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Trace element signature of subduction-zone fluids,
melts and supercritical liquids at 120-180 km depth

Ronit Kessel', Max W. Schmidt’, Peter Ulmer® & Thomas Pettke’

Flubds and melts liberated fron subducting oceande crust recycle
lithophile elements back into the mantle wedge, Facilitate melting
atud ultimately lead to prolific subduction-zone arc volcanism®™.
The nature and compastion of the mobile phases generated in the
subdiscting slab at high presusres have, however, remained largely
unknown'. Here we report diredt LA-ICPVS mensurements of
the composition of thaids and melis equilibruted with a hasaltic
eclogite at pressures equivalent to depths in the Earth of
|2n_|mtm and temperatures of T0-1,200°C. The resultant

iid/mineral partition coefficients constrain the recycling rates
n'?kq-d:nﬂlx. The dichotonty of dehydration versus melting at
130 km depth is expressed through contrasting behavioor of meany
traceelements (L Th, Sr, Ba, Be and the light rare-earth dl ements),
At pressures equivalent to 130 km hoveever, a supercritical
liquid with melt-like solubdlities for the investigated trace
elements s observed, even at low temperatures. This mohdlizes
most of the key trace elements (except the heavy rare-earth
elements, ¥ and Sc) and thus Hmits Aoid-phase transfer of
geochemical signatures in subduction zones to pressures less
thean 6 G,

Trace dements and Botope ratos of arc magmes ane frequently
deploved o decrpher ther complex magmatie history and identalfy
souree comprments. 1% swell established that a slab companent,
identified by B, "'Be, 1 and Th abundances™"", combines with a
mantle meting component with high Mg# and high Ni and Cr
anntenes™, to form primitive hasaltic magmas that give rise 10 most
are suites. Whiether at high pressures the dab companent, which
transfers such elements to the mantbe, is a flaid, melt or supercritical
liquid, has remained wnknown, Mest theraal models of matre
subduction zones' suggest that terperature conditions for the
subducting crust are far below its solidus at subare depths, Mever-
theless, it las becone: incresingly popular to atribute estimated Be
and Th rransfer rates o slab mdting”, implying that mest thenmal
models are in ermor. The missing link in this controsersy is tle
conpessition and vature of the fuids or melts departing foom tee
alaby whicly in twm allow cenditions. of theiy formation to be
cnnatrained. A& eritical petrological parameter in this debate 5 the
closure of the immisaihility gap betwieen an aqueous fhod and 2
o slicate mele™,

AL b | crustal pressures, aqueous fuids condain a few per cent
of solutewhals partial melts have <2 15w H,O0 A I|13Jm]x\-«§1|n-«.
thie amoumt of sohutes in the fhiid and Hlu'm‘illhilir},'n‘l 1,0 in slicate
melts hoth dramatically increase, and the compositiors of fhid and
melt comverge alang a miscibility gap, which eventually disappears'™,
The intersectiom of the miscbili t'r gaps critical curve with the solidus
then defines the end point of the solidus" ", and we termeangy fuid or
mielt heyonad this point “supercritical quuid'. The pressure of the
aritical end point of the solidus is strongly dependent on bulk

composition, and varies from Lo GPa in feldspatic systems' o
S IGRL in martle systems’. Tn potmsiume and mica-rich litholo-
g of thee subducted crust, this endpoint is situated berween 5 and
G0Pa (ref. 1}, cormesponding to depths of 150-180km of the
subducting dab beneath volcanse arce, It has been proposed” that
superaritical liquads have hagh trace dement solubilities a1 relatively
lonwr temnperatures. The seope of our experimental stusdy is to quantify
partitioning between the residual sab mineralogy and all three
mobile phases of interest—that is. high pressure squeous fluids,
bydrous melts and sapercritical Biquiss.

T determine fhid and mdt compositions equilibrated with an
echogitic residue, we have employed twn novel techniques, We
performmed standard diamond-trap eperiments™ (see Methods)
o an average mid-ocean-ridge hasalt (MORT), but used a ‘rocking”
multi-arvil apparatus', In this device, the entire multi-anvi
turred upside-doswn regularly, soch that the flaid in the capsul
constaritly hormogenmzad by induced cormection. The tur
bueeny shovm tnbe critical for maintaining a homogenenous fuid ™ oer
the entire duration of the experment [12-72 1), thus maintaining
aquilibrinm between the Auid and all minerals. The fluid-saturaed
E-froe BMORE wae doped with 26 trace dements, and equilibrated at
presures of 46 GP2 and temperatures of T00-1,200°C Alter
aquenching af the experiments, the recovered apsale was placed m
a freexing device, The frozen capsule was then cut open, and
trarsferred to the laser-ablation cdl for immediate laser-ablation
inductive muplnd asma rmass s|\-rr|'nm.'h1 (LA 'IC'P"\-!S-;H\AP},:I;
of the jee in the dismond trap, keeping it frozen for the whole
duratiom of the analysis, This tednique overcomes the hithern
urawidabile lnss of some solute and prodipitates wpon exsolution
of the high pressure fluidsTigquids'melts when the fhid is rdeased
fromn the capsale (see Methods), Thus, for the first time, we
accurarely determine major and trace element concentrations and
H O oomtents of ligh pressare flusds and unguendhabile melts™, After
ardysis of the trapped ice, capsales were defivatad, mounted, and
prodishid socticns of sach run were examined using scanning dectron
microsopy. The major dement compositions of the eclogitic
rmanerals were determaned by dectron microprobe, and trace element
concentrations by conventional LA-ICPMS

