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Abstract we explore the influence of major elements chemistry and H,O-content on the density and
seismic velocity of crustal rocks by computing stable and metastable crustal mineralogy and elastic proper-
ties as a function of pressure and temperature (P-T). Proposed average compositions of continental crust
result in significantly different properties, for example a difference in computed density of ~ 4 % is obtained
at a given P-T. Phase transformations affect crustal properties at the point that crustal seismic discontinuities
can be explained with mineral reactions rather than chemical stratification. H,0O, even if introduced in small
amount in the chemical system, has an effect on physical properties comparable to that attributed to varia-
tions in major elements composition. Thermodynamical relationships between physical properties differ
significantly from commonly used empirical relationships. Density models obtained by inverting CRUST 1.0
compressional wave velocity are different from CRUST 1.0 density and translate into variations in isostatic
topography and gravitational field that ranges £600 m and =150 mGal respectively. Inferred temperatures
are higher than reference geotherms in the upper crust and in the deeper portions of thick orogenic crust,
consistently with presence of metastable rocks. Our results highlight interconnections/dependencies
among chemistry, pressure, temperature, seismic velocities and density that need to be addressed to better
understand the crustal thermo-chemical state.

1. Introduction

Knowledge of the thermal and compositional structure of the Earth’s crust is fundamental to understanding
the processes that formed the crust and determine its evolution. To constrain the crustal thermal and composi-
tional state it is necessary to compile its physical properties. Correcting for the effects of the crust is also crucial
in studies targeting the seismic and density structure of the mantle [e.g., Ritsema et al., 2009; Tondi et al., 2012].

Various crustal models have been proposed in literature, both at a local [e.g., Molinari and Morelli, 2011; Bar-
anov, 2010] and global scale [e.g., Nataf and Richard, 1996; Meier et al., 2007; Shapiro and Ritzwoller, 2002;
Laske et al., 2013]. These models mostly rely on observations of compressional wave velocities or on surface
waves. Other physical properties are usually inferred with empirical relationships, like those presented in
Ludwig et al. [1970], Christensen and Mooney [1995] and Brocher [2005].

Brocher [2005] provides relations between compressional and shear wave velocities (V» and Vs) and between
Ve and density that have been widely used by the scientific community [e.g., Molinari and Morelli, 2011;
Laske et al., 2013]. Brocher [2005] relations are based on various sources, i.e.,, borehole data, laboratory
experiments, field measurements and estimates from seismic tomography studies. Laboratory measure-
ments consist of experiments on different types of sedimentary, metamorphic and igneous rocks. For crys-
talline rocks, the main reference is Christensen [1996], a compilation of, primarily, ambient temperature and
moderate pressure (< 1GPa) experimental results.

The chemical composition of the continental crust is a long-standing problem in Earth science and has
been the target of scientific investigation for decades [Clarke, 1889; Goldschmidt, 1933; Taylor and McLennan,
1985; Rudnick and Gao, 2003]. Our knowledge is limited by various factors, such as the lack of data in remote
areas (Antarctica, Siberia, northern part of North-America, etc.), strong lateral heterogeneities and non-
uniqueness in the relations between observable physical properties (such as seismic velocities) and chemi-
cal compositions. Indeed, rocks with similar V» can be petrologically and chemically different [Christensen
and Mooney, 1995].
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Table 1. Tested Chemical Compositions®

Upper Crust (wt. %) Middle Crust (wt. %) Lower Crust (wt. %)
RG SH ™ RG SH ™ RG SH ™
Na,O 3.27 3.56 3.89 3.39 3.55 3.89 2.65 2.70 2.79
MgO 248 2.30 2.20 3.59 1.27 2.20 7.24 4.36 6.28
Al,O3 154 15.05 15.05 15.00 16.21 15.05 16.90 17.40 16.10
SiO, 66.62 66.8 65.89 63.50 69.40 65.89 53.40 58.30 54.30
K,0 2.80 3.19 339 2.30 336 339 0.61 147 0.64
Ca0o 3.59 424 4.19 5.25 2.96 4.19 9.59 7.68 8.48
FeO 5.04 4.09 4.49 6.02 2.72 4.49 8.57 7.09 10.06

?RG [Rudnick and Gao, 2003], SH [Shaw et al., 1986]; TM [Taylor and McLennan 1985, 1995].

Geophysical observations, spanning seismic, gravity and magnetotelluric data [e.g., Dong et al., 2014; van
der Meijde et al., 2015; Youssof et al., 2013], provide a wide range of constraints on structure and physical
properties of the crust. For example, satellite gravity measurements provide constraints even in remote
areas where seismic data are missing [Reguzzoni and Sampietro, 2015]. To take advantage of these observa-
tions, and to interpret them in terms of crustal thermo-chemical structure, it is necessary to have robust
relations between physical properties, chemical composition and temperature.

The aim of this work is to explore how variations in chemical composition and temperature affect the physi-
cal properties of crustal rocks. We use phase equilibrium models [Connolly, 2009], based on thermodynamic
data [Hacker and Abers, 2004; Holland and Powell, 1998; Jagoutz and Behn, 2013] to obtain relationships
between seismic velocities and density as a function of pressure, temperature and composition. We con-
sider three compositional models proposed for the continental crust [Rudnick and Gao, 2003; Shaw et al.,
1986; Taylor and McLennan, 1995, hereafter RG, SH, TM, oxides content in Table 1]. The compositions given
in these models are anhydrous. We add different amounts of H,O to each composition to test the effect of
H,O content on physical properties. Crustal lithologies may persist metastably, particularly at low tempera-
ture due to kinetic factors. To account for this effect we also compute physical properties by considering
reference mineralogies for upper, middle and lower crust. In this case the metastable mineralogies remain
constant, but the physical properties vary as function of pressure and temperature.

