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Chapter I:

Introduction
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(PART I)

Observations associated with convergent margins, including analyses of lavas and
xenoliths collected at the surface, seismic imaging, and measurements of dynamic
topography and gravity and geoid anomalies can be used to remotely detect properties of
the mantle wedge and to interpret processes operating within that important region. The
story is a complicated one, including fluxing of the mantle by slab-derived components,
origins of initial and progressive mantle depletion, a complex pressure and temperature
structure, and considerations of melt and fluid migration within the solid flow field.
Nevertheless, understanding of first-order processes occurring within the mantle wedge can
lead to larger-scale implications including the transport of fluid-modified slab-adjacent
material into the deep mantle [1-6], origins of the continental crust [7, 8], time-dependent
changes in slab dip angle [9], and controls on back-arc volcanism [10].
There is general agreement that fluids from a dehydrating slab are introduced to the
wedge as the slab descends and that the pressure-temperature path, chemical composition,
and phase equilibria within the slab determine the locations of water-rich fluid release [2].
The delivery of this water-rich fluid phase into and interaction with the overlying mantle
induces hydration reactions within the peridotite and, where temperature is sufficient,
water-fluxed melting [11]. Major element abundances in arc lavas are derived from partial
melting of the wedge peridotite above the slab, but large-ion lithophile elements (LILE)
and other incompatible elements can be traced to slab-derived influences such as sediment
melting [12, 13], dehydration of the altered oceanic crust [14], or dehydration of
subducting serpentinized lithosphere [2, 15]. In general, convergent margins involve lavas
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that are enriched in incompatible fluid-mobile elements and depleted in incompatible high
field strength elements [16-18; others], suggesting a significant connection between fluid
introduction and melt production.
A particular part of the subduction system where strong coupling between mass and
energy flows and geophysical and geochemical processes is most important is the mantle
wedge immediately adjacent to the slab. Conventional steady-state thermal solutions of
subduction indicate that the slab-wedge interface is too cold for even water-saturated
melting of peridotite, so the fluids must somehow migrate into hotter areas of the wedge in
order for melting to begin [19]. Migration and equilibration of fluids with peridotite can
lead to higher concentrations of water in nominally anhydrous minerals (NAM) and to the
stabilization of hydrous phases. The effect of increasing water content in NAM is twofold:
(i) decreasing solidus temperatures [20, 21] and (ii) water-weakening that reduces the
viscosity of the solid material [22]. As such, there is a dual effect of hydrous fluid
introduction on the geochemistry of initial melts within the system and on the force balance
within the wedge.
The depth interval and the magnitude of fluid release from the subducting plate are
a function of parameters such as slab age and convergence velocity as well as the
composition of the descending plate [23]. Specifically, the different lithological fluid
sources emphasized by different subduction parameters allow for changing fluid addition
patterns (mass and fluid-mobile trace element chemistry) along the length of the
subducting plate through the upper mantle [23, 24]. These patterns may directly influence
the composition and mass fraction of fluxed melts within the wedge, leading to regional
variations in arc lava geochemistry. Variations can be compared among different
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subduction systems, or through cross-arc and along-arc trends within the same subduction
system. For example, relative contributions from heterogeneous slab fluid sources can be
manifested in diverse chemical characteristics of lavas derived from different depths above
the seismic Wadati-Benioff zone (WBZ) [18, 25, 26].
Subduction zones can be generally described as having topographically depressed
back-arc regions and overlying plates, long-wavelength geoid highs over slabs, and shorter
wavelength geoid lows over trenches [27, 28]. Long-wavelength geoid highs are
interpreted as indicative of a radial viscosity structure leading to regional compensation of
subducting slabs [29, 30]. However, shorter-wavelength geoid anomalies and the depth of
back-arc basins may be resolved by studying viscosity variations caused by thermal or
compositional factors within the upper mantle [28]. Along the slab-mantle interface, the
viscosity structure is strongly dependent on both temperature and composition (waterweakening) [22]. A localized low-viscosity region in the mantle wedge has been shown to
have a substantial effect on the force balance in a subduction zone, and leads to observable
signals in topography, state of stress, gravity, and the geoid [28, 31-33]. While the
importance of such a region in a subduction zone has been evaluated, the mechanism by
