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Abstract Magnetotelluric (MT) studies represent the structure of crust and mantle in
terms of conductivity anomalies, while geodynamic modelling predicts the deformation
and evolution of crust and mantle subject to plate tectonic processes. Here, we review the
first attempts to link MT models with geodynamic models. An integration of MT with
geodynamic modelling requires the use of relationships between conductivity and rheo-
logical parameters such as viscosity and melt fraction, which are provided by laboratory
measurements of rock properties. Owing to present limitations in our understanding of
these relationships, and in interpreting the trade-off between scale and magnitude of
conductivity anomalies from MT inversions, most studies linking MT and geodynamic
models are qualitative rather than providing hard constraints. Some recent examples
attempt a more quantitative comparison, such as a study from the Himalayan continental
collision zone, where rheological parameters have been calculated from a resistivity model
and compared to predictions from geodynamic modelling. We conclude by demonstrating
the potential in combining MT results and geodynamic modelling with examples that
directly use MT results as constraints within geodynamic models of ore bodies and studies
of an active volcano-tectonic rift.

Keywords Numerical modelling - Magnetotellurics - Partial melt - Geodynamics

1 Introduction

Geodynamic models attempt to explore, in a mechanically and geologically consistent
manner, the deformation and evolution of crust and mantle subject to plate tectonic pro-
cesses. They can encompass a variety of scales: both temporal (earthquake rupture
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timescales to millions of years) and physical (from microstructure to outcrop scale, and
ranging up to the scale of tectonic plate interactions and mantle convection). Rather than
exactly matching what we measure geologically and geophysically, the goal of geody-
namic modelling is to gain insight into the principal controls on the evolution and
mechanics of a particular region while keeping input parameters as simple as possible.

Numerical geodynamic modelling techniques are becoming increasingly sophisticated
and are now able to explore deformation of crust and mantle with varied rock compositions,
fluid content and melt fractions (e.g., Bittner and Schmeling 1995; Upton 1998; Beaumont
et al. 2001; Gerya and Yuen 2003; Rey et al. 2009; Ellis et al. 2011; Gerya and Meilick
2011; Angiboust et al. 2012; Keller et al. 2013; Liu et al. 2014; Quinquis and Buiter 2014). It
is desirable to constrain such models quantitatively with surface geology (such as mapped
structure, faults, lithology, and thermo-chronological information) and with geophysical
measurements of the subsurface (e.g., seismic and electrical structure). Using these con-
straints, such models can offer an integration of different datasets, providing additional
insight into earth processes. Geodynamic modellers incorporate a large number of param-
eters that can include: elastic, frictional-plastic and ductile flow parameters relating rock
composition and rheology; fluid content (both in terms of its effect on ductile flow and
brittle yield via modification of yield stress); thermal parameters such as radiogenic heating
and thermal conductivity (for coupled mechanical-thermal models); and melt fraction (with
corresponding changes in density, heat advection and ductile strength). Models can be two-
or three dimensional and have boundary conditions constrained by tectonic forcing, and heat
and fluid flow at the base and surface of the model. Observations from geophysics are
particularly useful in geodynamic models that have initial conditions corresponding to
present-day conditions (“snapshot” models, which are used to predict present-day strain
rates, temperature profiles and fluid content). They are less useful in geodynamic models
considering long-term evolution over millions of years, although in these cases the final
predictions from the models may be compared to present-day observations.

In contrast, geophysical models usually only resolve one parameter—in the case of
electromagnetic (EM) methods, the electrical conductivity. To use such conductivity
models, geodynamic modellers have to understand the limitations inherent in resolving
structures with electromagnetic techniques. In this review, we will refer to both conduc-
tivity (¢ [S/m]) and its inverse resistivity (p [Q2m]) for electrical properties of crust and
mantle. We also refer to “conductance”, which is the thickness conductivity product (ch
[S]) of a horizontal layer. We use the term “conductor” to describe an area of higher
conductivity within a more resistive background.

Here, we will focus on the magnetotelluric (MT) method, since it is the principal
electromagnetic method with an investigation depth great enough to study the conductivity
structure of deeper crust and mantle. The subsurface conductivity structure in magne-
totelluric data is derived from (linear) frequency—domain relationships between the surface
horizontal magnetic and electric field components. Depending on the frequency of the
electromagnetic wave, the penetration depth of MT signals and thus the investigation depth
of the magnetotelluric (MT) method vary from hundreds of metres to mantle depth. Due to
the diffusive nature of the electromagnetic energy, magnetotelluric soundings resolve
conductivity gradients rather than sharp contrasts. Therefore, typical inversion schemes
seek the “minimum structure” model, the smoothest model that fits the data within given
error levels instead of a rougher model that fits the data as well as possible. The smoothing
parameters in the inversion define the trade-off between model roughness and misfit, and
there will be always a variety of models (with different degrees of roughness) which fit the
data to a similar degree. As a consequence of this regularization process, most MT
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inversions are smooth and do not resolve sharp contrasts and conductors are often smeared
to depth (for a review on inversion, see, e.g., Pek and Santos 2006; Rodi and Mackie 2012;
for approaches including sharp boundaries, see e.g. Smith et al. 1999; McGary et al. 2014).

A key point to communicate to any users of MT data is that non-uniqueness of the MT
method can make the interpretation of the size, geometry and depth of an anomaly
ambiguous. For example, in a horizontal layered earth, inversion of MT data gives the
conductance rather than the conductivity of a layer. In this case, a range of thickness—bulk
conductivity combinations is possible and needs to be explored (e.g., Bahr and Simpson
2005). However, edges and topography (e.g., dip) of an anomaly contain information about its
shape and therefore give some constraint on conductivity and thickness. Also, the so-called
screening effect of conductors close to the surface lowers the resolution of structures below.
Generally, the top of conductive structures within resistive background and lateral conduc-
tivity contrasts are well resolved but not the bottom of conductors. Artefacts or weakly
resolved anomalies can also appear in inversion models in areas where data coverage is not
sufficient and/or if the smoothing is not adequate (too rough). Finally, for interpreting con-
ductivity values from a MT model it is important to note that the absolute value of conduc-
tivity might be over- or underestimated in inversion models, depending on the starting model.
Siripunvaraporn and Egbert (2009) show a simple case where conductivity is overestimated
using the inversion code WSINV3DMT which is widely used in the MT community.