We use our computed relations between seismic velocity and density to build models for the physical proper-
ties of the crystalline layers of the continental crust. We apply our relationships to: (i) determine temperatures,
density and Vs by inverting Vp data from CRUST 1.0 (CR1) [Laske et al., 2013] and (ii) infer density and seismic
velocities using a thermal structure based on heat-flow constraints [Davies, 2013]. To constrain pressure, we
assume the depth and thickness of the crystalline layers given in CR1 in both cases. The obtained models are
compared with CR1. The comparison does not aim to identify which of them better fits CR1, rather we aim to
quantitatively investigate the discrepancies between physical properties inferred with our thermodynamically
based relations versus properties obtained with empirical relations. We also explore how variations in density
distribution between the models affect isostatic topography and the gravitational field.

2. Methodology

2.1. Crustal Composition and Calculation of Physical Properties

Previous authors have used a multidisciplinary approach to infer crustal chemical composition, involving for
example (i) surface exposure studies, (ii) borehole data, (iii) interpretation of seismic velocities in terms of
petrology relying on laboratory experiments, (iv) analysis of xenoliths and xenocrysts, (v) surface heat flow
data [Rudnick and Gao, 2003]. Various average anhydrous compositions for the continental crust have been
proposed (see Rudnick and Gao [2003] for a review on this topic). We choose TM and SH because they repre-
sent extremes in terms of silica content. In addition, we consider the most recent RG, which has an interme-
diate SiO, content. Three different averages for upper middle and lower crust, respectively, are given for
both RG and SH. These compilations are therefore coherent with the CR1 model, in which the crystalline
crust is subdivided in three layers. TM consists of only two averages, one for the upper crust and the other
one for the lower crust. In this case we assign to the middle crust the same composition of the lower crust.
To investigate the influence of H,O on crustal physical properties, we test two variants on each of the
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aforementioned compositions by adding 0.25 and 0.50 wt. % of H,O. Hydrated compositions are named by
adding 025 or 050 after the used acronym for dry compositions. RG025, for example, refers to RG composi-
tion with 0.25 wt. % of H,O added.

We compute stable mineralogy as a function of P-T for each composition by free energy minimization [Con-
nolly, 2009] with the thermodynamic data from Holland and Powell [1998] augmented with elastic moduli
from Hacker and Abers [2004] and Jagoutz and Behn [2013], permitting the computation of seismic wave
speeds. The crust is modeled in the Na,0-CaO-K,0-FeO-MgO-Al,05-Si0,-H,0 system. The chosen solution
models and related references are given in the supporting information Table S1. Aggregate bulk and shear
moduli are computed by Voigt-Reuss-Hill averaging of the moduli of the constituent minerals [Bina and
Helffrich, 1992]. V» and Vs for the bulk rock are then obtained as:

k+4/3 u\/?
(29

f 1/2
Vs= (7) ()
0

The estimated error in the computed seismic velocities for the single mineral is < 2% [Hacker et al., 2003].
The main shortcomings of computing Vp and Vs in this way are that no account is made for the effects of
anisotropy, anelasticity and porosity. Anisotropy in the crust is related to a variety of mechanisms, i.e., layer-
ing, parallel-aligned major structural elements (faults and fractures), parallel-aligned microcracks and crystal
preferred orientation of anisotropic minerals. Anisotropy is a poorly constrained factor on a global scale and
therefore we do not attempt to model it. Anelasticity could play an important role at high temperatures,
leading to an increase of sensitivity of Vs and V, variations to temperature in hot regions [Karato, 1993;
Cammarano et al., 2003]. In the crust, the presence of pores filled by fluids has been also associated with
mechanisms of seismic attenuation [Sato et al., 2012]. Modeling anelasticity in the crust is a challenging task
since most of the seismic attenuation is due to scattering and not to intrinsic factors. However, at a global
scale, to a first approximation it is reasonable to neglect anelasticity. Porosity, including fractures, is particu-
larly important in the upper crust. Experimental tests show that voids are closed at pressure larger than 250
MPa [Kern, 1990], unless fluids fill the voids. We test porosity effects on our results by applying empirical
laws to model its depth variation [Vitovtova et al., 2014] and influence on compressional wave velocities
[Wyllie et al., 1958].

2.2, Crustal Models Computation

Among the various global models of crustal properties and structure that have been proposed in the litera-
ture, CR1 and its older versions, CRUST 5.1 and CRUST 2.0, are the only models that present values of both
compressional and shear waves velocity together with density. CR1 is based on active source seismic stud-
ies and receiver functions. Gravity data are used where seismic constraints are missing and 19 crustal types
are assumed (Figure 1, only principal nine continental crustal types are shown) according to basement age
and tectonic settings (a complete list of the crustal types and their physical properties is available at http://
igppweb.ucsd.edu/~gabi/rem.html). The scaling between Vp, Vs and density has been validated against the
empirical relations by Brocher [2005].

In this study, we use thermodynamically constrained relationships to compute models of physical proper-
ties for the crustal crystalline layers. We follow two approaches. In one, we invert CR1 V, data (model down-
loaded at igppweb.ucsd.edu/~gabi/crust1.html, data accessed 31 October the 2013) in the upper, middle
and lower crust for temperatures, Vs and density, obtaining a series of models that we call “inverted mod-
els.” In our second approach, we compute crustal physical properties for the same layers through thermody-
namic modeling and considering the thermal structure obtained as described in section 2.3. This procedure
results in models that we refer to as “forward models.” These approaches are detailed in the following two
sections.

2.2.1. Inverted Models

The data on which CR1 primarily relies are Vp measurements from seismic refraction studies. We invert CR1
Vp in temperature, Vs and density, through the following procedure (we refer to the obtained models as
"equilibrium inverted models"):
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mid/late Proterozoic . Extended crust . Continental shelf

Figure 1. Continental crustal types in which the model CR1 [Laske et al., 2013] is subdivided.

1. Compute Vp, Vs and density tables. For each composition, we compute stable mineralogy, Vp, Vs and den-
sity by phase equilibrium modeling at increments of 1 MPa in pressure and 10 K in temperature.

2. Discretize CR1 depths and assign pressure values. CR1 gives thickness and average physical properties of
each layer. For each latitude-longitude cell, we discretize the CR1 vertical parameterization by steps of
100 m. We then compute for each depth node an associated pressure value given the density of the
overlying rocks.