which it develops and its detailed geometry have yet to be completely investigated.
Modeling that addresses principally either the force balance or the chemistry, using
results from one area to infer behaviors in the other, has succeeded in reaching broad
conclusions as to the manner of hydration of the mantle wedge and melting beneath the arc
[24, 34-39]. However, when the thermal structure, viscosity, and the solid flow field are
addressed within the context of a fully coupled geophysical and geochemical model,
emphasizing the importance of interdependent contributions, more detailed interpretations
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can be made. Therefore, understanding of subduction zones requires a model that accounts
for complex interactions between chemical and dynamic features of the system. The
evolution of dynamical quantities such as the flow field, entropy, and bulk composition
should provide input to thermodynamic calculations, which output chemically-governed
quantities such as melt fraction, compositional buoyancy, water speciation, and latent heat
contributions to the thermal balance. This forms an essential loop where neither chemistry
nor physics are independently evaluated. Indeed, it is the dependence of one on the other
that presents insights into the subduction system on a fundamental level. This thesis
investigates subduction processes from fluid release to melting within a coupled, internally
consistent geochemical and geophysical modeling treatment, emphasizing the origination,
development, and implications of hydration features within the wedge as a function of
regional subduction parameters.
Chapter 2 is a presentation of GyPSM-S (Geodynamic and Petrological Synthesis
Model for Subduction), a self-consistent model that includes the thermodynamic
minimization algorithm pHMELTS [20, 40, 41], which takes into account water
partitioning into NAM, in conjunction with the 2-D thermal and variable viscosity flow
model ConMan [42] and a fluid migration scheme. Evaluation of properties such as the
melt fraction, fluid flux, the impact of water in NAM on the viscosity structure and overall
flow field, and spatial extent of fluids and melts within the subduction system are all
incorporated into GyPSM-S. The significance of the coupled scheme is the detailed
tracking of fluids and their rheological and chemical effects from release to initiation of
melting. The primary results of the GyPSM-S models confirm the conclusions of earlier
models of spatial separation between the slab interface and the regions of melt initiation in
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addition to introducing the existence of a low-viscosity channel (LVC) within the mantle
wedge, the process by which LVCs form, and the limitations on LVC geometry. The lowviscosity region is shown to be a robust feature that is stable over a range of subduction
parameters.
In order to demonstrate the applicability of GyPSM-S results to geochemical
datasets, a supplemental modeling approach is required to account for the addition of fluidmobile tracers and to make detailed inferences as to the geochemistry of arc lavas with
respect to slab fluid sources and as a function of changing subduction parameters. Chapter
3 presents an extension of the results of GyPSM-S to specific mass tracing. A sourcebased approach is employed to determine how slab dehydration changes with changing
subduction model parameters and how this influences the major and trace element
chemistry of fluid-fluxed melts within the wedge. Consequences of different degrees of
interaction between fluids and hydrated peridotite within the LVC are investigated, and
cross-arc and along-arc variations in regional geochemical datasets are compared to the
model results with an emphasis on changing slab fluid-source lithology. Additionally,
there is discussion of simple melt migration scenarios which may preserve relative
heterogeneities in melts initiated at different locations within the wedge. Interpretations of
the results lead to several potential mechanisms to produce hydrous inputs to back-arc
source regions.
The influence of the existence of the LVC, and other localized low-viscosity
geometries within the wedge, on the overall flow field and force balance can be evaluated
by surface observables particular to the viscosity structure, such as the topography and
gravity and geoid anomalies [31, 32]. While it is well understood that localized low-
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viscosity regions may be important to the force balance within mantle wedges, the
mechanisms of development of these regions and how the regional geometries change
based on changing subduction behaviors have been established only recently (Chapter 2).
The logical next step would be to attempt to match observed geophysical signals in a
particular locality with a modeled fluid-source-based hydration structure. Chapter 4
presents the impact of GyPSM-S modeled localized low-viscosity regions on the
topography and geoid and gravity anomalies for the northern Izu-Bonin subduction system,
particularly emphasizing the manner of development of the low-viscosity region as the
primary influence on the geometry and comparing model results with observed signals.