In this paper, we give an overview of recent work that integrates MT results and
numerical geodynamic models. Following this introduction of MT method and geody-
namic modelling, we divide this paper into two parts, “crust” and “mantle”, describing
first the causes for respective conductivity anomalies, then the existing laboratory studies
linking conductivity to rock properties, and finally, we present examples where conduc-
tivity models have been compared or linked to geodynamic models. We focus on the main
ways in which they have been linked: where modelling has been used to help interpret what
causes the MT conductivity anomaly; and where rheological parameters have been cal-
culated from a resistivity model (e.g., crustal melting, the presence of interconnected
fluids, or mantle anisotropy and viscosity) to help constrain or test the geodynamic models.
As of the writing of this review, most studies attempting to integrate MT and geodynamic
models are what we would class as “weak” links, i.e. they are mostly qualitative rather
than providing hard constraints for each other. In the last part of our review, we attempt to
point the way forward to a more quantitative integration of MT and geodynamic models.

2 Electromagnetic Methods: Providing Constraints for Geodynamic
Modellers

Many good reviews are already available as resources for the geodynamic modeller
wishing to constrain or test models with MT inversion results. Table 1 lists some of those
that are most accessible to non-MT experts.

The temptation amongst geodynamic modellers is to relate electrical conductivity to
rheological parameters used in their models (such as fluid content) without regard to the
tectonic environment and history. In fact, as MT practitioners are aware, electrical con-
ductivity can be affected by many quantities that affect rock strength and behaviour, not
just fluid content. It may relate to lithology, fluid content and connectivity, presence of
(interconnected) partial melt, clays, graphite or conductive minerals. The relationship
between MT data and conductivity is inherently nonlinear. No simple, generalized
“module” exists that can take conductivity as an input parameter and predict quantities
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Table 1 Recent review papers useful for non-MT experts to use in geodynamic models

References

Topic

Comments

Unsworth and
Rondenay
(2013)

Pommier
(2013)

Pommier et al.

(2013)
Karato (2011)

Glover (2010)

Mapping the distribution of fluids in the crust
and lithospheric mantle utilizing geophysical
methods

Interpretation of MT results using laboratory
measurements

Prediction of silicate and basaltic melt
viscosity in magma chambers from MT

Water content in mantle from electrical
resistivity

Mixing models for electrical conductivity in
porous media

Summarizes main MT and seismic
signatures of fluids in crust and mantle
and discusses various tectonic
environments

Reviews main laboratory results
pertaining to understanding MT
profiles in crust and mantle

Could be used as a direct input to a
geodynamic model

Could be used as direct input to
geodynamic model

Relates the conductivity of a rock to its
porosity and the conductivity of the

fluid

used to constrain geodynamic models such as mineral composition, elasticity, porosity and
permeability, fluid type and amount, or viscosity is available, nor is it possible. Instead,
MT results must be carefully interpreted on a tectonic-case basis to compare with or
provide input to geodynamic models.

Finally, it is important that geodynamic modellers are aware that we do not yet have a full
understanding of the dependence of conductivity on polymineralic rock composition (e.g.,
presence of some minerals with high conductance such as graphite) and multiple phases (e.g.,
interconnected conductive fluids and/or melt). The link between conductivity model and
parameters that are used in geodynamic modelling is only possible using laboratory mea-
surements, which have not yet been fully described, especially for polymineralic rocks. Once
a best-fit inversion has recovered the conductivity distribution of the subsurface, laboratory
measurements can help provide constraints on the conductivity of rocks at conditions that are
representative for the Earth, including temperature, pressure, thermodynamic conditions,
fluid content, redox conditions and texture (e.g., Pommier 2013). However, these studies are
work in progress and do not always give a consistent set of relationships. An example is the
recent study by Hashim et al. (2013), which conducted laboratory experiments to constrain
the melt percentages in the Himalaya at pressures and temperatures relevant for lower crustal
depths. These measurements predicted electrical anomalies for a range of rock compositions
which agree very well with the MT observations in the Himalaya (e.g., Unsworth et al. 2005).
However, the viscosity values predicted for the inferred partial melt percentages (25-100 %)
are orders of magnitude lower than the ones predicted by an earlier study by Rippe and
Unsworth (2010), as discussed in more detail below.

3 Electrical Conductivity from MT Studies: What Do Crustal Anomalies
Represent?

3.1 Physical Cause of Conductivity Anomalies in the Crust

Electrical conductivity anomalies in the crust are caused by interconnected fluids (in-

cluding melt), graphite (interconnected), clay minerals, iron oxides and metallic sulphides.
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Electrical conduction in most rocks is primarily electrolytic (ionic) caused by fluids in the
pore space since most mineral grains and clay minerals are insulators or semiconductors.
Exceptions are metallic sulphides, graphite and metals where conduction is electronic. The
conductivity of most rocks therefore is dependent on the conductivity of the pore fluid and
the pore space.

Near-surface conductive anomalies can be caused by fluids contained in the pore
space of sediments producing the large conductors associated with sedimentary basins
(e.g., Schifer et al. 2011). The presence of clay minerals in the pore space can enhance
the conductivity of sediment further. In a geothermal setting, this leads to the charac-
teristic high conductive “clay cap” of high-temperature geothermal systems. Small
amounts of clay which form during low-temperature alteration can dramatically increase
the conductivity of resistive ignimbrites and other volcaniclastic material (Stanley et al.
1990; Bibby et al. 2005). An important transition occurring within conductive clay
minerals is the dehydration from smectite to illite which takes place at ca. 65-150 °C
and is marked by an increase in resistivity from <10 to 10-60 Qm (e.g., Pellerin et al.
1996). In a subduction setting, this transition has a significant control on slip behaviour
in sediments and has been associated with the onset of seismogenic slip along faults
(Hyndman and Wang 1993).

Interconnected fluids lead to enhanced conductivity and occur in high-porosity or
fractured rock (e.g., the damage zone around major faults). Excess fluid pressure and/or
connectivity can also be produced by dehydration reactions (Wannamaker et al. 2002,
2009; Becken et al. 2008). Fluids enhance the generation of melting with increasing
temperature; partial melts form in the crust in active tectonic areas such as subduction
zones (e.g., Brasse and Eydam 2008; Heise et al. 2010), volcanic belts (e.g., Hill et al.
2009) or continental collision zones (Unsworth 2010) and can lead to considerable
enhancement in electrical conductivity.

Conductivity anomalies in tectonically stable lithosphere were recently reviewed by
Selway (2013). In the crust, these are thought to be mainly due to graphite around grain
boundaries which can lower resistivity by several orders of magnitude (Duba and
Shankland 1982). Examples of such crustal conductivity anomalies caused by carbon are
described in, e.g., Jones et al. (2003); Heinson et al. (2006) and Pous et al. (2004). Carbon
may also reduce shear strength in faults (Upton and Craw 2008); it can account for high
conductivity in otherwise anhydrous crust and has been proposed as an alternative
mechanism for crustal weakening in areas where the temperature is not sufficient for partial
melting (Glover and Addm 2008).