3. Invert CR1 Vp values for Vs, temperature and density. At this point, we have a V, value and a pressure value
at each CR1 node. We search our precomputed tables for a Vp-pressure value that matches the CR1 value.
The thermodynamically modeled Vj is associated with values of temperature, Vs and density that repre-
sent our inverted physical properties. Pressure is recomputed again considering the obtained density
structure, and the inverted parameters are perturbed according to the new pressure. We iterate until
density converges [Cammarano, 2013].

4. Average over each layer. To obtain models comparable with CR1, we average with depth the physical
properties of the inverted models in each layer.

To simulate metastable conditions, we compute another series of inverted models referred to as "metastable
inverted models." These are obtained with the same procedure as described above but instead of relying on
equilibrium mineralogies, they are based on the reference mineralogies showed in Table 2. The reference
mineralogies correspond to the stable mineralogies obtained by phase equilibrium calculations at P-T con-
ditions taken to be representative of the upper, middle and lower crust, 165.9 MPa-467 K, 495.8 MPa-709 K,
819.9 MPa-906 K. The mineralogies are metastable at any P-T condition other than that at which they were
computed.

We identify the "equilibrium inverted models" with four letters and, in case of wet compositions, three num-
bers. For example, the models EIRG and EIRG025 are inverted models obtained with the compositions RG
and RGO025, respectively. The same system of abbreviation is used for the "metastable inverted models,"
e.g., MIRG and MIRG025 are models computed with metastable mineralogies using RG and RG025
composition.
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Table 2. Reference Mineralogies Used for Metastable Models Computation

Phase wt. % Na,O MgO Al,O3 SiO, K0 Ca0 FeO

Upper Crust (RG Composition) Stable Phases at 165.9 MPa-467 K

Orthopyroxene 15.59 0.93 2.00 1.06

Feldspar (Sanidine) 16.93 0.01 0.50 3.00 0.49

Feldspar (Anorthite) 11.70 0.01 1.00 2.02 0.98

Feldspar (Plagioclase) 33.89 0.41 0.59 2.82 0.18

Kyanite 0.69 1.00 1.00

Quartz 21.19 1.00

Middle Crust (RG Composition) Stable Phases at 495.8 MPa-709 K

Orthopyroxene 17.37 0.96 0.02 1.98 1.04

Feldspar (Sanidine) 14.26 0.033 0.50 3.00 0.47

Feldspar (Plagicloase) 46.11 0.31 0.69 263 0.37

Omphacite 6.93 0.01 0.66 0.10 1.92 0.97 0.23

Quartz 15.33 1.00

Lower Crust (RG Composition) Stable Phases at 819.9 MPa-906 K

Orhtopyroxene 28.13 1.09 0.054 1.95 0.85

Feldspar (Sanidine) 2.59 0.05 0.51 3.00 0.44 0.02

Feldspar (Plagioclase) 50.87 0.22 0.77 247 0.01 0.53

Omphacite 16.78 0.02 0.62 0.16 1.85 0.96 0.20

Quartz 1.64 1.00

Phase wt. % H,0 MgO Al,03 SiO, K;0 Ca0o FeO Na,O
Upper Crust (RG025 Composition) Stable Phases at 165.9 MPa-467 K

Orhtopyroxene 10.01 0.93 2.00 1.06

Amphibole (Glaucophane) 7.30 1.00 0.96 1.02 7.96 0.04 2.04 0.98
Amphibole 4.71 1.00 259 1.50 6.00 2.00 1.41 0.50
Feldspar (Sanidine) 16.90 0.50 3.00 0.49 0.01
Feldspar (Anorthite) 9.95 0.99 2.02 0.98 0.01
Feldspar (Plagioclase) 26.63 0.59 2.82 0.18 041
Kyanite 1.57 1.00 1.00

Quartz 2294 1.00

Middle Crust (RG025 Composition) Stable Phases at 495.8 MPa-709 K

Orthopyroxene 12.50 0.89 0.02 1.98 1.09

Amphibole 1239 1.00 239 144 6.08 1.99 1.64 0.48
Feldspar (Sanidine) 14.29 0.50 3.00 0.46 0.03
Feldspar (Plagioclase) 39.29 0.68 2.64 0.36 0.32
Omphacite 3.18 0.62 0.10 1.92 0.97 0.26 0.01
Quartz 1835 1.00

Lower Crust (RG025 Composition) Stable Phases at 819.9 MPa906 K

Orthopyroxene 23.37 1.06 0.06 1.94 0.88

Amphibole 12.21 1.00 2.84 122 6.38 1.98 133 041
Feldspar (Sanidine) 277 0.51 2.99 0.44 0.01 0.05
Feldspar (Plagioclase) 45.66 0.77 245 0.01 0.55 0.21
Omphacite 12.06 0.60 0.16 1.85 0.97 0.21 0.02
Quartz 3.93 1.00

2.2.2. Forward Models

Vast areas of the continental crust (South America, northern North America, Siberia, Australia, Antarctica)
are not covered by the seismic data upon which CR1 relies. We therefore attempt a forward calculation of
physical properties of the continental crust on a global scale. We consider the pressure values estimated
from CR1 layers thicknesses and we rely on independent estimates of temperatures obtained as described
in section 2.3. The procedure to compute the forward models involves the same first two steps as the proce-

dure for the inverted models and the following additional steps:

3. Determine Vp, Vs and density at a given P-T. For each composition, we extract from the precomputed
thermodynamical tables, Vp, Vs and density associated with estimated temperature at each node. The
conversion from depth to pressure is carried out by the iterative method outlined in step 3 of previous

section.

4. Average over each layer. The new physical properties models are averaged with depth in each layer, to
make them comparable with CR1.

As in the case of the inverted models, in the forward models we carry out computations both at thermody-
namic equilibrium and considering the reference mineralogies reported in Table 2. Forward models are
identified similarly to the inverted models. For example, EFRG and EFRG025 are models computed, respec-

tively, with RG and RG025 composition at thermodynamic equilibrium.
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2.3. Thermal Structure of the Continental Crust

We obtain a reference thermal model for the continental crust on the basis of Davies [2013] global map of
surface heat flow. The map is parameterized on a 2° equal area grid and it is based on more than 38,000
measurements. In areas where no heat-flow data are available, a correlation between heat flow and surface
geology is assumed, assigning the same heat-flow value of a geologically similar region.