(PART II)

A greenish coloration in synthetic quartz can arise from irradiation of quartz,
heating of quartz originally of another color, or from the presence of ferrous iron within the
structure [43-46]. Upon irradiation, an electron will migrate away, leaving a “hole center,”
and the associated charge-compensating cation will migrate away through the structure as
well [47]. Heating of quartz can thermally activate color centers and encourage migration
of species within the structure. By destroying color centers, heat treatment can selectively
eliminate components of coloration associated with exposure to ionizing radiation. The
presence of molecular H2O within the quartz structure has been found to be detrimental to
the development of certain colors and may allow other colors to emerge instead [48].
However, natural examples of greenish coloration in quartz are rare [49-51], and have not
been fully discussed within the context of their environment of formation or in relation to
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other associated colors of quartz. Both amethyst and smoky quartz have been found to be
closely associated with natural examples of greenish quartz. The violet coloration in
amethyst is due to the removal of an electron by high-energy radiation that results in
oxidation of ferric iron within the quartz structure to Fe4+ [52]. Commonly characterized
by a brownish gray hue, smoky quartz represents another color variety of quartz produced
by ionizing radiation. The smoky color center is modeled as Al3+ substituting into the Si4+
tetrahedral site, with associated charge-balance fulfilled by a nearby positively charged ion
(such as Li+) in an interstitial site.
The Thunder Bay Amethyst Mine Panorama (TBAMP) deposit is the site of an
extinct hydrothermal system that flowed through a fault and led to mineralization primarily
by quartz [53]. Although most of the quartz is amethystine, natural greenish quartz has
been found in the TBAMP in several distinct varieties. Yellowish green quartz and dark
green quartz with purple hues are found as loose detritus within the TBAMP (originating
from outcroppings), and pale greenish gray quartz is found as part of an outcropping colorgradational sequence involving macrocrystalline quartz of other colors, including colorless
and smoky gray, and chalcedony. The color-gradational sequence occurs solely in a
localized zone, which may be the site of initial influx of fluids into the fault. Distally, the
color of the in situ quartz is dominantly dark violet amethyst. In some cases, this dark
violet amethyst, when cut perpendicular to its c axis, is found to be composed of
alternating sectors of colorless and dark purple quartz. McArthur et al. [53] proposed that
greenish coloration at TBAMP was heat-induced “bleaching” of amethyst.
Chapter 5 presents a study involving visual observations and spectroscopic analyses
of the different color varieties in the TBAMP system interpreted specifically in association
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with radiation exposure and heat-treatment experiments. It is important to understand the
origin of the greenish color because it is ubiquitously present within a progressive color
sequence in quartz. Clues in the chemical and spectroscopic variations within the sequence
may provide an increased understanding of the development and persistence of radiationinduced color centers in quartz within the context of changing chemical, thermal, and
kinetic factors in a hydrothermal system.

References

[1] T. Elliott et al. (2006) Lithium isotope evidence for subduction-enriched mantle in the
source of mid-ocean-ridge basalts. Nature 443(5), 565-568,
http://dx.doi.org/10.1038/nature05144.
[2] M.W. Schmidt and S. Poli (1998) Experimentally based water budgets
for dehydrating slabs and consequences for arc magma generation.
Earth and Planetary Science Letters 163, 361–379.
[3] K. M. Cooper et al. (2004) Oxygen isotope evidence for the origin of enriched mantle
beneath the mid-Atlantic ridge. Earth and Planetary Science Letters 220, 297-316.
[4] K. E. Donnelly et al. (2004) Origin of enriched ocean ridge basalts and implications
for mantle dynamics. Earth and Planetary Science Letters 226, 347-366.
[5] J. E. Dixon et al. (2002) Recycled dehydrated lithosphere observed in plumeinfluenced mid-ocean-ridge basalt. Nature 420, 385-389.
[6] P. J. le Roux et al. (2002) Mantle heterogeneity beneath the southern Mid-Atlantic
Ridge: trace element evidence for contamination of ambient asthenospheric mantle.

