
considerable amounts of excess water from the antigorite
breakdown are in line with our proposal that monazite be
(virtually) exhausted from the sedimentary portion of the
slab. The role of serpentinites as major source for water be-
neath arcs (% interaction with sediments) has been high-
lighted many times in the literature (e.g. Hermann &
Green, 2001; Bebout & Barton, 2002; Riipke et al., 2004;
Arcay et al., 2005; Stern et al., 2006; Portnyagin et al., 2007;
Singer et al., 2007; Spandler et al., 2008). There is also inde-
pendent evidence for dehydrating serpentinites beneath
arcs from seismology and shear-wave splitting studies (e.g.
Carlson, 2001; Seno et al., 2001; Dobson et al., 2002;
Faccenda et al., 2008; Burlini et al., 2009). The presence of
highly serpentinized mantle rocks is also confirmed from
ocean drilling and dredging (e.g. Juteau et al., 1990;
Miintener & Manatschal, 2006), and can be estimated seis-
mically (for more information, see, e.g. Hacker, 2008). We
propose that serpentine breakdown, triggering ‘flush melt-
ing’ in the overlying subducted crust (basalt 4 sediment),
is an important process in providing the slab-derived
trace element signature beneath arcs. Even in arcs where
serpentinite breakdown cannot be considered reasonable
because of local thermal particularities, our conclusion
that an external water source is required still holds for
any arcs that show a ‘sediment melt’geochemical signature.
This is suggested by the fact that sediments, in a true
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fluid-absent melting case, are nearly refractory up to rela-
tively high slab-top temperatures.
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