We compute geotherms using the solution of the one-dimensional steady state conductive heat transfer
equation [Chapman, 1986]:
qo_ AZ

T(2)=To+ —z— = 3
@)=Tot+-"z= >, 3)
where Ty is surface temperature, qq is surface heat flow, k is thermal conductivity, A is volumetric heat pro-
duction and z is depth. For a layer of thickness Az, with constant heat generation and thermal conductivity,
temperature Tz and heat flow gp at the bottom of the layer can be computed if temperature T and heat

flow g at the top of the layer are known:

AAZ?
T3:T+@AZ_

k 2k @

We obtain crustal geotherms by an iterative method. We discretize depth in layers of 100 m, in order to
take into account vertical variation of A and k, and compute T and g at the top and bottom of each layer.
The thermo-physical parameters as a function of depth and temperature are modeled following Chapman
[1986], with the crust subdivided in two layers, upper and lower. Thermal conductivity is a function of tem-
perature and depth:

k(T,z) =ko(1+cz)/(1+bT) (5)

At zero depth and temperature, ko are 3.0 and 2.6 W/m™ 'K~ ', respectively, for the upper and lower layer.
Temperature coefficient b for the upper layer is 1.5-10 > K~ ' and 1.0-10 % K~ for the lower one. Pressure
coefficient c is 1.5-10°® m™" for both layers. In the upper layer, heat production A decreases exponentially
with depth, i.e., A(z)=Ao exp(—z/D) until the value chosen for the lower crust (0.45 uW m ) is reached.
Heat production at surface (Ay) is a function of the surface heat flow A;=0.4 go/D. We thus assume 40 % of
surface heat flow due to shallow radiogenic sources, with depth parameter D set to 8 km. The top of the
lower layer is set at 16 km, its bottom at 35 km. We choose to keep these two parameters constant for two
reasons: i) we do not aim to obtain a refined thermal model, but a simplified one that we can use as refer-
ence; ii) crustal thickness and surface heat flow are uncorrelated, as pointed out by Mareschal and Jaupart
[2013], implying that radiogenic heat production does not increase with increasing crustal thickness.

This modeling of crustal thermal state presents limitations such as uncertainties in lateral and vertical varia-
tions of thermal conductivity and heat production, uncertainties in the heat flux values from the global
map, non steady state conditions and lateral heat transfer [Jaupart and Mareschal, 2010]. The definition of
an accurate crustal thermal model and an investigation of the previously mentioned limitations are outside
the scope of the present work. Here we are mostly interested in understanding the general effects of tem-
perature on crustal seismic velocities and density. Our thermal model (Figure 2) is sufficient for this purpose.
The thermal model is used for the computation of the forward models and shown as a reference for the
comparison of the temperature profiles obtained inverting CR1 V, data (inverted models).

2.4. Isostatic Topography and Gravitational Field

For calculating isostatic topography, we follow a standard approach [Lachenbruch and Morgan, 1990]. We
set to zero the mantle lithospheric thickness since we are not interested in lithospheric mantle structure
and we want to isolate the crustal effects. We assume a homogeneous value of 3200 kg/m? for astheno-
sphere density. Crustal density is computed by a weighted average over depth according to layers thickness
for each grid cell of the model.

We further explore the implications of the differences between CR1 and our density models by computing
the gravitational field. Forward modeling of the gravitational field is performed using the software Tesse-
roids [Uieda et al., 2011]. Each crustal layer is subdivided in rectangular prisms with a 1 X 1 degree of sur-
face and height equal to the layer thickness. The rectangular prisms are then transformed into spherical
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Figure 2. Temperature at 35 km of depth for our thermal model.

prisms, a more suitable geometry when dealing with global gravity modeling as it permits to account for
Earth’s curvature. The gravitational attraction is then computed as in Grombein et al. [2013].

3. Results

3.1. Physical Properties as a Function of P-T and Composition

Variations in P-T affect seismic velocities and density of rocks by modifying the stable mineralogical assem-
blage and varying the elastic moduli and density of minerals. In order to visualize separately the effects of
pressure and temperature, we show Vp as a function of depth (pressure) at given temperatures for the
tested compositions (Figure 3, Vs and density are shown in supporting information Figures S1 and S2). H,0
has similar effects on the physical properties obtained with the compositions tested, therefore only
hydrated RG (RG025, RG050) are shown. We plot properties at temperatures that correspond to average T
for upper, middle and lower crust according to a cold and a hot geotherm (heat flow of 0.040 W/m? and
0.080 W/m? respectively). We also show how Vp varies for the mineralogies (Table 2) used for computing
inverted and forward metastable models (Figure 3, black lines). Showing the physical properties variations
for both varying and fixed mineralogies allows a better evaluation of the effects of phase reactions on seis-
mic velocities and density. The increment in depth (pressure) leads to phase transformations. An important
reaction is the plagioclase breakdown and the consequent stabilization of clinopyroxene (Figure 3e). The
depth of this reaction is controlled by temperature (Figures 3b and 3e), while it is unaffected by variations
in major element chemistry. Presence of H,O, however, does affect the sharpness of the transition. In partic-
ular, wet compositions are characterized by a sharper increase in Vp than dry ones. RG and SH compositions
produce rocks with significantly different physical properties, especially in the middle and lower crust. In
the latter, at a depth of approximately 15 km or higher, RG gives a V, that is ~4.2 % higher than the esti-
mated value for SH at the same temperature (Figure 3c). The presence of H,0 influences mineralogy and
consequently has an impact on physical properties. An example of induced mineralogical variations when
0.25 wt. % of H,0 is added to a dry composition is given in Table 2, where stable mineralogies at various
P-T conditions are reported for the compositions RG and RG025. The effect of H,0 is not uniform at varying
P-T. For instance, at shallow depths of upper and middle crust (Figures 3a and 3b), wet compositions give
higher velocities (and density) than the respective dry compositions, but we observe the opposite pattern
moving deeper. At low pressure, hydrous compositions give higher seismic velocities because H,O stabilizes
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Figure 3. V; variations with depth at constant temperatures corresponding to (top) cold and (bottom) hot geothermal environments. We consider different chemical compositions at
thermodynamic equilibrium and fixed mineralogies. Note the drastic variation of Vp when mineralogical reactions are taken into account and the effect of temperature on the depth of
the plagioclase-clinopyroxene reaction. MRG and MRGO025 refer to the properties obtained for the fixed mineralogies reported in Table 2.

amphibole at the expense of feldspar. As pressure increases, anhydrous rocks have a higher proportion of
clinopyroxene than hydrous rocks. This effect leads to higher wave speeds in the anhydrous rocks. A linear
increase with depth of modeled physical properties is observed when metastable mineralogies are consid-
ered (Figure 3, black solid and dashed line). In this case, temperature alone has a mild effect. For example,
at 20 km depth, the MRG mineral assemblage has a velocity of 6.65 km/s at 440 K (Figure 3b) and 6.57 km/s
at 640 K (Figure 3e).