It is important to note, as mentioned in the Introduction, that from the conductivity
model alone we cannot distinguish the physical cause of crustal electrical anomalies.
Knowledge about the geodynamic setting (e.g., geological history, temperature) and lab-
oratory measurements are important to establish a meaningful interpretation of the con-
ductivity model. To use the results from conductivity models to interpret crustal
deformation, the conductivity (or conductance) has to be transformed into parameters used
in geodynamic modelling, e.g. viscosity. A two-step process is often necessary, e.g., (1)
relating conductivity to melt percentage, fluid, clay or graphite content, and (2) relating the
inferred melt/fluid/mineral content to physical parameters used in modelling such as vis-
cosity, density or effective normal stress.

In summary, conductive anomalies in the crust are thought to be caused by fluids and
melts; iron oxides and metallic sulphides; clay minerals; and/or graphite.
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3.2 Melts

There are many examples in the literature where conductive anomalies have been quan-
titatively interpreted in terms of partial melt (e.g., Pous et al. 1995; Brasse et al. 2002;
Heise et al. 2007; Didana et al. 2014). The melt (or fluid) fraction can be directly calculated
from the bulk resistivity using mixing laws (assuming the melt conductivity is known). A
number of mixing laws (e.g., Archie 1942; Hashin and Shtrikman 1962; Waff 1974; Glover
et al. 2000) relate the bulk resistivity of the rock to the fluid content (porosity) and the
conductivity of the fluid phase (for an overview see Glover 2010). However, these laws
assume known melt conductivity and therefore only provide bounds for the melt per-
centage. To constrain the conductivity of the fluid phase, or to test results for specific
temperature, pressure conditions and melt compositions, laboratory measurements are
necessary.

Measurements of the conductivity of partially molten (crustal) rocks have been taken for
different melt compositions and at temperature/pressure conditions yielding a relation
between temperature and bulk resistivity. These measurements include hydrous and dry
silicic melts (Waff and Weill 1975; Gaillard 2004), dacitic melts (Laumonier et al. 2014),
thephrite to phonolite melt compositions (Pommier et al. 2008; Poe et al. 2008) and
basaltic rocks (Tyburczy and Waff 1983; Gaillard and Marziano 2005). As an example,
Schilling and Partzsch (2001) and Roberts and Tyburczy (1999) observed a steep increase
in conductivity, using dry granulite samples, at the onset of partial melting at temperatures
>1030 °C. A recent laboratory study by Hashim et al. (2013) was conducted to constrain
the melt percentages in the Himalaya at lower crustal depth. Here, measurements of the
conductivity of metapelites under relevant pressure (300 MPa) and varying temperature
conditions were taken. Melt percentage and bulk resistivity of the sample were obtained at
different pressure—temperature conditions. At 850 °C, a melt percentage of 23 % is
reached. However, the authors state that this melt percentage is expected to be reached
quickly above muscovite breakdown temperature at 7 > 650 °C and that slow melt
kinetics are responsible for the higher temperatures observed. This was also confirmed by
measurements during cooling cycles where the melt fraction stayed high until 500 °C.

An application “SIGMELTS” to calculate the conductivity of melts has been developed
by Pommier and LeTrong (2011). SIGMELTS calculates the conductivity of a two-phase
material from existing geometric models at defined conditions at crustal and upper mantle
depth. A model to relate viscosity to conductivity of silicate melts has been derived by
Pommier et al. (2013) by using a database of laboratory measurements of conductivity and
viscosity (Giordano et al. 2008). However, they point out that viscosity is much more
sensitive to melt composition (e.g., large difference for basaltic and dry rhyolitic melt) and
water content than electrical conductivity, and therefore, melt composition has to be well
known.

To complete the link to rheology and modelling, the viscosity of the partially molten
rock has to be determined for different melt percentages. The melt fraction is a key
parameter determining the strength and effective viscosity of the rock (e.g., Arzi 1978;
Rosenberg and Handy 2005). Laboratory measurements have shown that the largest vis-
cosity decrease takes place at melt percentages of 1-5 %, while a second less significant
drop in viscosity takes place at 25-30 % (Rosenberg et al. 2007; Jamieson et al. 2011)
(Fig. 1a). The cause of the strength reduction at melt percentages of <10 % is the increase
in intergranular connectivity at the onset of melting. The decrease in strength at <10 %
magma is called the first rheological transition or melt connectivity threshold (MCT).

@ Springer



Surv Geophys (2016) 37:81-107 87

(a) (b)

10000. =
H
2
_ 1000 =
£ ~ 4
S 100 2
= £
= S
@ 10 =
2 > 2
et 0.30m o
14 &
0.10m 3
<<
0.1
0 10 20 30 40 50
melt fraction [Vol %]

0 20 40 60 80 100
Melt volume (%)

Fig. 1 a Bulk resistivity as a function of melt fraction obtained from Archie’s law for melt resistivities of
0.1 and 0.3 Qm. The red shaded areas show melt required to explain conductivity of the northern Lhasa
block (4-9 %) and the southern Lhasa block (10-23 %) in the Himalaya (redrawn from Rippe and Unsworth
2010). b Aggregate strength versus melt fraction for partially molten granite. The decrease in strength at
<10 % magma is the first rheological transition or melt connectivity threshold (MCT), caused by the
increase in intergranular connectivity at the onset of melting. At 10-20 % melt, the rock consists of a solid
matrix with a network of interconnected melt channels. At 40-60 % melt, the solid rock framework breaks
down, and this is called the rheologically critical melt percentage (RCMP) or solid-to-liquid transition
(redrawn from Rosenberg and Handy 2005)

Above 10 % melt, the rock consists of a solid matrix with a network of interconnected melt
channels. At melt fractions of 40-60 %, the solid rock framework breaks down, and this is
the so-called rheologically critical melt percentage (RCMP) or solid-to-liquid transition
(SLT). For characterizing crustal flow, the most important rheological transition is the
MCT (Fig. 1b; Rosenberg and Handy 2005). Such melt weakening can have a dramatic
effect on the dynamics of rifts and other tectonic settings (e.g., Buck and Lavier 2001;
Beaumont et al. 2006; Schmeling 2010; Ellis et al. 2011).

For non-melt-related anomalies, the relationship to physical parameters in models is
more qualitative. Measurements on carbon-bearing rock samples have been taken by
Glover and Addm (2008), showing that progressive shearing weakens the rock and results
in higher conductivity. This suggests that ductile shear zones at depth may be associated
with MT anomalies, providing a possible way to link the MT observations to geodynamic
model predictions of shear localization.

