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Trace elements in high pressure and temperature fluids in subduction zones

Subduction zones

 Physical and chemical processes taking place in subduction zones play a fundamental 
role in the geochemical cycle of many elements. Melting above subduction zones contributed to 
the formation of continental crust, setting the stage for the evolution of land-based organisms and 
causing the large-scale differentiation of the Earth’s silicate mantle and crust. The development 
of chemical heterogeneities in the Earth’s upper mantle is also controlled by subduction zone 
processes. The relevance of subduction zones to society today is that they are the locus of explosive 
volcanic eruptions, posing a direct (explosive ejecta, pyroclastic flows, tsunamis caused by volcano 
flank collapse) and indirect (e.g. agriculture and infrastructure destruction by volcanic ash) threat 
to a significant proportion of the world’s population, for example in Indonesia and the Northern 
Mediterranean.
 A large variety of volatile-rich material is fed into subduction zones, including marine 
sediments, altered oceanic crust and serpentinised mantle lithosphere (Hacker 2008). Hydration 
of oceanic crust occurs mainly at mid-ocean ridges. This is due to the high porosity and 
permeability of the mid-ocean ridge lavas in response to geothermal cycling, fissuring, normal 
faulting and volume decrease due to thermal contraction (Johnson and Pruis 2003; Ranero et 
al. 2003). Additional extensive slab hydration occurs due to bending of the oceanic plate during 
subduction via mechanisms of normal faulting that induce pressure gradients and downward 
fluid pumping (Faccenda et al. 2009), enhanced porosity due to pre-failure dilatancy and pre-
existing cracks (Korenaga 2007) and migrating fluid filled cracks (Morgan and Holtzman 2005) 
that aid downward transport of fluids and storage of water in hydrous minerals in the oceanic 
plate and underlying mantle (Ohtani et al. 2004).
 As a result, one of the most important chemical components in subduction zone processes 
is water. The descending subducting slab carries water-rich components to larger depths, where 
the increased temperatures and pressures cause fluids to be expelled. The release of water-rich 
fluids from the dehydrating slab into the overlying mantle wedge (Figure i-1) ultimately causes 
it to melt and generate magmas that feed into arc volcanic systems (Peacock 1990; Bebout 1995; 
Plank and Langmuir 1998; Schmidt and Poli 1998; Wallmann 2001; Jarrard 2003; Rüpke et al. 
2004; Hacker 2008; Plank et al. 2009). In addition to water, arc magmas produced in subduction 
zone settings are enriched in other volatiles including CO2, F, Cl, H2S, and SO2 compared to for 
example magmas erupting at mid-ocean ridges and ocean islands (Wallace 2005). 
 Constraining the chemical composition of liquids as they evolve from aqueous fluids to 
hydrous melts while ascending to the volcanic front is of critical importance: the concentration 
of elements in liquids at the pressure-temperature (P-T) conditions prevalent in the subducting 
slab determines to what extent elements are recycled into the deeper mantle. Likewise, chemical 
interaction between these liquids and the overlying mantle wedge determines to what extent 
the wedge composition can be modified (Poli and Schmidt 2002; Schmidt and Poli 2003). 
Ultimately, these liquids exert primary control on the origin of arc magmatism and its explosive 
surface expression, continental crust formation and the generation of economic ore deposits.
 Under pressure and temperature conditions corresponding to the Earth’s crust and 
uppermost mantle, the nature of these liquids changes from dilute aqueous solutions to solute-
rich fluids or water-rich melts. Both, the solubility of H2O in silicate melts and that of silicates 
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in aqueous fluids increases with increasing pressure and temperature until the miscibility gap 
between aqueous fluid and hydrous melt closes and the distinction between them vanishes (Kessel 
et al. 2005b; Manning et al. 2010). At present, progress in constraining the exact nature and role 
of subduction zone liquids is severely limited by insufficient knowledge on the nature of fluids 
and melts in equilibrium with mantle minerals at high P and T. Presently, most constraints are 
derived from a combination of measured trace element signatures in arc magmas, geodynamic 
models of subduction zones, experimental solubility -and element partitioning studies, in situ 
experiments and field observations of exhumed metamorphic and metasomatic rocks (Philippot 
and Selverstone 1991; Zack et al. 2002; Manning 2004; Antignano and Manning 2008; Manning 
et al. 2008; Plank et al. 2009).