3.2. Analysis of Inverted and Forward Models

We calculate the difference in density, Vp» and Vs for each latitude-longitude cell between our models and
CR1 (average physical properties for all the models are given in supporting information Tables S2 and S3).
The sum of the residuals for each cell, normalized over the total number of cells, gives a global misfit value
(M) of the computed models compared to CR1, used as reference:

N Pmi — P ) .
Zi:1 ( Pmm 100

N

V= (6)

where p,,,; is the i-th quantity modeled (in this case density), pcr; is the CR1 value, N is the number of latitude-
longitude cells for continental areas. A perfect fit gives M = 0, while a uniform difference of 50% will give a value
of M = 50. The same misfit criterion is used to compare the inverted temperatures with our reference thermal
model. The misfit is computed both for the vertical average of the entire crust and for each layer singularly. Note
that the total crustal misfit is usually lower than the single layer one (see Table 3). This happens because the gen-
erally positive residuals in the upper crust are balanced by negative residuals in the lower crust (Figure 4).

The "equilibrium inverted models” (EIRG, EIRG025, EIRG050, EISH, EITM) have a density misfit with CR1 that
ranges from 0.44 to 1.1 (Table 3). All the inverted models have lower density than CR1 in the upper and
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middle crust, but they are denser in the

Table 3. Misfit Between Inverted Models and CR1 .
lower crust (Figure 4). The model EIRG has

Upper Middle Lower Average L .
Crust s s st a similar density structure to CRI1

— (M = 0.44). The match between EIRG and
Temperature 153.31 44.84 30.28 61.48 CR1 is particularly good in the middle crust
Vs 9.88 2.68 1.76 391 and in regions of Extended Crust and Plat-
Density 1.65 1.03 2.56 0.44 . . .

. form (Figure 4). The effect of porosity (mis-
Temperature 88.19 27.20 18.98 27.54 fit values for the models corrected for
Vs 4.78 273 1.75 2.50 porosity are in supporting information
Density 1.21 0.85 3.23 0.68 Table S4) i ligible in the |

e able S4) is negligible in the lower crust,
Temperature 71.74 23.77 18.69 22,52 but becomes more important in the upper
Vs Az 305 200 269 crust. However, the porosity effect on den-
Density 1.22 0.63 3.68 0.83 ity is al ¢ d-ord d

EISH sity is always of second-order compared to
Temperature 169.04 23.97 15.812 4670 composition. The total misfit in Vs ranges
% B 25 2l 2% from 2.5% (EIRG025) to ~4 % (EITM). The
Density 246 3.20 2.56 1.10 . . . .

ETM major discrepancies are observed in the
Temperature 186.61 33.83 24.53 60.51 upper crust. In general, the misfit decreases
Vs Uiz 78 1122 i from the top layer to the bottom one. For
Density 252 243 4.08 0.71 .

MIRG example, EIRG has a misfit of 9.88, 2.68 and
Temperature 183.58 58.85 38.54 7541 1.76 for upper, middle and lower crust,
Vs o) 0ty 2 0 respectively. In Table 3, we also report the
Density 2,03 1.41 1.59 0.85 ) .

MIRG025 misfit between inverted temperatures and
Temperature 206.50 54,82 33.56 80.03 the reference thermal model (section 2.3,
Vs a2y e L I parameterized according to CR1). M ranges
Density 1.50 1.24 2.04 0.66

from 22.52 (EIRG0O50) to 61.48 (EIRG025).
The misfit decreases from the upper to the
lower crust. Accounting for porosity reduces the misfit between inverted temperatures and thermal reference
model in the upper crust (Table S4). The effects on middle and lower crust are instead negligible. The "equilib-
rium forward models" (EFRG, EFSH, EFTM, EFRG025, EFRG050) show a stronger discrepancy with CR1 than the
inverted ones, for both density and seismic velocities (Table 4). Models computed considering metastable
mineralogy present discrepancies with CR1 that are comparable to those shown by the equilibrium models
except in the upper crust, where metastable models present a better fitin V.

In general, the misfit between all our models and CR1 is significant and shows a strong variation both hori-
zontally, between different crustal types, and vertically, between upper, middle and lower crust. For exam-
ple, in the Archean lower crust, EIRG025 presents a density distribution in agreement with CR1, but the
misfit between the two models is high in the crustal type Orogen. The model EIRG, while showing a good
match in density for the mid/late Proterozoic middle crust, has a high misfit with CR1 in the lower crust for
the same crustal type.

4. Discussion

4.1. Thermodynamic Modeling of Crustal Physical Properties

Our methodology deals directly with composition, as an input parameter, enabling us to test proposed
crustal chemical models against observations and obtaining insights on their reliability. In addition, our
approach is able to model rocks characterized by same seismic velocities but different density or vice versa:
an occurrence well known in the literature [e.g., Birch, 1960, 1961; Christensen and Mooney, 1995]. We also
consider the nonuniqueness in the relationships between either compressional or shear waves velocity and
composition. All these features represent improvements compared to empirical approaches such as those
in Christensen and Mooney [1995] and Brocher [2005]. In empirical relations each value of V; is associated to
a single value of Vs and density and there is no direct control on composition. Another difference respect to
empirical relationships is that our procedure accounts for coupled effects of pressure and temperature (Fig-
ure 3). The variation of P-T conditions inside the crust modifies the identities and amounts of the stable min-
erals. Variations in the stable mineralogy can be smooth, thus determining a gradual change in density and
seismic velocities, or sharp as, for example, the drop in the plagioclase percentage (with a relative increase

GUERRI ET AL.