The transition in mineral phases with increasing depth can be accompanied by con-
ductivity changes. This is well known in geothermal exploration where clay mineral
transitions can be linked to conductivity changes and temperature, e.g., the transition from
smectite to illite (Ussher et al. 2000; Bjornsson et al. 1986). In subduction settings, these
transitions may be able to be used to constrain predictions from thermo-mechanical geo-
dynamic models for temperature, pressure and rock composition at depth (e.g., Saffer et al.
2012; Heise et al. 2012). It is therefore important to quantify conductivity anomalies
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caused by metamorphic phase transitions and/or presence of fluids as they may affect the
strength of ductile and brittle rocks.

3.3 Interpretation of Crustal MT Anomalies Using Geodynamic Models
3.3.1 Partial Melt, Viscosity, Crustal Flow: The India—Asia Collision

In continental collision settings, the crust can be thick and hot enough to start melting,
which lowers the viscosity of the crust. The India—Asia continent—continent collision zone
has been extensively studied by magnetotelluric surveys, many of them as part of the
International Deep Profiling of Tibet and Himalaya (INDEPTH) project (Chen et al. 1996;
Unsworth et al. 2004, 2005; Spratt et al. 2005; Ye et al. 2007; Arora et al. 2007). For a
review of all MT work that has been carried out in the Himalaya and Tibetan Plateau until
2010, see Unsworth (2010). The most recent studies of the eastern Himalayan have been
carried out by Zhao et al. (2012) and Wang et al. (2013). All of these studies found a mid-
crustal (15-20 km depth) conductive layer associated with the Tibetan plateau (e.g.,
Fig. 2). This conductor has been interpreted as partial melt, since in the Himalaya tem-
peratures >700° are reached within the crust (Klemperer 2006), exceeding the temperature
where dehydration melting of muscovite starts.

Flow of low-viscosity material owing to the presence of partial melt has been used to
explain the topography and uplift history of the Himalayas (e.g., Beaumont et al. 2006). A
simple model predicts channel flow of a viscous fluid between two rigid plates due to a
lateral pressure gradient. In the Himalaya, channel flow has been proposed to occur in a
layer of partially molten migmatite decoupled from the upper and lower crust, helping to
explain inverted metamorphic sequences observed there (Jamieson et al. 2011).

Interpretation of the mid-crustal conductive layer as partial melt or aqueous fluid or a
combination of both is not unambiguously possible from the MT data alone (see extensive
discussion in Li et al. 2003). Motivated by the geodynamic model of Beaumont et al.
(2001) predicting a zone of partial melting, the conductive anomaly was assumed to be
predominantly partial melt in some MT studies. Unsworth et al. (2005) calculated the melt

Himalaya ITS Tibetean Plateau

1000

100 km

0 100

Fig. 2 Crust below the Himalaya and southern Tibetan plateau (after Unsworth et al. 2005 and Jamieson
et al. 2011). Black lines show seismic reflection data from the INDEPTH profile (Nelson et al. 1996). MHT
Main Himalayan Thrust, interpreted as the upper surface of the underthrust Indian plate. MT model by
Unsworth et al. (2005). The low resistivity indicates the presence of a fluid phase (e.g., partial melt);
reflector B2 is interpreted to represent the top of a fluid (melt)-bearing region. Arrows show possible flow
direction leading to exposure of mid-crustal melt zones in the High Himalaya. /7S Indus-Tsangpo suture
(defines the plate boundary at the surface)

@ Springer



Surv Geophys (2016) 37:81-107 89

fraction from the bulk resistivity by using the model of Schilling et al. (1997) and conclude
the viscosity drop due to partial melt might enable crustal flow.

Recently, Rippe and Unsworth (2010) attempt to quantify this and establish a rela-
tionship between conductance, flow velocity and effective viscosity, thus giving an
example how rheological parameters can be calculated from a MT model. In Tibet, the
flow is regarded to be mainly driven by the pressure gradient due to topography, i.e.
Poiseuille flow (Clark and Royden 2000; Beaumont et al. 2001, 2004). The mean velocity
of the Poiseuille flow and the effective viscosity depend on the channel thickness % and can
be expressed in terms of conductance of the conductive “channel” determined from the
MT. Melt fraction was calculated using Archie’s law. Most rocks deform as non-Newto-
nian fluids (Carter and Tsenn 1987) which means their viscosity is dependent on the strain
rate and thus shear stress and strain rate are related by a material constant A.¢ (in the case
of Newtonian fluids A is the dynamic viscosity). The rheological material constant A
and bulk electrical resistivity (p) both decrease with increasing melt fraction, and therefore,
a direct relationship between these two parameters can be determined.

For a varying conductance, two cases are possible: (1) the bulk resistivity stays constant
and the thickness of the conductive channel changes, so that relations between flow
velocity/effective viscosity and conductance are linear; or (2) the thickness stays constant
and the bulk resistivity changes. Since bulk resistivity is needed to calculate the material
constant A.g, the relation between mean velocity/effective viscosity and conductance is
then more complex. Flow velocity and effective viscosity obtained from magnetotelluric
models for different regions in the Himalaya have then been compared to the viscosity
values used in geodynamic models (e.g., Beaumont et al. 2001; Clark and Royden 2000;
Copley and McKenzie 2007).

However, despite such a thorough analysis, a number of assumptions were required to
make this calculation, including the assumed felsic composition of the crust, the thickness
of the layer and the temperature and pressure of the laboratory measurements. As Rippe
and Unsworth (2010) point out, accuracy of the temperature estimate is probably the most
critical point in the calculation, since temperature has a large influence on melting and thus
viscosity. A more recent laboratory study by Hashim et al. (2013) suggests much higher
melt percentages (>25 %) and corresponding lower viscosities than predicted in the pre-
vious studies; the authors suggests a recalibration of the MT models with their new values.

For completeness, we will mention a contrary explanation for the uplift of the Hima-
layan orogen given by Harris (2007). This paper offers a critical analysis of the channel
flow models discussed above, claiming that there is no evidence for the persistence of
crustal flow since the mid-Miocene. They support alternative models for Himalayan uplift
and deformation, with formation of an orogenic wedge and thickening by underplating at
the brittle—ductile transition (Toussaint et al. 2004; Bollinger et al. 2006). Harris (2007)
also states that some magnetotelluric anomalies in the central Himalaya have been inter-
preted as crustal fluids from dehydration reactions (Lemmonier et al. 1999).

