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Abstract

Metamorphic transformation rates are classically determined on decimetre-scale field
samples and from laboratory experiments at smaller scales. Here we present a geo-
physical approach based on field data and joint geophysical—petrological modelling to
quantify the average rate of metamorphic transformations at the 10—100-kilometre and
million-year scales. The model simulates the eclogitization of Indian lower crust as it
penetrates beneath southern Tibet. Metamorphic transformation of the lower crust is
tracked by its densification, the effect of which is then compared to observed gravity
anomalies. From the modelling we find that the Indian lower crust's overall densification
requires a partially hydrated initial composition. Moreover, the modelled evolution of
this densification compared to what is predicted by pressure—temperature—density grids
is consistent with delayed, far-from-equilibrium metamorphism. The Indian lower crust
descends underneath the Himalaya until beneath southern Tibet in a thermodynami-
cally metastable state until the first dehydration reactions are reached. This observation
is used to determine the average rate of metastable rock transformation to an eclogite
facies assemblage, constrained at between ~6 X 10~ and 5% 1077 g/cmz/year, and reac-
tion affinity at 0.8—1.6 kJ/mol oxygen. Compared to field and laboratory data, this range
of results matches the effective rates typically associated with regional metamorphism.
This fit and correlation across the scales legitimates the use of transformation rates de-

termined at small scales in large-scale geodynamic studies.
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Highlights

e Geophysical-petrological modelling of India's lower crust eclogite facies
metamorphism.

e Average rock transformation rate estimates over long time- and large spatial scales.
e Results match reaction rates representative of regional metamorphism.

e Upscaling reaction rates for geodynamic models is feasible.
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1 | INTRODUCTION

Metamorphic reactions occur over a large range of pres-
sure and temperature conditions and affect the structure and
physical properties of the Earth in various contexts, including
linking processes such as deformation across various scales
(e.g. Ague et al., 1998; Taetz et al., 2018). The overall rate
at which the rock transformations proceed is the product of
two factors: the intrinsic mineralogical reaction kinetics, and
the rate of external changes (such as pressure, temperature,
and deformation; see e.g. Fisher, 1978). From the analysis of
natural processes, Baxter et al. (2003) distinguishes two main
metamorphic environments: contact metamorphism, in which
the abundant free fluids are produced by reactions during rel-
atively large temperature overstepping, which leads to faster
overall transformation rates; and regional metamorphism, in
which slow fluid release or fluid-poor conditions result in
significantly slower effective rates (e.g. Baxter et al., 2003).
Beyond fluids, the difference in heating rate contributes to
the difference in overall kinetics of these two metamorphic
environments. Laboratory measurement of net reaction kinet-
ics match well the faster rates. This is due mainly to the use of
powders, which have high free reaction surfaces when com-
pared to realistic scenarios of coarser grains in a rock, and
because of water saturated environments, which enhance dif-
fusive transport. Compared to these, regional metamorphism
proceeds at effective rates that are commonly reported to be
seven orders of magnitude slower; they scale with tempera-
ture (Figure 1; Baxter et al., 2003).

One common feature of all existing metamorphic net
transformation rate estimates is that they are derived from
spatially small-scale (sub-centimetre to centimetre scale) ob-
servations. A major challenge is the extrapolation of inher-
ently small-scale processes and the upscaling to large-scale
models of geological or geodynamic evolution. Natural con-
straints on the rates characteristic of regional metamorphism
are based on scales ranging from that of grains (Eppel &
Abart, 1997) and porphyroblasts (e.g. Carlson et al., 1995;
Eiler et al., 1995) to that of lithological contacts (Baxter &
DePaolo, 2000) and sills (Skelton et al., 1997) in outcrops.
These observations cover about six orders of magnitude
(from 107> to 10" m) in spatial scale, but extrapolations are
often made to the 10*-10° m scales (e.g. Toussaint et al.,
2004; Yamato et al., 2007).

Here we use a coupled geophysical-petrological model to
deduce apparent metamorphic rates at the 10-100 km scale.
Inherently, this means we focus on large spatial- and long (c.
million year) time-averaged transformation rates, and do not
model grain-scale processes and their localization.