COMPOSITION EFFECTS ON CRUST PROPERTIES 9



QJAGU Geochemistry, Geophysics, Geosystems 10.1002/2015GC005819

Upper crust

inv.T-ref. T

st Lower crust

P

o

Middle cru

r. -T

inv ref

EIRG-CR1

)/IT 1%

ref’

Middle crust

[(Pmod - pcm) / Pcm] %

Middle crust Lower crust

-25 -20 -15 -10 -5 0 5 10 15 20 25

Vs_)/Vs

[(vsmod " V3 cm] %

Figure 4. (top) Comparison between inverted temperature (for the model EIRG) and our reference thermal model. (middle and bottom) Comparison between EIRG density and Vs

structure with the CR1 values.

in pyroxene amount), leading to an abrupt increase in seismic-wave velocities and density (Figure 3e). Tem-
perature alone does not have a strong effect on physical properties if mineralogy is not allowed to change
(Figure 3, solid and dashed line), but it is an important factor if phase transformations are possible, for
example, the breakdown of plagioclase (Figures 3b and 3e). The abundance of H,O is another important
factor in determining crustal physical properties. Adding a small amount of H,O to RG composition leads to
similar properties to those obtained by modeling purely dry SH and TM compositions (Figure 5). This result
illustrates the sensitivity of rock properties to small amounts of H,O (in this case 0.25 and 0.50 wt. %). This
sensitivity shows that it is difficult to estimate crustal composition solely from seismic velocities. A com-
bined analysis of density and V» does help to discriminate between rocks characterized by same seismic
velocities, but different composition (Figure 5).
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Our results indicate that discontinu-

Table 4. Misfit Between Forward Models and CR1 . ) .
ous changes in physical properties

Upper Middle Lower Average . R
Gisi Crust Crust Crust within the crust can be due to varia-

e tions in stable mineralogy rather
Vp 9.74 4.66 5.19 591 than to stratification of chemical
Vs ey ShE ©2 7w composition. The main mineralogi-
Density 4.92 335 6.60 467 . o

EFRG025 cal transitions occur at a similar
b : ! 5 b epth range for all the tested com-
Vi 11.20 5.01 541 6.21 depth for all the tested
% i) @er 02 Giad) positions (Figure 3). Phase reactions,
Density 6.28 3.70 6.12 5.06 )

EFRGO50 therefore, can play an important
Vp 11.80 468 5.02 597 role even in case of a large degree
Vs o o v G of chemical heterogeneity within
Density 6.69 343 554 491

EFSH the crust.

Vp 9.43 271 4.23 3.54 . .
Ve 1098 381 533 498 The differences between physical
Density 355 3.49 431 2.55 properties obtained with various

LRI chemical models are significant, par-
Vp 9.53 3.26 4.50 4.56 A . .

Ve 10.25 387 560 517 ticularly in the middle and lower
Density 335 2.40 5.97 3.14 crust, i.e, where fewer direct con-

MFRG straints on composition are available.
Vp 6.44 2.80 222 3.06 )

Ve 752 327 236 319 The proposed chemical models for
Density 1.22 1.46 2.16 127 the deeper parts of the crust mostly

MFRG025 . S
W 719 557 520 550 rely on anélysw of' (i) hl?h grade
Vs 9.14 362 237 3.80 metamorphic terrains, (ii) deep
Density 1.82 1.45 2.14 1.39 crustal xenoliths, and (iii) seismic

velocity constraints. The first two
sources, though direct, offer a limited amount of information, especially on the spatial scale. Interpretation
of seismic velocities in terms of petrology and chemical composition is not straightforward. So far, such
interpretation has been carried out on the basis of empirical relationships, with the limitations discussed
earlier. Our study shows how the interpretation is affected when phase transformations and material prop-
erties are taken into account. For example, we find that mid crustal rocks can have seismic velocities typical
of the lower crust (Vp > 7.0 km/s), suggesting that a mafic composition is not needed to explain lower crust
seismic wave speeds, as already proposed elsewhere [Hacker et al., 2011, 2015].

4.2. Continental Crust Models

We have investigated the way relationships based on thermodynamical modeling affect inferred physical
properties (Tables 3 and 4). The comparison between inverted models and CR1 is particularly useful
since these models are based on the same V, structure, but Vs and density are inferred using different
approaches. The discrepancies are strong. For example, the misfit in density, which ranges between 0.44

V,(km/s)

3450,

T e

[
W
a
(=]

W w W
n N W
o 1] o
o (=] o

Density (kg/m?)

Depth (km)

Figure 5. Variation with depth of physical properties computed for lower crust compositions along a continental geotherm with a surface heat flow of 0.045 W/m?2 RG025 and RG025
show approximately the same seismic velocities of TM and SH, respectively.
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and 1.1, translates into remarkable effects on isostatic topography and gravity (see section 4.5). The density
of our models has a particularly high misfit with CR1 in the lower crust (Table 3). This can be due to the fact
that the empirical relationships used in CR1 [Brocher, 2005] are not able to properly account for coupled P-T
effects on physical properties.

The misfits in Tables 3 and 4 are evidently affected by uncertainties in the computed physical properties.
Regarding this point CR1 properties are surely uncertain, but the uncertainties are not quantified. The physi-
cal properties obtained with the thermodynamic modeling are affected by errors that are not constant,
depending on the P-T conditions at which the properties are evaluated, the phases involved in the calcula-
tion, their percentage and chemical composition, and the uncertainties on the thermodynamic parameters
of the specific end-members. For a single crystal, at a given P-T condition, the errors on seismic velocities
are <2%, and even less for densities [Hacker et al., 2003]. Considering that the misfit are relative to values
averaged on the thickness of a single layer or of the entire crust, it is not trivial to assess the effects of physi-
cal properties uncertainties on the computed models. Since we have tested various compositional models,
resulting in significantly different physical properties, and since none of our models matches CR1, we main-
tain that our general results are robust. The difficulty in reconciling proposed continental crust physical
properties with available estimates of chemical composition poses a caveat on our present understanding
of the continental crust thermal and compositional state. In spite of current uncertainties, the methodology
presented in this work is suitable to obtain a new generation of crustal physical properties models with a
coherent meaning in terms of thermo-chemical structure.