3.3.2 Fluid Interconnectivity, Grain-Size Reduction and Shear: The Alpine Fault
and Marlborough Fault Systems of New Zealand

In the South Island of New Zealand, the Alpine Fault is the primary structure that
accommodates oblique collision between Pacific and Australian continental crust (Norris
et al. 1990). A broad, “U-shaped” zone of high electrical conductivity with a maximum
depth of ca. 25 km is imaged in the ductile crust, extending near vertically downward
below the Alpine Fault to a sub-horizontal zone below (Wannamaker et al. 2002; Jiracek

@ Springer



90 Surv Geophys (2016) 37:81-107

et al. 2007). Based on predictions from numerical modelling (Koons et al. 1998; Upton
et al. 2000), the high-conductivity anomaly has been interpreted to be a zone of inter-
connected fluids along grain boundaries in the quartzo-feldspathic rocks. The fluids may
arise either from prograde and strain-induced metamorphism in the underlying zone of
crustal thickening, or from strain-induced metamorphism in the high-strain-rate mylonite
zone beneath the Alpine Fault (Koons et al. 1998; Wannamaker et al. 2002).

At the northern end of the Alpine Fault, plate motion is taken up along multiple strike-
slip crustal faults (the Marlborough Fault System) as result of the transition of subduction
to oblique collision. Here, anomalous regions of low-Q (high attenuation) are imaged
seismically directly beneath some of the Marlborough Faults, similar to anomalous con-
ductive regions imaged in the MT profile (Wannamaker et al. 2009). The MT profile shows
two distinct low-resistivity zones (<50 Qm) in the ductile lower crust, which Wannamaker
et al. (2009) interpret as broad, fluid-rich shear zones associated with the major strike-slip
faults above (see also Ogawa and Honkura 2004).

Eberhart-Phillips et al. (2014) compared the Q and resistivity anomalies for the Marl-
borough Fault System to a numerical model of strain localization beneath brittle strike-slip
faults (Fig. 3a—d). The numerical model showed how faults act to localize strain below
them in the ductile crust, with elevated strain rates and stresses. These are predicted to
cause grain-size reduction (formation of mylonite zones) over time. In ductile crust, Q is
influenced by temperature, grain size, water and mineral content. Eberhart-Phillips et al.
(2014) relate the Q anomaly to grain-size reduction associated with elevated strain rates in
a mylonite zone. Reduced grain size will also lead to a decrease in electrical resistivity, as
has been observed for forsterite by ten Grotenhuis et al. (2004) who also created a geo-
metric model that matches the experimental observations. This geometric model has been
applied to mylonite shear zones and shows that conductivity contrast between fine-grained
shear zones and less-deformed regions in the lithosphere can be 1.5-2 orders of magnitude.

4 FElectrical Conductivity from MT Studies: What Do Mantle Anomalies
Represent?

4.1 What Causes Conductivity Anomalies in the Mantle

Mantle conductivity is influenced by temperature and composition and by the amount of
fluid phases present, either as melt, hydrous water in pores or HT content in anhydrous
minerals. Likewise, the rheology of the mantle is constrained by these parameters (e.g.,
Biirgmann and Dresen 2008). Conductivity anomalies in the mantle have been interpreted
as either melt, or water dissolved in olivine; however, there is a debate about the effect of
water on the conductivity of olivine (see below). Gaillard et al. (2008) also point at the
possibility of carbonatite melts in the mantle, which are orders of magnitude more con-
ductive than silicate melts and hydrous olivine, and could account for some of the high
conductivities observed in MT data (e.g., Evans et al. 2005).

In the upper mantle, conductivity anomalies have been found associated with subduc-
tion zones and spreading centres and have been interpreted as partial melt and upwelling
asthenosphere (e.g., Naif et al. 2013; Key et al. 2013; Rippe et al. 2013). The long-period
3-D MT model obtained from array data in the north-western United States includes
interpretations for upper mantle conductivity heterogeneities in a variety of different
tectonic settings (Meqbel et al. 2014).
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Upwelling and mantle flow define large-scale global geodynamics. Mantle viscosity is
an important parameter in mantle flow models, and in these large-scale models, it is
generally linked to fluid content. Since dissolved water content in mantle minerals can
lower the electrical conductivity by up to three orders of magnitude (Karato 2011), where
melting is unlikely owing to great pressures, conductivity can be used to infer water
content in the mantle and thus MT provides a tool to give constraints on mantle rheology.

In summary, conductive anomalies in the mantle represent either: partial melt; hydrous
water in pores; and/or H4- content in anhydrous minerals.

4.2 Constraints on Fluid and Melt Content from Laboratory Studies
of Conductivity

The conductivity of dry and anhydrous olivine has been widely studied by different lab-
oratories. Major contributions are found in Poe et al. (2010), Yoshino et al. (2009), Karato
(2011) and Wang et al. (2006). However, Yoshino et al. (2009) and Poe et al. (2010) obtain
significantly lower conductivities for the same water content as Wang et al. (2006) or
Karato (2006), thus resulting in different conductivity depth profiles for the mantle. The
recent review paper by Pommier (2013) gives an overview of results of the main laboratory
studies for the conductivity of mantle minerals and also discusses the discrepancies, which
may be caused by different water content in the “dry” olivine samples or different
experimental design, though this issue remains contentious. A detailed description of the
different formulations of the Arrhenius equation used to fit the data in the experiments is
given by Rippe et al. (2013) and Jones (2014). The latter paper also points out that
discrepancies in the laboratory results impede a non-ambiguous interpretation of con-
ductivity anomalies in the mantle. Many MT mantle studies therefore use different datasets
to put bounds on water content and melt fraction of the mantle (e.g., Rippe et al. 2013;
Khan and Shankland 2012).

4.3 Interpretation of Mantle MT Anomalies Using Geodynamic Models
4.3.1 Mantle Upwelling and Flow: The East Pacific Rise

Mantle conductivity and mantle upwelling at the East Pacific Rise have been studied by
long-period magnetotelluric measurements at the southern segment of the East Pacific Rise
as part of the Mantle Electromagnetic and Tomography (MELT) project (Evans et al. 2005;
Baba et al. 2006). More recent studies have been carried out on the northern East Pacific
Rise (Key et al. 2013). In both studies, geodynamic modelling of the mantle flow and
temperature reproduced a temperature velocity field which was compatible with the shape
of the melt producing region (conductive anomaly) detected by the MT study. In these
examples, geodynamic models were created for direct comparison with the resistivity
model and reinforced the interpretation of MT study.

Evans et al. (1999) show that the conductivity anomaly below the southern East Pacific
Rise is asymmetric, with a conductive mantle (80—150 km) containing fully interconnected
(3 %) melt fraction west of the ridge, while the mantle east of the ridge is more resistive
and is interpreted as being melt-depleted. The difference in spreading velocities between
Nazca and Pacific Plates is suggested to be the cause for this asymmetry; however, the
authors pointed out that geodynamic models of the mantle flow are needed to support this
interpretation. These were implemented by Toomey et al. (2002), who showed that the
asymmetric flow produced by the plate motion was not sufficient to reproduce the
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anomalies east of the spreading centre (they compared predictions to observed higher
electrical conductivity, greater seafloor subsidence, lower seismic velocities and greater
shear wave splitting to the east). A combination of an asymmetric mantle flow field and a
thin and hot asthenospheric channel was needed to explain the anomalies.