The context we consider is the lower crust of the India
plate as it underthrusts the Tibetan Plateau from the south, as
imaged by seismic methods (e.g. Nabelek et al., 2009; Subedi
et al., 2018). Along its underthrusting path, the lower crust
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FIGURE 1 Overview of net metamorphic transformation rates

R, for high temperature (>400°C) systems, redrawn from Baxter et al.
(2003). The three different types of data sets derived from small spatial
scales (10’5 to 10" m) are shown in colour. Green: laboratory measured
kinetics based on 10 different publications. Orange: natural constraints
on contact metamorphism based on two publications. Blue: natural
constraints in regional metamorphism: dashed boxes are derived from
direct garnet growth rate measurements (four publications), solid line
boxes are from modelling of garnet growth (three publications) and
solid—fluid Sr isotope exchange rate (one publication). The best-fit

line (with uncertainties of the fit) is shown for regional metamorphism
net rate estimates. See Baxter et al. (2003) for the full description and
references [Colour figure can be viewed at wileyonlinelibrary.com]

undergoes eclogite facies metamorphism (Henry et al., 1997;
Hetényi et al., 2007). The dehydration reactions involved
in eclogite facies metamorphism (Hetényi et al., 2007) co-
incide with the location of earthquakes at 50-80 km depth
(Figure 2; Monsalve et al., 2006). Detailed focal mechanism
analysis of a magnitude 4 event reveals an opening crack
component, interpreted as dehydration embrittlement, which
suggests there may be a causal link between eclogitization
and seismicity (Alvizuri & Hetényi, 2019). The progress of
overall metamorphic transformation of the lower crust can
be tracked by its related increase in density, which produces
a primary signal in gravimetry—comparable to that of the
crust—mantle boundary. This can therefore be mapped by
gravity anomalies observed at the surface (Figure 2). Here
we use a coupled thermo-kinematic—metamorphic model to
track this densification and compare it to the observed grav-
ity anomalies. The presented model is an improvement and
refinement of our earlier model (Hetényi et al., 2007), and
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Study area showing the most recent compilation of Bouguer anomaly data (Hetényi et al., 2016) and seismicity that is proposed

to be related to metamorphic reactions of the underthrusting India plate lower crust. The map shows very-high-quality event locations deeper than

50 km depth, relocated from temporary local networks (Diehl et al., 2017; Monsalve et al., 2006). Other such events may exist along the Himalaya

but are not reported with high-quality locations. Among the three profiles analysed earlier (Hetényi et al., 2007) the best-constrained westernmost

one is further scrutinized in this study (Figure 3) [Colour figure can be viewed at wileyonlinelibrary.com]

combines well-constrained thermo-kinematic parameters
with petrogenetic grids to produce density models (Figure 3).
Among the improvements, the numerical implementation of
the thermal field is more realistic (Section 2.1.1), and we re-
fine the spatial resolution to evaluate the location and length
of the overall lower crustal densification of various models
using field gravity data. We also consider model uncertain-
ties with respect to those of the gravity data, which thereby
constrain the order-of-magnitude rate of metamorphic reac-
tions apparent at large spatial scales and averaged over long
temporal scales.

2 | MATERIALS AND METHODS

2.1 | Modelling approach

We further develop the model based on that of Hetényi
et al. (2007). The model structure is based on seismologi-
cally imaged lithosphere geometries such as the Moho and
the upper crust—lower crust boundary (Nabelek et al., 2009).
The kinematic and thermal field, as well as the implementa-
tion of the Main Himalayan Thrust is adapted from Bollinger
et al. (2006). The model unit densities result from coupling
thermo-kinematic and petrogenetic models. From this, syn-
thetic gravity profiles are calculated, which are constrained
by the most recent, comprehensive field gravity data set
(Hetényi et al., 2016). Hetényi et al. (2007) demonstrated the
validity of such models for three profiles across the Himalaya
(Figure 2). In this study, we focus on the geophysically and
geologically best-constrained profile across Central Nepal
(Figures 2 and 3).

2.1.1 | Thermo-kinematic model

We newly implemented a 2D thermo-kinematic modelling
tool to calculate the temperature—pressure field by solving
the transient heat equation, including contributions from in-
ternal heat generation, as well as with advective and conduc-
tive heat transport (Carslaw & Jaeger, 1959):

oT
pCp<E+v -VT) =V - (kVT) + Hy + H

where p is the material density, Cp and k the isobaric heat ca-
pacity and thermal conductivity respectively, v the local veloc-
ity, T the temperature, and ¢ time. Hy and Hg correspond to the
radiogenic heat production and the shear heating. The equation
is solved in finite differences using an explicit scheme (Crank,
1975; Gerya, 2010) on a regular rectangular grid. The code is
explicit and we use a time step that is sufficiently small to en-
sure stability and to limit numerical diffusion. The shear heat-
ing source term is computed as described by Bollinger et al.
(2006) and Herman et al. (2010).