4.3. Inverted Temperatures

The temperature structures obtained for the inverted models are governed by various factors: i) input com-
position, ii) thermodynamic constraints, iii) CR1 layers thicknesses (that constrain pressure) and iiii) CR1 V,
model. These factors present uncertainties that lead to discrepancies between inverted and reference tem-
peratures (obtained as explained in section 2.3). Chemical heterogeneity in the continental crust, which was
not considered here, may also contribute to these discrepancies. Likewise, metastability can have a strong
influence on inverted temperatures. In regions where seismic waves sample metastable lithologies, the
inverted temperatures are more representative of the conditions at which the metastable rocks last equili-
brated, than they are of present-day temperature.

The misfit with the reference temperatures decreases from the upper to the lower crust (Table 3) inde-
pendently of the composition used. This result can be attributed to various sources: i) a higher quantity
of metastable rocks in the upper crust compared to middle and lower crust, ii) an upper crust relatively
richer in hydrated phases, iii) influence of porosity and fractures on seismic velocities. The first hypothe-
sis is based on the fact that equilibration mechanisms are essentially thermally activated and middle and
lower crust are at a higher temperature than the upper crust. Our test with fixed reference mineralogies
(Table 2), however, is not able to bring temperatures closer to expected ones in the upper crust. Note
that these mineralogies are computed by considering average P-T values for upper, middle and lower
crust: an approach that is not fully able to model the extremely heterogeneous petrology of the upper
crust. The second hypothesis comes from the strong effect of H,O on physical properties. Adding even a
low amount of it, 0.25 wt. % for example, helps reducing the misfit in the upper crust. A similar, but
weaker effect is also observed in middle and lower crust (Table 3). The third hypothesis relates to the
seismic waves velocity decrease in presence of pores and fractures. The effect is mostly confined to the
upper crust. Including porosity in our modeling reduces the differences between inverted and reference
temperatures, particularly in the upper crust, the misfit however remains still high (see supporting infor-
mation Table S4).

We further analyze the discrepancy between inverted temperatures and reference geotherms in different
CR1 crustal types (Figure 6). The offset between them is always very high in the upper crust, but significantly
decreases in middle and lower crust, reaching a minimum after the average bottom of the middle crust.
Large differences are again observed in the deepest regions, especially in the crustal type Orogen where the
crust is particularly thick. We observe an increase in the offset between reference and inverted tempera-
tures also in the lower crust of the Extended Crust. Considered chemical compositions cover the expected
range of variations in major elements. For example, SiO2 varies from 65.9 in TM to 66.8 in SH. If we assume
that the CR1 V, values are reliable, our results suggest that the upper crust is mostly characterized by
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Figure 6. Inverted temperature obtained for various crustal types. Temperature at each depth is computed as the horizontal average considering only the specified crustal type. Blue
line = model EIRG, green line = model EISH, red line = model EITM. Black line is for the reference thermal model (computed as described in section 2.3). Black dashed lines represent
average depth of the bottom of the upper, middle, and lower crust for the specified crustal type.

metastable mineralogies, while higher temperatures in the middle and lower crust have favored processes
of thermodynamic equilibration. In the Orogen crustal type, where crustal thickness exceeds 60 km in some
areas (Andes, Himalaya), metastable mineralogies can again become dominant in the lower crust. This result
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Figure 7. Poisson’s ratio computed for CR1 and some inverted models. Models obtained with dry compositions (EIRG, EISH) are in general agreement with CR1 with the exception of the

crustal type Orogen.

is in agreement and supports previous findings that require metastable rocks at the roots of mountain belts
to maintain mechanical stability [Jackson et al., 2004]. In the Extended Crust instead, the increase of the off-
set between inverted and reference thermal profiles observed in the lower crust can be associated with
underplating of mafic magmas [Zandt and Ammon, 1995] and the consequent variation in chemical compo-
sition. However, the assumed steady state approximation for the reference thermal model is not fully appro-
priate in both Orogen and Extended Crust crustal types where recent and/or ongoing thermo-mechanical
processes influence the thermal state. Consequently, the reference geotherms in these areas are not partic-
ularly robust.

4.4. Poisson’s Ratio and Crustal Composition
The relation between Vp and the rocks mineralogy is nonunique. The analysis of the Poisson’s ratio, i.e.,

a=1/2{1— [(VP/VS)Z—1]71 }, rather than V, alone, does permit qualitative discrimination between
rock types [Christensen, 1996; Zandt and Ammon, 1995]. For crustal rocks it is possible to interpret ¢ in terms
of silica content, being the two parameters anticorrelated. This is mostly due to the anomalous low value of
quartz ¢ (~0.056) [Levien et al., 1980].

The average Poisson’s ratio in Archean crust for CR1 is ~0.25. The value is significantly lower than Zandt
and Ammon [1995] value for Precambrian shields (¢ = 0.29+0.02). Chevrot and van der Hilst [2000], in a
study focusing on Australian crust, also obtained a high ¢ (~ 0.28) in most of the stations located in Archean
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Figure 8. Difference in isostatic topography computed considering CR1 and some of the inverted models.

terrains. Assuming a felsic to intermediate composition for upper and middle crust, as suggested by various
observations [Rudnick and Gao, 2003], high values of o imply the presence of a mafic lower crust, which is
related to a process of underplating and/or intrusion of mafic melts at the base of the crust [Zandt and
Ammon, 1995]. Other studies, however, estimated Poisson’s ratio in Archean crust that are closer to the
obtained o from CR1. Youssof et al. [2013] found ¢ ~ 0.26 in South African cratonic regions. Egorkin [1998]
obtained ¢ ~ 0.25 in the Siberian Precambrian cratons.