Combirang these too methods, we have determined composations
of the mobile phases and partition aefficients between the mobile
phase and eclogit: I'IIITH.'I'-IE:. thus faci lieating, mosdelin of elerment
maobilities in the subducting slab, The experimental results shonsr that
at 4GP, fhud saturated medting takes place, i which a fluid that
increases its solute content from 13 to 22wt between 700 and
B0 C {Table 1) is replaced by a silicate melt with =56 with H.O at
=1,000°0 (ref. 200, At 5GP, this transition ooours at 1000—
1,050, bt at 6:GP, the behaviour is different. A gradual decresse
in HpOreomcentrations in the mobile plase fiorm 72 to 30wt HO
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Talle 1 | Bulk average MORE (starting material), fluid, melt and super-
critieal Eguid esanpasiions
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hetween 800 and 1,300°C is ohserved ™. These resulis dermenstrate a
clermical comtinuurm betveen Auid and melt 2t 6GPa and berce
conditions beyond the critical endpoint of the solidus, The saper-
critical Bouid replaces the dassic dichotorgy of fid and medt at
levwer pressures.

O resiudts on the partittoning, af troce dlements (Fig. 1) show a
distinet change i pattern sden moving from Moid and meltan 4 GPa
b 2 superomtice] haguid a1 @GP A fuid ar 4 GPa il behaves
'urmlirf}, toy Hluids froem lower pressures™=, hat with most bulk

artition cocfficents [ | increased, thus increasing the mohi

ity for st elements. Aqueous fluids resulting, from dehadration of
an exlogite at 4 GPaFH-800°C are characterized by D' ""'aflih
s, Fa and Ph of ||.lnT|1IE‘|I|'I by LRI = et g 2, by
) hetween 001 and 0.5, au'nlu Iumtul;ml‘nhq'
ates, rare-zuth dLmnE. anwd HFSE high fiddd
arast, the ndrows melt at 4GP/ 000
and & steep REE pattern characteristic for
gametin the resicise. Thereis nn principal difference inthe partitioning
trends of these elements from partial melts of eclogite at lower
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presurett3E A 4 GPa, the partition oefficients [piftef oo st

tlree ey dements—Te, Srand 'I'h—di:pl.vy: wery :lnnnﬁ termpera
ture dependence, but without a conspicuous jump 2t the solidus
iFig. la} The mohility of these elements {sec Supplementary Tahles)
in the experiments i = 15% at 700°C and gradually imereases 1o
SN it | KM

At 6 GPa, superoritical liouids are chavacterized by z high mehiliny
of almost 2l of the investigated chements exoept heavy vare-carth
clements (HREE}, ¥ and Sc, whose D' remain in the
I the supsscritical liuids, el
- i mlp.cs. frowm 6 i 22, I:Lc‘tlnjul\'.wln
with the extreme fractionation of REE ifor example,
pffrie=hd pppandiend o 10y and the highly mobile Sr Ib

2ak, a trace element pattern similar to bower pressure silicate

midts emerges, although this pattern is produced by a supereritical
liquid with 72-56wt HA (ref, 200 over the entire imestigated
temperature range (BO0-1,200°C), In particular, the mobility of
T incresses drarmaticall emsure. Although fairdy irscluble
at 2GR C DR < 0% ref. 25), TR increases
0 1=3 2t 4 GPalS00-500 “C, and 1o 68 20 6 GPa/S00-800 °C, leading.
o 26l af the Be being dissolved in the supercrtcal lgquid of our
experiments at temperatures of 800°C, Fluids are clearly distin
guished from mets and supercritical liquiads {for example, UiTh, ThY
b, Ta/Tu), but nome of the ratios of the imestigated tace dements.
can be used unequivocally to discriminate between trace dement
trangfer through hydrous melts or supercritical liquids. The super
critical liquids exhibit in fact an “adakite-type pattern'™ with high
LREEHREE, SrHREE and SeY, and with escess Th{ref 8) theough
a petrological process different from the melting of metabasaltic or
metasedirentary eclogites at moderate pressares, This adeds furtler
evidence that Tagh bull Mg, N and Cr for 3 given S0, content afan
are lava are the enly reliable indicators of andesitic o dacitic melts
prassing through the reantle wedge