A broadband magnetotelluric survey was carried out across the northern East Pacific
Rise by Key et al. (2013). This study revealed a more detailed picture of the upper mantle
and mantle upwelling beneath the ridge, providing constraints on melting processes and the
volatile content of the mantle. The MT models show a large, symmetric, highly conductive
zone beneath the ridge, interpreted as a partial melt fraction of up to 10 % in the upwelling
mantle. A deeper conductive anomaly interpreted as carbonate melts is displaced to the
east. A 3-D mantle flow simulation was then carried out in order to find an explanation for
the deeper asymmetry in the model. The 3-D flow modelling used a finite-element
approach, taking into account the absolute plate motion as well as the transform faults
north and south of the studied ridge segment. The vertical velocity field was used as a
proxy indicator for where deep melt could be formed. The predicted vertical velocity cross
section showed that, contrary to the case for the southern East Pacific Rise, the deep
conductive melt body only requires passive flow (Fig. 4).

4.3.2 Mantle Flow and Anisotropy

Electrical anisotropy at lower crustal and upper mantle depths has been inferred from MT
studies and been related to mantle flow (Simpson 2001; Bahr and Simpson 2002; Gatze-
meier and Moorkamp 2005). One explanation for the anisotropy is the alignment of olivine
crystals with respect to plate movement (lattice-preferred alignment). Since hydrogen
diffusion in olivine crystals is strongly anisotropic (Kohlstedt and Mackwell 1998), the
ionic conductivity of olivine mantle where the crystals are aligned should be electrically
anisotropic. Experimental evidence for the alignment of olivine crystals due to dislocation
creep of the upper mantle has been given by compression creep experiments on fine grain
olivine (Miyazaki et al. 2013). Although seismic and electrical anisotropy have been
related in several studies (e.g., Eaton et al. 2004; Ji et al. 1996), this comparison can be
only made in simple cases (for a discussion, see Heise et al. 2006). In a recent paper,
Simpson (2013) showed that electrical anisotropy generated by hydrogen diffusivity in
aligned olivine at mantle depth has an anisotropy factor of <4.5. Therefore, in other cases
where much stronger electrical anisotropy in the mantle has been inferred from magne-
totelluric models (e.g., Bahr and Simpson 2002; Gatzemeier and Moorkamp 2005), the
anisotropy needs to be explained by other mechanisms, or isotropic heterogeneities have to
be considered to explain the data (e.g., Korja et al. 2002).

Caricchi et al. (2011) showed that anisotropy of electrical conductivity can be generated
by interconnected melt channels in the spreading direction and low melt connectivity in the
ridge parallel direction. The presence of oriented melt channels explains high anisotropic
values as observed at the southern East Pacific Rise (Evans et al. 2005; Baba et al. 2006).

4.3.3 Can Global Resistivity Models be used to Constrain Mantle Viscosity
in Convection Models in the Future?

Conductivity anomalies in the deep mantle and transition zone, where melt is suppressed
by high pressures, are thought to reflect variations in water content. Water lowers vis-
cosity and solidus of mantle minerals and seismic velocity, and its distribution therefore
plays an important role in the dynamics of the mantle. The lateral variations in the
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Fig. 4 a MT inversion model showing the conductive anomaly interpreted as upwelling of partially molten
mantle beneath the northern East Pacific Rise. b Colour shows the flow model, showing predicted vertical
velocity anomaly due to plate movement. The magenta line shows the region where the vertical flow is
>1 cm/year. Black lines delineate 0.1, 1 and 10 Qm resistivity contours from the magnetotelluric inversion
model (a). White lines show isotherms for a half space cooling model (from Key et al. 2013)

electrical conductivity structure of the deeper mantle (up to depth of 1200 km) have been
explored by studies of very-long-period measurements using observations at geomagnetic
observatories worldwide (e.g., Kelbert et al. 2009a; Kuvshinov et al. 2005; Khan et al.
2010).

A method to include laboratory measurements has been developed by Khan and
Shankland (2012). A conductivity profile of the mantle is calculated at four locations from
geomagnetic observatories and combined with laboratory-based conductivity models to
constrain the thermo-chemical state of the mantle. This approach takes into account known
geophysical and petrological discontinuities that could not be resolved with the inversion
of electromagnetic data. However, as the authors note, this method depends on laboratory
measurements; they stress the importance of an improved conductivity database for the
mantle. The use of the two contrasting databases Yoshino et al. (2009) and Karato (2006)
resulted in a melt layer and a dry mantle transition zone, respectively.

A recent review by Kuvshinov (2011) summarizes and compares the global electro-
magnetic models, but there is still a discrepancy between 3-D conductivity distributions
obtained by different groups (e.g., Semenov and Kuvshinov 2012; Kelbert et al. 2009a, b)
due to different modelling approaches and data sets, thus making comparison and use for
geodynamic modelling difficult. Although Kelbert et al. (2009a) and other authors stress
the importance of the global resistivity models to constrain water content in the mantle and
thus dynamics, at the present time no study directly relates or uses the results for geo-
dynamic models of mantle convection. Better resolution of global conductivity models via
improved data coverage from satellites and observatories would give the potential to
incorporate constraints from conductivity models into global convection models in the
future. Global mantle convection models already include lateral viscosity variations
inferred from seismic tomography, which fit the observed plate motions more realistically
than models with simpler radial viscosity profiles (e.g. Becker 2006) and also fit mantle
strain estimated from lattice-preferred orientations in olivine aggregates from seismic
anisotropy (Tommasi et al. 2000; Kaminski et al. 2004). Lateral variations of mantle
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viscosity could be also constrained by global conductivity models. Although this has not
yet been tested, we believe there is great potential in combining global conductivity and
convection models.

S Integration of Geodynamic Models and EM: The Way Forward

As discussed above, the interpretation of crustal resistivity anomalies is non-unique and
no direct method exists for linking resistivity to rheological parameters and/or fluid. For
these reasons, not many studies have input MT resistivity results directly into numerical
models of geodynamics. Nevertheless, some studies have taken a small step in this
direction.

5.1 Applications in Economic Geology

An MT model was successfully used as input for geodynamic modelling for exploration in
China (Liu et al. 2011). In the Anqing ore field, the known ore reserves are located in the
contact zone between a diorite intrusion and the host rocks consisting of Lower—Middle
Triassic carbonates. Evaluating the effect of the distinct, uneven distribution of the ore
bodies along the contact zone on mineralization required interpretation by a geodynamic
model describing the mineralization processes associated with the intrusion; the ore
mineralization formed during the cooling of the intrusion.