Multiple interpretations of the geochemistry of arc magma

 Slab-derived fluids are released almost continually down to depths of 150-200 km, 
during progressive dehydration of water-bearing minerals that reside in the colder parts of 
subducting slabs (Schmidt and Poli 1998; Hacker 2008). These fluids can act as carriers of 
chemical species from the subducting slab to the mantle wedge and through hydrous melting in 
the wedge, ultimately to parental island arc magmas. The trace element composition of island arc 
magmas differs substantially from that of non-arc magmas such as those erupting at mid-ocean 
ridges or ocean islands (see Figure i-2 and e.g. Tatsumi et al. 1995). Typical for magmas formed 
beneath arcs are their relative depletions in high field strength elements (HFSE: Nb, Ta, W, Ti, 
Zr and Hf) with concomitant relative enrichments in large ion lithophile elements (LILE: Sr, 
K, Rb, Ba and Pb) and light rare earth elements (REE, e.g. La, Ce), and elemental and isotopic 
compositions of B, Be, U and Th (Morris and Ryan 2004).
 The exact origin of these signatures remains highly controversial. With respect to the 
decoupling of LILE and HFSE, one group of models suggests that during slab dehydration, 
light REE and LILE residing in the slab are preferentially enriched in fluids, while HFSE are 
retained in minerals in the solid slab residue that subducts further into the mantle (e.g. Brenan 
et al. 1995; Keppler 1996). A second group of models calls for selective HFSE retention into 
(accessory) minerals during fluid or melt interaction with the mantle wedge (e.g. Sorensen and 
Grossman 1989; Hermann 2002; Klimm et al. 2008; Hermann and Rubatto 2009). Be and 
Th-U systematics have been attributed to melting of the sediment layer on top of the subducting 
slab (Johnson and Plank 1999 and references therein) and to fluid release from the subducting 
oceanic crust (e.g. Kessel et al. 2005a and references therein), two models that require very 
different subduction zone temperature regimes.
 Resolution of these controversies is essential for a better understanding of the dynamics 
and chemistry of subduction zones and has major implications for whole Earth chemical and 
geodynamic models. Answering these questions requires accurate knowledge of how elements 
distribute themselves between the relevant minerals and fluids as a function of pressure and 
temperature. Only when such distribution models become available can measured compositions 
of primitive arc magmas (Figure i-2) be inverted to reveal their origin. 
 A long-standing tenet of magmatic geochemistry is that the uptake of trace elements 
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Figure i-1.  Simplifi ed sketch of a subduction zone (after Schmidt and Poli 1998), showing 
processes relevant to subduction zones: mantle fl ow (long arrows), fl uid production by slab dehydration and 
subsequent ascent into the mantle wedge (open arrows), hydrous partial melting in the mantle wedge (red 
shaded fi eld) and resulting arc volcanism. Selected isotherms are given as dotted lines.

Figure i-2.  Comparison of the average composition of island arc basalts and ocean island basalt 
with that of mid-ocean ridge basalt for selected trace elements (after Tatsumi and Eggins 1995).
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into minerals is controlled by their equilibrium partition coefficient D (defined as the ratio of 
concentrations of an element in bulk mineral and co-existing melt). D-values between minerals 
and anhydrous melts are readily determined from high-temperature experiments. Unfortunately, 
our knowledge of mineral-fluid distribution for the elements shown in Figure i-2 is at present 
insufficient. Element partitioning varies with pressure, temperature, mineral and fluid chemistry 
and oxygen fugacity (e.g. Blundy and Wood 2003). The effect of each variable must be known 
for a large set of minerals to reliably predict element distributions in subduction zone settings.
 The role of fluid chemistry in controlling mineral-fluid partitioning has not received 
a lot of attention, hindering the development of next-generation models. Despite abundant 
observations of fluid imprints in metamorphic and metasomatic rocks, the fluids have long since 
vanished and hence cannot be probed directly. On the other hand, high pressure and temperature 
experiments that aim to measure mineral-fluid partition coefficients in situ are scarce due to 
analytical challenges (e.g. Kessel et al. 2005a). It is well established that dissolved components 
may alter element partitioning (e.g. Antignano and Manning 2008), and that complexing anions 
such as fluoride and chloride may cause significant changes in trace element patterns, especially 
for the high field strength elements which are believed to be insoluble otherwise (Rubin et al. 
1993; Van Baalen 1993; Keppler 1996; Rapp et al. 2010).
 In this thesis, I use computer models of trace element complexation in subduction zone 
fluids and high-pressure, high-temperature mineral-fluid partitioning experiments to shed new 
light on the behaviour of key trace elements in subduction zone fluids.