The model's thermal and velocity set-up (Figure 3a) are
based on Bollinger et al. (2006). The velocity field is con-
structed in order to satisfy the continuity equation, it accounts
for 21 mm/year (e.g. Lavé & Avouac, 2000) convergence and
an accretion window to allow growth of the orogenic wedge
(Figure 3). The model of Bollinger et al. (2006) was chosen
as it reproduces the inverse metamorphic gradient, peak tem-
peratures, and exhumation ages deduced from large field data
sets across the Central Nepal Himalaya. The implementation
of the thermal field is improved with respect to earlier models:
the basal heat flow boundary condition is set at varying depth
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FIGURE 3 (a) Thermo-kinematic model set-up. Thermal boundary conditions are shown in red. Imposed convergence rate is shown in

blue, additional features are described in the text. (b) Thermal and density fields assuming metamorphic reactions at equilibrium for the partially

hydrated (1 wt%) model. (c) Modified density model when accounting for thermodynamic disequilibrium of the Indian lower crust and subsequent

transformation, for which we estimate the large spatial- and long-time-averaged rate. (d) Bouguer gravity anomaly data and profiles of synthetic

values from the models shown in (b) and (c) [Colour figure can be viewed at wileyonlinelibrary.com ]

along the profile. In addition, thermal conductivity of units
varies as a function of temperature following (Whittington
et al., 2009). Heat capacity C,, is pressure and temperature
dependent in the Indian lower crust, as a property computed
in the petrogenetic grid (see Section 2.1.2). Radiogenic heat
production is the best-fit values from results of Hetényi et al.
(2007). Uncertainties are discussed in Section 3.3 and in
Hetényi et al. (2007).

The topography is assumed to be in steady state, meaning
that erosion compensates exactly the rock uplift rate every-
where. There is no horizontal conductive heat flow across
vertical (e.g. the left and right) model boundaries. The im-
posed horizontal velocities are uniform within the footwall
and hangingwall respectively. The model evolves over 50 Ma
when the temperature and pressure field are taken for further
calculations, which is representative for Tibet's current state.
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The modelled domain extends from —400 to 650 km dis-
tance, only the zone of interest is shown in Figure 3a—c. The
gravity profile is shown from —1,000 to 1,000 km distance to
show the far-field fit which is the primary criteria to match in
modelling. The model's mesh resolution is 5 km in horizontal
and 1 km in vertical direction.

2.1.2 | Petrological model

The modelling of the Indian lower crust includes pressure—
temperature—composition-dependent physical properties,
most importantly density for the gravity model, but also heat
capacity. The properties of equilibrium assemblages were
calculated using the Perple_X software (Connolly, 2005;
Connolly & Podladchikov, 2009). It is based on minimizing
Gibbs free energy.

There is a lack of direct rock samples of Indian lower
crust in our study area. Outcrops from the exposed Indian
shield several hundreds or thousands of kilometres towards
the south likely represent very different terrains than those
currently beneath the Himalaya. Therefore, it is reasonable
to assume an average continental lower crust composition
(Rudnick & Gao, 2003; Rudnick & Fountain, 1995). In addi-
tion, as in our earlier model, we consider three levels of hy-
dration: dry, fully saturated, and partially hydrated (taken at
1 wt%). A dry lower crust would react with water from exter-
nal sources, as considered for the context of the Caledonides
(e.g. Austrheim, 1987), although the granulites there are typ-
ically not totally dry (Rockow et al., 1997; H. Austrheim per-
sonal communications 2019 and 2020).