I-10
Earth and Planetary Science Letters 203, 479-498.
[7] P. B. Kelemen (1995) Genesis of high Mg# andesites and the continental crust.
Contributions to Mineralogy and Petrology 120, 1-19.
[8] R. L. Rudnick (1995) Making continental crust. Nature 378, 571-577.
[9] V. Manea and M. Gurnis (2007) Subduction zone evolution and low viscosity wedges
and channels. Earth and Planetary Science Letters 264(1-2), 22-45.
[10] C. H. Langmuir et al. (2006) Chemical systematics and hydrous melting of the mantle
in back-arc basins. Geophysical Monograph 166, 87-146.
[11] Y. Tatsumi and S. Eggins (1995) Subduction Zone Magmatism, Blackwell,
Cambridge.
[12] T. Plank and C. H. Langmuir (1993) Tracing trace elements from sediment input to
volcanic output at subduction zones. Nature 362, 739-743.
[13] T. Elliott et al. (1997) Element transport from slab to volcanic front at the Mariana
arc. Journal of Geophysical Research 102(B7), 14991-15019.
[14] T. Ishikawa and F. Tera (1999) Two isotopically distinct fluids fluid components
involved in the Mariana Arc; evidence from Nb/B ratios and B, Sr, Nd, and Pb
isotope systematics. Geology 27, 83-86.
[15] P. Ulmer and V. Trommsdorf (1995) Serpentine stability to mantle depths and
subduction-related magmatism. Science 268, 858-861.
[16] R. J. Arculus (1994) Aspects of magma genesis in arcs. Lithos 33, 189-208.
[17] C. Hawkesworth et al. (1997) U-Th isotopes in arc magmas: Implications for element
transfer from the subducted crust. Science 276, 551-555.
[18] R. J. Stern et al. (2006) Subduction factory processes beneath the Guguan cross-chain,

I-11
Mariana Arc: no role for sediments, are serpentinites important?
Contributions to Mineralogy and Petrology, doi: 10.1007/s00410-005-0055-2.
[19] S. M. Peacock (2003) Thermal Structure and Metamorphic Evolution of Subducting
Slabs. Geophysical Monograph 138, 7-22.
[20] P. D. Asimow, J. E. Dixon, C. H. Langmuir (2004) A hydrous melting and
fractionation model for mid-ocean ridge basalts: Application to the Mid-Atlantic
Ridge near the Azores. Geochemistry, Geophysics, Geosystems 5(1), Q01E16,
doi:10.1029/2003GC000568.
[21] G. A. Gaetani and T. L. Grove (2003) Experimental constraints on melt generation in
the mantle wedge. Geophysical Monograph 138, 107-134.
[22] G. Hirth and D. L. Kohlstedt (1996) Water in the oceanic upper mantle; implications
for rheology, melt extraction, and the evolution of the lithosphere. Earth and
Planetary Science Letters 144(1-2), 93-108.
[23] L. H. Rupke et al. (2002) Are regional variations in Central American arc lavas due to
differing basaltic versus peridotitic slab sources of fluids? Geology 30(11), 10351038.
[24] H. Iwamori (1998) Transportation of H2O and melting in subduction zones. Earth and
Planetary Science Letters 160, 65-80.
[25] J. G. Ryan et al. (1995) Cross-arc geochemical variations in Kurile arc as a function of
slab depth. Science 270, 625-627.
[26] A. Hochstaedter et al. (2001) Across-arc geochemical trends in the Izu-Bonin arc:
contributions from the subducting slab. Geochemistry, Geophysics, Geosystems
2:2000GC000105.

I-12
[27] S. Zhong and M. Gurnis (1992) Viscous flow model of a subduction zone with a
faulted lithosphere: Long and short wavelength topography, gravity and geoid.
Geophysical Research Letters 19(18), 1891-1894.
[28] M. I. Billen et al. (2003) Multiscale dynamics of the Tonga-Kermadec subduction
zone. Geophysical Journal International 153, 359-388.
[29] B. H. Hager (1984) Subducted slabs and the geoid: Constraints on mantle rheology
and flow. Journal of Geophysical Research 89(B7), 6003-6015.
[30] L. Moresi and M. Gurnis (1996) Constraints of the lateral strength of slabs from threedimensional dynamic flow models. Earth and Planetary Science Letters 138, 15-28.
[31] M. I. Billen and M. Gurnis (2001) A low viscosity wedge in subduction zones. Earth
and Planetary Science Letters 193, 227-236.
[32] M. I. Billen and M. Gurnis (2003) Comparison of dynamic flow models for the
Central Aleutian and Tonga-Kermadec subduction zones. Geochemistry,
Geophysics, Geosystems 4(4), 1035, doi:10.1029/2001GC000295.
[33] N. H. Sleep (1975) Stress and flow beneath island arcs. Geophysical Journal
International 42, 827-857.
[34] J. H. Davies and D. J. Stevenson (1991) Physical model of source region of
subduction zone volcanics. Journal of Geophysical Research 97(B2), 2037-2070.
[35] D. Arcay et al. (2005) Numerical simulations of subduction zones: Effect of slab
dehydration in the mantle wedge dynamics. Physics of the Earth and Planetary
Interiors 149, 133-153.
[36] M. W. Schmidt and S. Poli (1998) Experimentally-based water budgets for
dehydrating slabs and consequences for arc magma generation. Earth and Planetary