Computer models of trace element complexation

 Atomic-scale calculations of the energetics involved in mineral/melt trace element 
partitioning have proved to be a valuable tool for those modelling magmatic processes. Although 
this method does not explicitly yield absolute values for partition coefficients, it has been 
successfully applied to evaluate and rationalise experimental trace element data (e.g. Blundy 
and Wood 1994; Purton et al. 1996; Purton et al. 1997; van Westrenen et al. 2000; Allan et al. 
2003; Blundy and Wood 2003; van Westrenen et al. 2003; van Kan Parker et al. 2010). Much 
computational work relies on classical molecular mechanics simulations that utilise parameterised 
interatomic force fields to describe the interactions in the system of interest.
The focus of these studies has been to unravel the energetics and atomic-scale mechanisms of 
mineral-melt trace element partitioning during for example mantle melting (Purton et al. 2000; 
van Westrenen et al. 2000; Brooker et al. 2003; Corgne et al. 2003; Du et al. 2008). These models 
assume the element distribution energetics are dominated by the more rigid mineral phases 
relative to the more compressible melts. At the same time, it has been noted experimentally 
that the local environment surrounding trace elements in melts can have a profound impact on 
partition coefficients (van Westrenen et al. 2001; Linnen and Keppler 2002; O’Neill and Eggins 
2002; Blundy and Wood 2003; Schmidt et al. 2006).
 Likewise, the effect of the local environment surrounding trace elements in aqueous 
fluids may be important, especially for fluids that exhibit elevated solute concentrations 
enriched in complexing ligands such as fluoride, chloride, carbonate, phosphate and sulphide 
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as are relevant to subduction zone settings. The solubility of minerals has become an important 
parameter to determine to what extent minerals are chemically resistant to fluid-fluxes derived 
from dehydrating slab -and mantle minerals (e.g. Klimm et al. 2008). The degree to which 
elements can be liberated by these fluids thus depends on lattice breakdown, but their relative 
mobility depends on (1) the stabilization of the solute species in solution, i.e. the complexation 
of ions by solvent molecules and (2) their incorporation into minerals that precipitate from or 
re-crystallise under the influence of the aqueous solution.
 Our understanding of ion solvation in supercritical water, i.e. above the critical 
temperature and pressure of 647.096 K and 22.064 MPa (Wagner et al. 2000), is limited on 
account of experimental challenges. Classical mechanics can be used to describe mineral-water 
interaction (e.g. de Leeuw and Parker 1998). However, the development of accurate interatomic 
potentials to describe the interactions is challenging. Polarization effects at elevated PT-
conditions are difficult to capture, transferability of the generated potential may be poor and the 
number of potentials required in the case of complexation with fluoride or chloride in aqueous 
solution is large (e.g. water-ion, water-water, water-F/Cl and ion-F/Cl). The problematic nature 
of interatomic potential development is nicely illustrated by the staggering number of studies 
devoted to developing accurate potentials for pure water alone (e.g. Vega et al. 2005; Kiss and 
Baranyai 2009).
 To overcome these difficulties, I performed computer simulations of trace element 
solvation and complexation using a variety of electronic structure methods developed to 
approximately solve the Schrödinger equation for the electrons in a system, and evaluate the 
resulting total energies, forces and other quantities of interest. By making certain approximations 
to keep the problem computationally tractable, we look at aqueous complexation by chloride and 
fluoride of the Rare Earth Elements (REE, or lanthanides) and solvation at elevated pressures 
and temperatures applying density functional theory (DFT) to solvated clusters embedded in a 
continuum solvation model (Chapter 1).
 Despite the improved insights in REE complexation energetics in solution, our 
understanding of the detailed structure and dynamics of hydration shells, as well as the effects 
of ions on the hydrogen bond network of liquid water under supercritical conditions remains 
incomplete. First-principles (ab initio) simulations are increasingly capable of providing valuable 
information that complement and extend experimental data. Car-Parrinello (CP) molecular 
dynamics (MD) methods (Car and Parrinello 1985) based on density functional theory 
(Hohenberg and Kohn 1964; Kohn and Sham 1965) (DFT) have proved particularly valuable. 
With these methods many-body interactions and polarization effects are taken into account and 
there is no reliance on empirically derived interatomic potentials which may be exploring the 
energy landscape beyond their regions of validity.
 Taking Ti(IV) as representative to simulate the high-PT aqueous behaviour of the 
HFSE, we demonstrate the strength of ab initio molecular dynamics simulations to access details 
of element behaviour in aqueous fluids at geologically relevant conditions that are impossible 
to examine otherwise (Chapter 2). The results are further explored and rationalised in terms 
of dynamics of the ionic and electronic structure in Chapter 3, where we establish the fully 
atomistic and electronic nature of the hydrated Ti(IV) complex in solution under both ambient 
and supercritical conditions. In Chapter 4, we investigate the changes in local fluid structure and 
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solvation energetics upon aqueous complexation of Ti(IV) with fluoride or chloride at 1000 K 
and water densities relevant to subduction zone settings (from 0.6 – 1.5 g cm-3 approximately 
corresponding to a pressure of ~0.3 – 8 GPa). Simulations that make use of classical molecular 
mechanics methods are compared to fully ab initio DFT methods in Chapter 5, where we 
determine the energetics and mechanisms of tetravalent and pentavalent ion incorporation 
in TiO2-rutile. By linking the mineral and fluid simulations, we establish a fully quantum 
mechanical picture of mineral-melt and mineral-aqueous fluid HFSE partitioning relevant in 
particular to subduction zone settings.

High pressure high temperature experiments

 In line with the obtained atomistic insights of HFSE and REE solvation in supercritical 
aqueous fluids and their complexation with fluoride and chloride, we perform high pressure 
high temperature experiments at 900°C and 2.5 GPa on the common mantle mineral diopside 
(CaMgSi2O6) (Chapter 6). We conclude by combining evidence from high-PT experiments with 
simulation results to establish the role of complexing agents in aqueous solutions in determining 
trace element partitioning in subduction zone settings (Chapter 7).
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