For the modelling, the respective compositions (Rudnick &
Gao, 2003; Rudnick & Fountain, 1995) and selected solid solu-
tion models are given in Tables 1 and 2. The calculated den-
sity grids for the three models as a function of temperature and
pressure are shown in Figure 4. For the partially hydrated and
water saturated models, we assume that free fluids produced
during dehydration reactions are extracted from the system
along preferential pathways (possibly along structural/lithologial
heterogeneities at the meso-scale) more rapidly than they could
react with other rocks; hence the density grids represent the
values of the solid phase. Therefore, the partially hydrated cal-
culations are water undersaturated rocks until first dehydration
reactions occur within them to produce free water. The stable
phase assemblage at water saturation is composed of clinopy-
roxene+phengite+amphibole+garnet+zoisite4-quartz+water.
Amphibole is present in all stability fields along the pressure—
temperature path of the Indian lower crust, and carries, along
with zoisite and/or biotite, the water in this model.

The densities of the other units used in our thermo-
kinematic modelling (the upper crust and the mantle) are
based on the petrogenetic grids of Bousquet et al. (1997), and
the model considers equilibrium conditions for these units.

Journal of 1135
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TABLE 1 Petrological composition considered for the Indian
Lower Crust (wt%), after Rudnick and Fountain (1995) and Rudnick
and Gao (2003), for three levels of hydration: dry, fully saturated, and
partial hydration (1 wt%). The amount of water in the fully saturated
model depends on pressure and temperature; for the Indian lower
crust's P-T path in the model, it increases from ~0.25 to ~5 wt%, and
it is ~3 wt% where it starts underthrusting. The H,O present in the
system proportionally decreases the values of the various oxides in the
fully saturated case

Fully Partially
Component Dry saturated hydrated
Sio, 53.961 53.961 53.422
AL Oy 17.078 17.078 16.907
FeO 8.660 8.660 8.573
MgO 7.316 7.316 7.243
CaO 9.691 9.691 9.594
Na,O 2.678 2.678 2.651
K,O 0.616 0.616 0.610
H,0 0.000 saturated 1.000

2.1.3 | Gravity model

The density field resulting from the coupled thermo-
kinematic—petrological model is used to compute 2D gravity
anomalies along the profile, which are then compared to field
data. To calculate synthetic Bouguer anomalies, we imple-
ment the algorithm of Won and Bevis (1987), based on the
method of Talwani et al. (1959) which considers polygons’
vertices and sums up their respective gravitational effects at
a given observation site.

The gravity data in this study are from the regional land
gravity data compilation of Hetényi et al. (2016) (Figure 2),
which includes new data (Berthet et al., 2013; Hammer et al.,
2013) acquired since the publication of our earlier data set.
The data set shows general across-orogen crustal thickening
towards the Tibetan Plateau, and reveals lateral structural
variations that are mainly inherited from the India plate.

2.2 | Metamorphic rate estimate

2.2.1 | Average transformation rate

To impose bounds on the range of rates apparent at large spatial-
and long time-scales, we estimate the overall transformation rate
of the Indian lower crust by analysing the horizontal distance
over which densification occurs. This is tested by varying the
distance within which lower crustal density in the model pro-
gresses from its initial low to its final high value, while the com-
puted gravity anomaly is required to fit the observed data within
its uncertainty. The shorter this transformation distance, Ly, the
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Solution Formula

Biotite K[Mg,Fe Mn,_, ]5 Al ,Si5
wO10(OH),, x +y < 1

Orthopyroxene [Mg,Fe ], ,AL,Si, ,Og

Clinopyroxene Na,_,CaMg, Fe_, AlSi;,O4

Clinoamphibole Ca, ,, Na_, [MgFe 3,5, Al;
3320517410450 (OH)p, w 4 y42 < 1

Garnet Fe;,Caz Mg; My, )AL Siz0,,
x+y+z<1

Feldspar KNa,Ca,_, Al . \Sip 1O,
x+y<l1 (1988)

Talc [Mg,Fe,_]3 Al Siy jO,o(OH),

Sapphirine [Mg.Fe s ynAly Siy 059

Chloritoid Mg, Fe,Mn,_,_,AL,SiO5(OH),,
x+y<l1

Chlorite Mg Fe Mn__ s\, Al Sis
y+010(OH)g, x + w < 1

White mica K,CaNa,_, (Mg, Fe,) Mg,

TiwA13+)(—wfzSi3—x+zO1 O(OH)2’
x+y<l,w+z<Ly

Powell and Holland (1999)

Holland and Powell (1996)
Holland and Powell (1996)

Wei and Powell (2003),
White et al. (2003)

Holland and Powell (1998)