A conductivity survey of the Anging ore field was conducted using a direct source
magnetotelluric instrument (Strategem EH4). Two hundred-metre-spaced profiles over the
mining area were measured and 2-D modelling carried out for each profile. The main
feature of the resistivity model is the contact between high resistive carbonate sediment
and the moderate resistive diorite. The geometry of the contact was used to construct the
initial model for the geodynamic modelling. The geodynamic models used the two-di-
mensional finite-difference code FLAC (Itasca 2002) to simulate deformation, heat transfer
and fluid flow during the syn-deformation cooling of ore-related intrusion. Results show
that there is a close correlation between the known ore bodies and dilation zones in the
model, which are mainly along the contact (Fig. 5). An exploration target in a deep dilation
zone was identified from the model, and a new ore body was discovered, thus demon-
strating a successful and useful integration between geodynamic modelling and electro-
magnetic constraints.

5.2 Using Temperature and Melt Fraction from Geodynamic Modelling
to Constrain a 3-D MT Forward Model of the Icelandic Plume

Numerical models of the Icelandic plume-ridge system have been carried out to model the
present-day dynamics of the plume and the melt generation in the upper mantle. The
models were aimed at reproducing the observed thickness of the Icelandic crust. Param-
eters varied were temperature anomalies and retained melt fraction (Ruedas et al. 2004).
The resulting melt and temperature fields were then used to calculate seismic velocities and
3-D conductivity models. The melt percentage in the plume head of the conductivity
models was varied—within the bounds given by the geodynamic models—and compared
to “ridge only” models (Kreutzmann et al. 2004). The synthetic MT data calculated from
these conductivity models were then analysed to separate the effects of ridge and plume. A
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Fig. 5 (Redrawn from Liu et al. 2011) a Grey contour lines show the resistivities from the controlled
source MT profile, the black line shows the contact between marble and intrusion where it is known from
drilling, the dashed line shows the boundary interpreted from the resistivity model (note the vertical
exaggeration), and red line shows approximate area of the geodynamic model shown in (b). b Deformation
and temperature predicted by the geodynamic model. Isotherms and total volumetric strain contours are
shown after 9200 years of deformation, and the dashed black line is the contact zone deduced from the MT
model. For the pore fluid flow field, see original figure in Liu et al. (2011)

minimum melt percentage of 3 % in the plume head was established as bound for detecting
the plume in the MT data; however, comparisons between these synthetic models and real
data could not be done due to the lack of very-long-period MT data.

5.3 Using MT to Quantitatively Constrain Crustal Models of the Taupo
Volcanic Zone, New Zealand

Ellis et al. (2014) illustrate how a “partial coupling” between MT inversion results and
geodynamic modelling in 3-D might work by taking MT resistivity anomalies from a 3-D
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Fig. 6 (3-D model). a The Taupo Volcanic Zone (TVZ) is an intra-arc rift associated with westward
subduction of the Pacific plate beneath the North Island of New Zealand (inset). Active fault traces are
shown in yellow (Litchfield et al. 2014), and dotted lines indicates extent of TVZ (envelope of volcanic
activity in last 2 My) from Wilson et al. (1995). Dashed black lines show outlines of volcanic centres.
Orange lines outline the 5 Qm contour at 13 km depth from MT inversions by Heise et al. (2010), and white
lines show coast, lakes and rivers. b Contoured volumes are regions with resistivity <10 Qm colour coded
by depth. Yellow are active faults. ¢ Set-up of 3-D numerical model. Surface, contoured by depth in km, is
depth to 400 °C isotherm derived from steady-state thermal solution with total magma body heat output ca.
4GW. Black arrows show applied boundary condition assuming a pole of rotation from Nicol and Wallace
(2007). d Colour contours show surface strain rate (second invariant) indicating a high-strain-rate zone in
red at the surface. Red lines are direction of maximum brittle stretch (normal faults should form
perpendicular to these lines). Red arrow indicates change in strain-rate trend predicted from geodynamic
model and resulting from distribution of partial melt at depth inferred from MT. This change in trend mirrors
the change in active fault strike (yellow lines)

crustal inversion of the Taupo Volcanic Zone (New Zealand) (Heise et al. 2010; Fig. 6a) as
an input parameter to a 3-D thermo-mechanical model (Ellis et al. 2011). In conducting
this test, the following assumptions were made:
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e Resistivity below 10 Qm at depths greater than 6 km represents partial melt (Heise
et al. 2010). Low resistivities at shallow depths are assumed to be regions with altered
clays and sediments associated with hydrothermal and basin deposits and are not used
to constrain the numerical model (Fig. 6b).

e The low-resistivity mid-crustal regions are defined as crustal material with a partial
melt content using an approximation of the curve shown in Fig. la from Rippe and
Unsworth (2010) and based on Archie’s law. This is clearly a simplification, since there
is a trade-off between the size of the anomaly and how much partial melt it represents
(see discussions above).

e The zones of partial melt have a lower viscosity and density than surrounding crustal
regions (Ellis et al. (2011), following Rosenberg et al. (2007)). This relationship is used
to reduce the base strength for each location, which is computed assuming a quartzo-
feldspathic crustal composition, with brittle Byerlee’s law giving way to temperature-
and strain-rate-sensitive nonlinear viscous creep with increasing depth. For a partial
melt of 20 %, viscosity drops by a factor of about 10* and density from 2800 kgm73
(no melt) to 2500 kgm .

e The region of active rifting in the TVZ has anomalously high heat flow and a
seismogenic depth of less than 7 km (Bibby et al. 1995; Bryan et al. 1999). Total heat
output in the central TVZ is estimated at ~4 GW (Bibby et al. 1995). For the simple
test in Ellis et al. (2014), the effects of elevated heat flow from cooling magma bodies
at depth were represented by imposing a high heat production in the partial melt bodies
defined from MT. The heat production was adjusted to give a shallow brittle-ductile
transition depth for the central TVZ matching seismological observations (Bryan et al.
1999). This was used, along with a basal heat-flux of 30 mWm ™2, to compute a steady-
state thermal field throughout the region (Fig. 6c¢).

Figure 6d shows the predicted zone of high strain rate for the numerical model in Ellis
et al. (2014). Interestingly, a zone of high strain rates was predicted that mirrors the
mapped locations and trends of active faults in the central TVZ (Villamor and Berryman
2006). The concentration of shallow partial melt around the Okataina Volcanic Centre
(Fig. 6a) and the change in the axis of partial melt along strike are responsible for the jog in
fault trend (red arrow, Fig. 6d). In comparison, models without the low-strength, high-heat-
flow partial melt bodies derived from MT cannot match rift dynamics and the pattern of
active faulting seen in the TVZ; instead, a broad region of extension occurs over more than
80 km across the rift.