In our experiments, the solu es of Mh, Ta, Zr and Hf in
garnet decrease stremgly with termperature. While gamet retzins
=70 of Wh, Ta, Zr and Hf 24 T00-800°C, tlwse elernents become
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Figure 1 | Experimental fluld-=olid partition coefficiests for average
MORE. 2. Aquesus Bulds | 700500 ) and hydrows melt {10 C) al

4 GPa B, supercritical leguid (A00-1, al BGPe The solid redidue &
valoulaced fram the elenvent concentrali i the snlids multiplicd by cheir
abundance in the residus, Filled symbals rofr tn 3 garnsi-chmnpyrovens

readiie, open symbeals 10a garner-cinspyranene rutlle residue ses alen
\u'p'plem:nllrv Information). Uncenainties are given as Lo and were

calvalated by propagating uscensintics of dhemental conce
errar hars are sometimes shilied off e cymbsal centre far darity.
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incormpatible and enter the alicate mat or supercrtical louoid 20
= 0L Hiwever, 2 21 lenwer pressures, Wh, Ta and Ti may be held
back by residual nutile®’. In the investigased pressure range, Tich
solubilities. in the liquid are mesthy temperature dependent, and
significant amaunts of rutile (for average MURD decressing, from
5w at HOC o respoctively 0.3 and 02wt an 100 and
1,200} will produce Ti, Whoand Ta ancmalics typical for most
arg magmas, Wee suggest that the extent of this anomaly, combined
with the abundances of Be and Th in primary arc magmas, are
probably the best consteaings om the terperatire during rehease of
the mehile slab corrgorent,

Bresrylliuam, Thy L, aned vadiegenic Pband Srare ensiched in pelitic
sediments and grevwackes!, thus dominating the budget and transfer
rates of these elerents, These sediments have the same eclogitic
mineralogy (bul different mineral proportions) as basaltic mds 21
depths =100 km (rell 1) in particular, they have up 1o 25w
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Figure 2 | Key trace element dl:lﬂh-ﬂumdﬂlle-s eharacterizing the
weechemical of the mebile d PrOdESSES,
Uncervaimibes ane given as 1o and were caboulated Ivr prapigating
uncerlainties of clemenial concentratinng. le come han are sametinecs
ahiiltad alf the symied centee lor clasity.
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phengite owing o much hagher bulk K0 contents. The high
soilubility of KO in bdrous liquids has the result that 2 few per
cent af HLO nﬂn'lydlmﬂ.lh' plmp!r’ wiith all K0 dissole
the mohile tha' Thus, amy sgnificant mass transfer process will
rememe phengi i the vesidue and our data can thus he w;unlll'
applied to pelitic and clastic metasediments. Fuidirock ratios in the
rctasediments lecatad an top of the subducting lithesphere are
intrinsically high, as amy fluid liberated belos must pass through the
comparatively thin sediment pile. Although fewer HaO sources are
miluhh:inlq.kh'ﬂulmmhmitﬁﬂ-:—ﬁt}hﬂmnat =3P (refl 27,
imatpor HyO reservoir at these depths is the partially Iydeated
|>¢1u.k>1.m: urederdying the ocenic crust. Serpentine and cdhloite
therein oy reach their stability limits, dedrydrate, and flush e
OCEANIG CTUST. G:ndmu:.ﬂ]v effective H, Osediment ratios are 4
result of the relative masse: of the major H,0 reservoins (MORE,
serpentimate} and the fod ow mechanzom | pervasive versus chan-
nelled Doel. Both debydration and Mushing ase incremental e
cesses sigrihcanthy increasing mobilities forall elements with 70"
greater tham unity. It is thus safe t0 conchude that a large fraction of
B, B, Rhy, Cx, 5r, Ba, LREE, Phy, Th and U will be remewved effectively
from the sediments by superantical Bouids.

Further complications in the production of 2 mobile phase may
arise fiom carbonate saturated sedimentary or altered mafic crust

sitions™ ", Characteristically, at high pressureflon tempera-
ture comeditioms, these have dolomite or magnesite in addition to the
eclngitic parnet 4 clinopyromene + coesite = kyanite * phengite
assembly™ ! Most important, the only significant carbonsceons
specien at these conditions is COy, and the molar fraction of
COy i a carbonate saturated aqueons fuid i b (=S0000] at
subsolidus conditions™, resalting in a minor shift of the fluid
saturated solidus of carbomated basalise eclogite’ of ke than 5000
Likewise, the addition of carbonates is expeded 0 have a small
effect on the presaure of the critical endpomt of the solidus and on
trace clement partition aoefficients m the flud or supercrtal
ligguid.