TABLE 2 Selected solid solution
models for petrological modelling. The

Reference

thermodynamic data used by the Perple_X
code are based on Holland and Powell
(1998, updated in 2002). The compositional
variables w, x, y, and z may vary between
zero and unity and are determined in
Perple_X as a function of computational
variables by Gibbs free energy minimization

Fuhrman and Lindsley

Holland and Powell (1998)
White et al. (2000)

Holland et al. (1998)

Auzanneau et al. (2010),
Coggon and Holland (2002)

>
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FIGURE 4 Density grids of the solid phase as a function of temperature and pressure for the three selected hydration levels of the Indian

lower crust, calculated with the Perple_X software suite (see text for details). The P-T path of the Indian lower crust as it underthrusts southern

Tibet is shown with a white contour including an arrow, going through blueschist facies conditions to reach eclogite facies conditions

[Colour figure can be viewed at wileyonlinelibrary.com |

faster the average rate, and vice versa (Figure 5a). The onset
and completion points defining Ly are located symmetrically
to the central location of this transformation zone, Cyg, which is
varied independently since we consider non-transformation of
the Indian lower crust (see below). To quantify the large-scale,
time-averaged transformation rate and to compare it to field-
and laboratory-based results (Figure 1), we make our interpreta-
tions in the following frame:

e In a unit time 7, a total rock volume V undergoes reactions;

e The rock is assumed to be composed of spherical grains of
radius r;

e The number of grains in the volume is n = VA4/3-x- ),

e The total surface of these spheres on which reactions take
place is then n-4-gr* = 3-V/r; as an approximation, grain
size is not varied during reaction progress;

e The mass of produced eclogite facies rock of density p in
the same volume is p-V;

e The transformation rate is mass/surface/time: Ry = p-r/
(3-0;

e In the context of Indian lower crust, time is obtained from
the transition length Lyy in the model, divided by the un-
derthrusting rate v, so ultimately Rrg = p-r-v/(3-Lrg).

In summary, in this model the large-scale, long-time-
averaged reaction rate depends on four factors, two of
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FIGURE 5 (a)Scheme of testing various reaction rates by
independently changing the central position Cyg and length Ly of
the transformation zone, defined between the onset and completion
of lower crustal densification. The grey dashed lines and arrows
illustrate that the transformation zone is centred at Cyy and its length
varies symmetrically to it. (b) Misfit between synthetic and observed
gravity data around the eclogitization zone as a function of the centre
and length of the transformation zone (see also Figure 7). Misfit
iso-contours at 20% and at 50% higher than that of the best model
(#* ~0.3) are shown for reference [Colour figure can be viewed

at wileyonlinelibrary.com

which we keep constant (p = 3,300 kg/m3, v = 17 mm/
year), one is varied systematically (r = 0.5-5 mm based
on our field experience worldwide and on examples in
the literature, e.g. Ahrens & Schubert, 1975; Corti et al.,
2019), and Lyy is taken from the simulations that fit the
gravity data within uncertainty. This order-of-magnitude
estimate for regional-scale average transformation rate is
then compared to existing estimates from hand-sample-
and outcrop-scale studies.

We note that the long-term densification of the Indian
lower crust means that, by conservation of mass, the volume
of corresponding rocks decreases. This has significant effects
on the stress field and the deformation of an orogenic root
(Hetényi et al., 2011), but does not affect the validity of our
thermo-kinematic model.
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2.2.2 | Reaction affinity estimate
To better link our results to kinetic laws published in the pet-
rological literature we estimate the chemical affinity of the
eclogitization reaction based on the model's physical and pet-
rological parameters. Affinity is the driving force for mineral
reactions: it is zero at phase equilibrium, and transformation
rate scales with its magnitude. The affinity is the difference
in Gibbs free energy, G, between the equilibrium state and
the actual state present in the rock (e.g. Roselle et al., 1997).
For the Indian lower crust, the free energy difference, AG,
was calculated assuming the equilibrated mineralogy at the
start of underthrusting. We calculated the free energy along
the P-T path of this assemblage assuming constant volume,
which is a reasonable approximation for an overstepped reac-
tion, and an entropy changing with a constant heat capacity.
Thus the equation to calculate the free energy difference, AG
is approximated as AG = —AT-S + AP-V, for which we re-
trieve values from the thermo-kinematic model and the petro-
genetic grid. The affinity of reaction is then obtained as the
difference between this calculated free energy, and the free
energy of the stable assemblage at the initial pressure and
temperature. We perform this affinity estimate along the path
of the top, the middle and the bottom of the Indian lower
crust, and take the range of values for the discussion, in the
commonly used units of J/mol of oxygen.