I-13
Science Letters 163, 361-379.
[37] M. Spiegelman and D. McKenzie (1987) Simple 2-D models for melt extraction at
mid-ocean ridges and island arcs. Earth and Planetary Science Letters 83, 137-152.
[38] P. E. van Keken et al. (2002) High-resolution models of subduction zones:
Implications for mineral dehydration reactions and the transport of water into the
deep mantle. Geochemistry, Geophysics, Geosystems 3(10), 1056, doi:
10.1029/2001GC000256.
[39] S. M. Peacock (1990) Fluid processes in subduction zones. Science 248, 329-337.
[40] P. M. Smith and P. D. Asimow (2005) Adiabat_1ph: A new public front-end to the
MELTS, pMELTS, and pHMELTS models. Geochemistry, Geophysics,
Geosystems 6(2), Q02004, doi:10.1029/2004GC000816.
[41] M. S. Ghiorso and R. O. Sack (1995) Chemical mass transfer in magmatic processes;
IV, A revised and internally consistent thermodynamic model for the
interpolation and extrapolation of liquid-solid equilibrium magmatic
systems at elevated temperatures and pressures. Contributions to
Mineralogy and Petrology 119(2-3), 197-212.
[42] S. King et al. (1990) ConMan; vectorizing a finite element code for incompressible
two-dimensional convection in the Earth's mantle. Physics of the Earth and
Planetary Interiors 59(3), 195-207.
[43] G. Lehmann and H. Bambauer (1973) Quarzkristalle und ihre Farben. Angew. Chem.
85, 281-289; Quartz crystals and their colors. Angew. Chem. Int'l Edn. 12, 283-291.
[44] A. J. Cohen and F. Hassan (1974) Ferrous and ferric ions in synthetic alpha-quartz and
natural amethyst. American Mineralogist 59, 719-728.

I-14
[45] E. Neumann and K. Schmetzer (1984) Mechanism of thermal conversion of colour and
colour centres by heat treatment of amethyst. N. Jb. Miner. Mh. 6, 272-282.
[46] G. R. Rossman (1994) Colored Varieties of the Silica Minerals. In P.J. Heaney, C.T.
Prewitt, G.V. Gibbs (eds.), Reviews in Mineralogy, Mineralogical Society of
America, Washington, 1994, p. 433.
[47] J. A. Weil (1975) The aluminum centers in alpha-quartz. Radiat. Eff. 26, 261-265.
[48] R. D. Aines and G. R. Rossman (1986) Relationships between radiation damage and
trace water in zircon, quartz, and topaz. American Mineralogist 71, 1186-1986.
[49] K. Nassau and B. E. Prescott (1977) A unique green quartz. American Mineralogist
62, 589-590.
[50] T. R. Paradise (1982) The natural formation and occurrence of green quartz. Gems and
Gemmology 18, 39-42.
[51] A. N. Platonov et al. (1992) Natural prasiolite from Lower Silesia, Poland. Z. Dt.
Gemmol. Ges. 41, 21-27.
[52] R. T. Cox (1977) Optical absorption of the d4 ion Fe4+ in pleochroic amethyst quartz.
Journal of Physics, C: Solid State Physics 10, 4631-4643.
[53] J. R. McArthur et al. (1993) Stable-isotope, fluid inclusion, and mineralogical studies
relating to the genesis of amethyst, Thunder Bay Amethyst Mine, Ontario.
Canadian Journal of Earth Sciences 30, 1955-1969.