ITh.- ransport ertics of supereritical liquids at moderate
temperatures result in high Be and Th trarsfer rates similar o
those ohserad in mamy ancs® that so far have boen attributed o
melting of the sediment layer of the subducting crust’. Similarhy,
exoess Thoover U was thought o be & unigque charcteristic of slab
rctting. We have demorstreated here thar such mele-like dwaracter-
istics can be produced by superaritical high-pressure Hoquids at any
temperature, Wi argue that the shab comporent in tee ane mageas
may result fiorn supercritical liquids rather than frorm selativedy
shiallony pdts froem o sediment source, thus rdaxing the apparent
temperatare discrepancy between geochemical argurments and geo-
plsical modds. Finally, the chemical properties of supercritical
ligpuicls Itherated at depthe excoeding ~ 160 km removes the dichot-
ooy oof Tusdss versus mete Ak 2 consedquence, luid-type genchermnical
sgratures from the oanic crust are [imited o depths = 160 ke at
higher pressures, the mohile phase will inevitahly add a melt-like
trace cement pattem to the mantle w

METHODS

Experimental, A K-free verage MORE compesition™ was syn
thesized as a glase at an oovgen fugacity dose o fayalite—magne-
tite—quarte {FAMO) at the experimental conditions, The plass was
doped with 860 popum, Os, which is necessary & an internal standard
for LA-TCPMS analyses. 36 trace elements were fused into 2 second
glass of divpside composition, and sbout 24 of the diopside glas
weas prikied with the hasalt posder such thar individua bulk trace
dlement concentrations were 100-250 popan. Water | 17-20wt'%
HLO0 was first pipetted into the 23 mm Ao apale followed by
~= 35 my kasalt powder, mverlain by 2 thin ayer of synthetie diamond
aggregates | 15-25 pm diameter grains), and anather layer of doped
basalt powder. Capsales were welded shut while cooled with Liqud
nitragen o avoid H O loss.
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Experiments were comducted in 2 Walker-type multi-anvl appar-
atus employing 2 19mm Mg octahedron and W cubes with 2
I 2mm truncation (each experiment wed a different Mgl octa
hedron). The Aur.;ﬁuulu'mspl.md ima BN olinder inside 2 stepped
graphite furnace, filked with Mg spacers and Mo caps. To avoid
eompasitiomal zoning, the mult-amil apparatus was mounted on a
rocking device enabling the apparatus to be turmed 1807 while
rraintaining pressure and ternperature”, Frequent imersion (every
15 min of the charge in the gravitational field leads o corvection in
e Fluied and thius to pe-lemegenization and migeation of te Auid
prluase ins the capaude. Thhe ve-homogeniztion of the fuid counteracts
Soret diffusien, which otherwise would automatically lead to mome-
ricn e digequilibeium betwee the fuid and ane or sesal of the
sl bl vl segregare into grosth zones, This method lloes
fior chermical equilshrium between all solids and the Thod and as o side
effict enhances reaction rates.

Analytical. After the experiment, we analyse the diamond tap and
the minerals as described above. The decisive advantage of the
an:jng methad™ is that it alows us in determine divectly the
rmpositinn of ||m]u<'nc||.1H<' liquids. Such liquids constitute a
|d! of quench phases and water that maintains considerahle
amounts of trace doments (for example, of Cs, B, K) in solution.
The traditional method of plercing the capsule reases 3 milky fuid
that comtains all of the solute and part of the quench crystals. Amy
further preparztion step results in additional losses of quench
rraxterial, W thus avoid all of these steps by maintaining the fuid
i the capsnle inits solid state during the LA-TCPMS analyses, o
allevw ablation of the complete fraction of the then onmied Houd.
The largest suitable ablation spot (60-110 prm dismeter] is wed o
anatyse th diamond trap in order to obtain the best averaging during
sampling of the expenmental prodisct mterditial o the ~Xpm
diameter diamondic A highly mcompatible element (Ca), fraction-
ating completely mito the fhad or melt phase, i5 wsed o an internal
standard for LA-1CPMS signal; at a knoen CicH rtio of the starting
material, we can quantify the Hoa0 content of the unquenchable
liquid that las within the ervor the same CsH ratio, which in tum
bles us to determine absohute comeentrations of major and trace
elements in the unquenchable liquid. Details of the TA-TCPMS
anahytics are found in ref, 32,
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