3 | RESULTS AND DISCUSSION

The newly implemented model reproduces the two main
findings of earlier results (Hetényi et al., 2007). First, it con-
strains the initial level of Indian lower crust hydration, by
comparing the three different hydration level models’ grav-
ity signal with the observations (see details in Section 3.1).
Second, it emphasizes the role of disequilibrium: the density
of the Indian lower crust remains relatively low beyond P-T
conditions at which thermodynamic equilibrium would pre-
scribe a density increase. The subsequent rate of densifica-
tion fitting observations is investigated in Section 3.2.

3.1 | Composition of the lower crust

The level of initial hydration in the Indian lower crust is con-
strained by the far-field gravity anomaly difference between
the southern and northern end of the model. The range of
possible hydration state depends on the chosen rock chemis-
try, which is the average continental lower crustal composi-
tion of Rudnick and Fountain (1995) and Rudnick and Gao
(2003). The far-field gravity anomaly difference is the first
step to satisfy in density modelling before further details can
be simulated. Of the three petrological models with different
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hydration levels, the respective synthetic gravity profiles of
the dry and saturated models do not reproduce the observed
gravity anomaly difference between the far-field ends of the
profile (Figure 6). The dry model produces too small a den-
sity change and the saturated model produces too large a den-
sity change during metamorphic transformation of the lower
crust from onset to completion, and the >100 and respec-
tively ~70 mGal difference of these two models from the data
in S. Tibet (Figure 6) is significantly higher than data uncer-
tainty. Therefore, based on these geophysical and modelling
arguments, these two hydration-level models are discarded
from further analysis. Only the partially hydrated model
with 1 wt% water is able to reproduce the observed far-field
gravity anomaly difference. This result is constrained by the
density difference between the protolith and the transformed
rock, as depicted by the starting and ending points of the
Indian lower crust's P-T trajectory (Figure 4). Geologically,
this is a reasonable estimate for a former granulite facies rock
with partial hydration.

This result, highlighting the need for some degree of ini-
tial hydration of the Indian lower crust implies that this unit
cannot be perfectly dry granulite, as proposed by for example
Priestley et al. (2008) and Shi et al. (2018), but it has to be a
partially hydrated rock to fit the gravimetric constraints re-
lated to densification caused by eclogitization. Furthermore,
the rocks are brought to eclogite facies conditions through
blueschist facies conditions, and not from granulite facies
(see P-T path in Figure 4). On their path, these partially hy-
drated rocks cross dehydration reactions lines as they enter
eclogite facies conditions, and amphibole+(clino)zoisite
start to break down, releasing water. This, in turn, triggers
the observed earthquakes while forming an eclogite facies
rock (Alvizuri & Hetényi, 2019; Hetényi et al., 2007). This
logic also takes away the need to invoke externally infiltrat-
ing fluids as drivers of eclogitization, unlike for the Bergen
Arcs in the Norwegian Caledonides (Austrheim, 1987).
The assumption of external fluids has been here replaced

The sustainability of deep crustal densification is different
from what is proposed in case of direct fluid import (e.g.
Malvoisin et al., 2020): it is here provided by the continued
input of Indian lower crustal material.

The partially hydrated model still features a large zone of
misfit between observed and synthetic gravity data at ~—50
to 400 km distances (Figures 3b,d and 6). This discrepancy
is resolved when non-equilibrium metamorphism is taken
into account: the Indian lower crust, in the absence of free
water in the system, remains in an out-of-equilibrium state,
and keeps its density lower than it would be in equilibrium
conditions; this adjusts the bulk of the synthetic anomalies to
fit the gravity data, as in Hetényi et al. (2007). However, the
subsequent large-scale and long-time averaged reaction rate
remains to be constrained in order to fit the local minimum in
gravity anomalies at ~300 km distance (Figure 3c,d).

3.2 | Gravimetric constraints on
metamorphic transformation rate

The rate at which metamorphic transformations proceed
once the Indian lower crust in thermodynamic disequilibrium
starts to metamorphically transform and densify is investi-
gated by a parametric search as explained in Section 2.2.1
and Figure 5. This is a new search as in our earlier model
(Hetényi et al., 2007) the transformation rate was assumed to
be the same as if it occurred progressively following thermo-
dynamic equilibrium conditions.