The agreement between the locus of active faulting and the change in fault trend just
south west of the volcanic centre of Okataina suggests that the location of partial melt in
the TVZ rift significantly affects rift dynamics and faulting. However, several issues need
to be considered further when applying MT results to geodynamic models in this way. The
first is the trade-off between size and magnitude of the low-resistivity bodies. A sensitivity
study to see how this affects dynamics in the geodynamic model has not been undertaken.
Near-surface conductive features may also be influencing the MT inversion at depth.
Finally, it was not possible to simply take the inversion results from MT straight into the
geodynamic model. Low-resistivity bodies shallower than 6 km were discounted on geo-
logical grounds, because most represent clay-rich sediment deposits, but there is some
evidence for shallower magma bodies in the TVZ (e.g., Bertrand et al. 2012). Even so,
some of the bodies represented as partial melt in Fig. 6b are well away from the rift axis
and may be caused by some other physical process.
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5.4 Using Results from a Geodynamic Model of Melt in a Rift to Predict MT
Resistivity

In an earlier paper, Kissling and Ellis (2011) used a thermo-mechanical code to model the
evolution and deformation of a continental rift (e.g., the Taupo Volcanic Zone) over
millions of years. This model predicts the change in crustal properties and the evolution in
the brittle-ductile transition and the formation of partial melt (Fig. 7a, b, c). Their model
set-up was a 30-km-thick crustal layer above the mantle. Elevated heat flow was applied
over a narrow zone at the base of the model and after 2 My extension was applied to the
sides as shown in Fig. 7a. After 8 Ma, deformation moved from the rift flanks to the central
faults and a thin (~ 1 km thick) layer of partial melt developed at the base of the crust.
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Fig. 7 a Set-up of the 2-D thermo-mechanical model with initial crustal thickness of 30 km (blue) and
mantle (red). Elevated heat flow is applied over a small region at the base. After 2 My, extensional boundary
conditions are applied as shown. b Effective viscosity 8 My after extension starts. A small zone of partial
melt has developed at the base of the crust. ¢ Partial melt in the thermo-mechanical model after 8 My.
d Resistivity model calculated from the melt fraction using Hashin—Shtrikman upper bound for a rock
matrix of 1000 Qm and a melt resistivity of 0.2 Qm. e Inversion model for the synthetic MT data obtained
from forward modelling model (d). f Resistivity model of the melt channel without the conductive mantle.
g Inversion model of the MT data obtained from (f)
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Melt percentages from the geodynamic model of Kissling and Ellis (2011) can be used
to calculate a resistivity model. As part of this review, we have constructed this example to
show how geodynamic models that predict partial melt may be used to constrain MT
anomalies, and also to show some of the difficulties and ambiguities in this approach. We
used the partial melt fraction from Kissling and Ellis (2011) to calculate the bulk resistivity
using Hashin—Shtrikman upper bound (for fully interconnected melt) and assuming a rock
matrix of 1000 Qm and a melt resistivity of 0.2 Qm (Fig. 7d). This resistivity model could
then be used as a starting model in an MT inversion or to constrain the results from a MT
survey. Here, we calculate synthetic MT responses (0.001-100 s) of this resistivity section
at 24 sites with a 10-km spacing. Inversion of the MT data was then used to investigate the
resolution of these data for this kind of anomaly. As expected, the narrow melt channel
merges with the deeper conductivity anomaly caused by the ~30 % melt in the mantle
below (Fig. 7e), but can still be perceived as separate anomaly. The resistor underneath the
conductive mantle anomaly shows that the data have no sensitivity below the conductor. A
narrow highly conductive melt channel without the deeper anomaly below (Fig. 7f) would
also be resolved by the MT data, although the shape of such a feature at a depth of
~?20 km cannot be fully recovered and the inversion model shows an elongated con-
ductive “blob”. Comparison with the original narrow melt channel highlights the need to
understand resolution of MT models in order to interpret and use their results
appropriately.

5.5 Multi-inversion Approach to Constrain Mantle Structure

Although not directly applied to geodynamic models, an approach to constrain the bulk
mantle structure, temperature and composition with depth was made by Afonso et al.
(2013). They use a 3-D multi-observable probabilistic inversion method to calculate
lithosphere and mantle structure from the surface to the 410-km discontinuity. Signifi-
cantly, they used multiple geophysical data including MT (1-D) magnetotelluric data,
along with Rayleigh and Love dispersion curves, body-wave tomography, geothermal data,
petrological information and gravity (geoid) anomalies. Such an approach could provide
important constraints for future geodynamic models at global scale including plates, crustal
structure and mantle heterogeneities.

6 Discussion and Conclusions

Our review has shown that while it is still “early days” in linking MT inversions to
geodynamic models of lithosphere and mantle, there are a few studies that have attempted
to do so where the cause of the MT anomalies is relatively clear, such as in cases where
partial melt is present. It is important to note that conductive anomalies in MT models can
have a variety of causes, so every anomaly has to be evaluated within its tectonic context.
Thorough hypothesis testing of the MT model is necessary to put bounds on the conductors
before interpretation. Also, the resolution limits and effect of smoothing in MT models has
to be clearly understood so that anomalies are not over- or misinterpreted.

We have highlighted the hierarchy of ways in which MT results can be integrated with
geodynamic models. At the simplest level, the interpreted conductivity model is used to
define lithological variations, fault locations and/or zones of partial melt while constructing
the initial conditions in the geodynamic model; this approach has been used successfully to
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pinpoint new zones of mineralization, as discussed in Sect. 5. Alternatively, predictions
from geodynamic models for the location and degree of partial melt can be compared to
observed MT anomalies (also discussed in the last section). More challenging is when the
conductivity model informs melt fraction or fluid content and thus helps to constrain the
rheological response to tectonic forcing in geodynamic models. Iterations between pre-
dictions from geodynamic and MT models can potentially yield tighter constraints on
deformation processes, for example in the case of the conjectured channel flow in the
Himalayas.

Most attempts so far, however, have shown that without more detailed studies linking
conductivity anomalies to laboratory measurements, it is difficult to use MT results directly
in geodynamic models. In attempts to do so, the tectonic context, polymineralic compo-
sition of the rocks, sources of fluid generation and possibility of melt must be considered.
More laboratory measurements of conductivity (especially under deformation) are needed
to constrain the relationships between conductivity, composition, fluid content and other
parameters needed by geodynamic modellers.

Despite the difficulties discussed above, some examples of geodynamic models con-
strained by resistivity models and assuming a straightforward conversion from resistivity to
melt have given promising results. Also the growing database of global conductivity data
may allow the constraint of global convection models with conductivity data in the (near)
future. There is potential in combining the two methods as long as the limitations of each
approach are respected.
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