We therefore perform a spatially high-resolution (10 km)
grid test on the positions of the onset and completion of lower
crustal densification, which allow to deduce the transforma-
tion rate (Figure 5). The misfit between observed data Gobs
and synthetic data Gcal in terms of gravity anomalies is
quantitatively assessed as.

ZN Gobs; — Geal,; 2
i Go;

by an initial hydration condition of the Indian lower crust, =
which in turn could be tested and constrained by our model. N
Il Il Il %
1 0 @
— Saturated | E
| — I:P)artlally hydrated | -200 %
ry » £
1 - -400 §
A - -600 3
T T T T T T T T T T T T T T T T T T T g’
-1000 Distance to Himalayan Front (km) 1000 @

FIGURE 6 Gravimetric control on the initial hydration level of the modelled Indian lower crust. Bouguer anomalies must first fit the far-field

difference between the left and right ends of the profile before adjusting inner parts of the model. The large misfit between observed data (blue

dots) as well as the dry and saturated composition models precludes the further use of these two models. The partially hydrated lower crustal

composition model fits the far-field difference in gravity anomaly, and is further refined to fit the observed data in the central portion of the profile

[Colour figure can be viewed at wileyonlinelibrary.com|
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distance) is where the misfits were calculated as the gravity anomalies were found to be most sensitive to the metamorphic reaction (i.e.

densification) in that range. Longer windows produced the same pattern of results [Colour figure can be viewed at wileyonlinelibrary.com ]

where Go is the uncertainty of the observed data, and N the num-
ber of data points. Figure 7 shows the data points and fits of tested
models in the zone of interest for lower crustal densification.

The misfit map as a function of central location and length
of the transformation zone (Figure 5b) demonstrates that sev-
eral models produce similarly good fits. Their common feature
is that the densification zone (between the onset and completion
points) is centred at 300 km horizontal distance. The range of
transformation distances Lyy is between 20 and 150 km. Longer
transformation distances are possible, but fail to fit several grav-
ity data points and the local minimum. Shorter transformation
distances are possible but not reliably resolvable by our gravity
data, and the L = 20-km-model fits slightly less well than the
Lz = 150-km-model, hence we retain this range of possible
solutions. Models with longer Ly are excluded as the extent
of the Indian lower crust is limited towards the north (Nabelek
et al., 2009). Other models where the transition is not centred on
300 km distance perform worse in simulating the gravity data
(see one example in Figure 7).

Replacing this range of Ly values in the equation Ryg = p-r-v/
(3-Lrg) introduced in Section 2.2.1, we obtain average transfor-
mation rates ranging between 6 X 10 and 5% 1077 g/cmzlyear.
This spans ~2 orders of magnitude: one stems from the found
range of Ly values, and one from the assumed grain radii.
Ultimately, this large-scale long-time-averaged transformation
rate is compared to laboratory- and field-based studies. Our re-
sults, constrained by geophysical data and a joint petrological—
geophysical modelling approach on the 10-100 km scale, match
very well the rates characteristic of regional metamorphism de-
termined at small spatial scales (Figure 8). Our finding has two
major consequences discussed below.

3.3 | Implication for regional
metamorphism

For regional metamorphism in general: the match of trans-
formation rates across several spatial scales validates the
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=
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o
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FIGURE 8 Overview of metamorphic transformation rates, as
presented in Figure 1 following Baxter et al. (2003) and results of
this study added in red. Our results deduced on spatially large scales
(104—105 m) and averaged over long (~ 1 Ma) time-scales represent
the eclogitization of the partially hydrated Indian lower crust along a
prograde path, along with its densification and complete dehydration
agrees exceptionally well with the regional metamorphic trend
[Colour figure can be viewed at wileyonlinelibrary.com |

common practice of upscaling, in which reaction rates
deduced at small scale are applied to larger scale geo-
logical and geodynamical models. Our large-scale results
find good agreement with metamorphic reaction rates for
small-scale environments in which fluids are not always
available. In fact, the rates in this study, for prograde den-
sification and dehydration of the lower crust, compare
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well with observed regional metamorphic rates, mainly
documented by garnet growth (Figure 8), where reactions
are limited by fluid transport. The rate of overstepping
characteristic for the present case is that reported in many
regional metamorphic settings (e.g. John & Schenk, 2003;
Wolfe & Spear, 2017). Hence the resulting microscopic
textures—grain size, number of nuclei—in the present
case are all likely similar to typical regional metamorphic
rocks. Future numerical modelling work can incorporate
such rates when implementing metamorphic phase changes
together with their density and volume changes (Hetényi,
2014; Hetényi et al., 2011). Further development in mod-
elling that connect processes across scales should include
the actual mechanisms of transport-limited reaction rates
considering porosity, pore connectivity, chemical compo-
sition, and solubility (e.g. Kelly et al., 2013) in order to
obtain more accurate kinetic rates.

Our estimated values of affinity are between 0.8 and
1.6 kJ/mol oxygen (O) with lower values at shallower and
higher values at deeper levels of the underthrusted Indian
lower crust. These values fit very well within the range
given of 0.3-0.6 kJ/mol O from the most recent estimates
for regional metamorphic garnet growth by Wolfe and Spear
(2017) for garnet nucleation during Barrovian metamor-
phism in the Connecticut Valley Synclinorium (USA), and
2.0-2.4 kJ/mol O found by Castro and Spear (2016) for the
nucleation of garnet in the Cyclades subduction complex on
Sifnos (Greece). This further strengthens the argument that
geophysically and petrologically deduced reaction rates are
scalable in space.

3.4 | Implication for the Indian lower crust
For the case of the Indian lower crust: the match means that
the fluid-poor context of regional metamorphism can be real-
istically applied. This implies the transience of metamorphic
dehydration events, after which the fluids are rapidly ex-
pelled from the rock through fractures, along lithological lay-
ering, porosity waves (e.g. Connolly & Podladchikov, 2015),
reactive fluid flow (e.g. Zack & John, 2007), or reactive po-
rosity waves (e.g. Malvoisin et al., 2015). These fluid-driven
episodes could cluster in time and could relate to periods of
regional, intermediate-depth seismicity (as e.g. the one ob-
served in Monsalve et al. 2006) as a consequence of meta-
morphic transformations (Alvizuri & Hetényi, 2019), thus
interrupting longer, quiescent periods when fluid availability
is limited. Lateral heterogeneities in thermal structure or/and
in composition of the Indian lower crust may exist (and if
so0, could be inherited) and could control the spatial extent of
fluid presence within the Indian lower crust and, possibly, the
lateral extent of deep-crustal metamorphic earthquake occur-
rence (Figure 2).

3.5 | Numerical model
uncertainty assessment

The possible range of thermal fields still fitting the surface
constraints varies by ~+50°C at lower crustal depths, and
this corresponds to ~50 km uncertainty in the horizontal lo-
cation of densification (Bollinger et al., 2006; Hetényi et al.,
2007). We consider the pressure of the underthrusted lower
crust to be properly estimated at +1 kbar given the model's
numerical discretization (this model does not account for
possible effects due to variations in gravitational potential
energy, see e.g. Schmalholz et al., 2019). The variation of the
modelled P-T range can be compensated by slightly differ-
ent amounts of water in the partially hydrated compositional
model, which may affect the location of the dehydration re-
actions in P-T space. None of these model uncertainties will
significantly affect the deduced transformation rates as the
transformation lengths remain on the order of few to a dozen
10s of kilometres.

4 | CONCLUSIONS

The first estimate of large spatial- and long-time-averaged
metamorphic transformation rates is presented in this study.
The analysis is based on a physico-chemical model coupling
various geophysical and geological data, and on the case study
of Indian lower crust eclogitization. The modelling is carried
out at high spatial resolution and takes into account uncer-
tainties, especially regarding the distance over which lower
crustal densification occurs. The inferred order-of-magnitude
transformation rates match the rates characteristic of regional
metamorphism known from classical metamorphic petrol-
ogy. The results fit well with the limited fluid availability, for
example, a partially hydrated lower crust and its subsequent
dehydration at high temperatures. Moreover, the upscaling in
the use of effective metamorphic rates, hitherto determined at
small spatial scales, is justified. An estimate of reaction affin-
ity and good match with values deduced classically at small
spatial scales points to the same conclusion.

The available regional gravity data set (Figure 2) enables
the assessment of along-strike variations of our findings. This
may shed light on the 3D variability of metamorphic transfor-
mation rates as well as of the composition of the lower crust
beneath the Himalaya in future work.
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