For the lower crust, CR1 presents an average o of 0.26 in both Archean and Proterozoic crustal types. If real,
such low values of ¢ would have important implications on crustal formation and evolution. One of the pos-
sible processes leading to crust formation is the tectonic amalgamation of island arcs and oceanic plateaus
[Rudnick and Fountain, 1995]. In this case, a considerable amount of mafic material would be added to the
crust, determining a high a. If Archean and Proterozoic crust are characterized by low g, it implies that the
mafic portion has been somehow removed, probably thanks to a delamination process [Bird, 1979]. Alterna-
tively, it could be that the crust-forming Precambrian processes were sensibly different from the current
mechanisms for crust formation and accretion [Rudnick, 1995].

Similarly to CR1, inverted models show intermediate ¢ in the lower crust of cratonic areas. The highest
values occur in Archean (0.28) and early/mid Proterozoic crust (0.28) in EIRG. EIRG has a lower crust com-
position with 53.4 wt.% SiO2. The addition of just 0.50 wt.% of water reduces ¢ to 0.26 for the Archean
crust and to 0.27 for the early Phanerozoic crust. The obtained values are comparable to those estimated
for SH composition, which has 58.3 wt. % SiO2 in the lower crust. This result shows, once again, the
effectiveness of a small quantity of water in changing rocks physical properties. Thus, without
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Figure 9. Differences in the gravity fields computed with CR1 density models and with some of our inverted density models.

independent knowledge of H,0-content, crustal composition is poorly constrained even by Vp/Vs and
Poisson’s ratio.

The Poisson ratios of the crustal type Orogen are very different between CR1 and our models. In CR1, the
lower crust of Orogen has the lowest g, especially in regions with thick crust (below the Andes and Hima-
laya). In our inverted models, instead, we observe the highest ¢ in these regions (Figure 7). The discrepancy
is probably due to coupled P-T effects on stable mineralogy that are accounted for in our methodology,
while being neglected in CR1.

4.5. Density Differences and Effects on Topography and Gravity

The difference in average density distribution between inverted models and CR1 ranges approximately
from —100 to +100 kg/m>. To better understand the implications of these differences, we compute iso-
static topography for various models. In general, variations between synthetic topography computed with
CR1 and our inverted models exceed + 600 m (Figure 8). It is straightforward to understand the importance
of such large differences. Studies of dynamic topography are an example. Dynamic topography is character-
ized by a maximum amplitude of ~1000 m [Braun, 2010]. A proper modeling of crustal density and its static
effect on topography is therefore fundamental to obtain reliable estimates of residual topography, to which
compare models of dynamic topography.

We also analyze the effects on gravitational field. Differences between models range from = 150 mGal (Fig-
ure 9). Also variations in gravity are remarkably large and they evidence the utility of gravity data to better
constrain the density structure of the crust, and, consequently, its chemical composition.
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4.6. Ratio of Physical Properties

Table 5. Average V,/Vs, Vp/p and Vs/p for EIRG and CR1 ! .
The average ratios between physical

Upper Cust Middle Crust Lower Crust ]
properties computed for the model

Archean EIRG - CR1 EIR . in Tabl | .

Vil Vs 1.69-1.72 1.72-173 1.80-1.75 G are given in Table 5 (also ratios

Velp 2.29-225 230-2.28 230-2.34 from CR1 are listed for comparison).

Vsip  Ute=lE [Eeals2 1285154, We present the ratios for six conti-
Early/mid Proterozoic

VolVs 180-1.73 181-1.75 180-1.75 nental crustal types (Archean, early/

Velp 225-2.22 2.30-2.28 2.30-2.35 mid Proterozoic, mid/late Proterozoic,

Vs/p 1.26-1.28 1.28-1.30 1.28-1.34

N (N Platform, Orogen and Extended crust),

VplVs 1.81-1.74 1.81-1.74 1.77-1.75 that together account for approxi-
Ve/p 2.28-2.26 231-2.28 2.30-2.37 mately 70 % of the entire continental
Vs/p 1.27-129 1.28-131 1.30-1.35 .
Platform crust (areal coverage) according to
VplVs 207-1.72 170-1.74 1.79-1.76 CR1. Our ratios are significantly differ-
Velp 2265225 2275231 236-2.37 ent than those from CR1 and can be
Vs/ 1.09-1.30 133-133 1.29-1.35 .
o =1 used as an alternative to relate the
rogen
Vil Vs 1.81-1.72 1.74-1.73 1.81-1.74 physical properties considered.
Velp 2.28-223 229-2.28 2.28-235 ) )
Vs/p 1.27-1.30 132-1.32 1.26-1.35 In the main text, only ratios for EIRG
Extended model are given. Values for all other
Vil Vs 1.68-1.72 1.71-173 1.81-1.83 . i
Vil Sy i B models are available at http://ign.ku.
Vs/p 1.37-1.30 1.34-1.31 1.26-1.26 dk/english/employees/geology/?pure-

en/persons/427925. The EIRG ratios

are based on CR1 V, data and on the
Rudnick and Gao [2003] chemical composition, which has a SiO2 content in between the other two considered
compositions.

4.7. Future Directions

Understanding the thermo-chemical state of the crust remains a challenging task because of limited resolu-
tion of geophysical models, their nonuniqueness and strong chemical and thermal heterogeneity within
the crust. To cope with these issues, the best approach is to interpret multiple geophysical observations tak-
ing into account phase equilibria constraints. Such a methodology has already been proposed to unravel
the thermo-chemical structure of the lithosphere and upper mantle [Afonso et al, 2013a; Afonso et al.,
2013b]. Future experiments on main crust-forming minerals, particularly targeting the shear moduli and
their temperature dependence, are also required to reduce uncertainties and improve further the potential
of such a multidisciplinary approach. The application of our methodology may lead to a new generation of
crustal physical models with a clear meaning in terms of temperature and composition.

5. Summary and Conclusion

We compute elastic properties of crustal rocks both at thermodynamic equilibrium and for metastable min-
eralogies (i.e.,, mineralogies that do not vary with P-T conditions) for proposed chemical compositions of the
continental crust. We obtain consistent relationships between seismic velocities and density that take into
account P-T effects on elasticity of minerals and phase reactions.

We find that average chemical compositions proposed for the continental crust results in significantly differ-
ent physical properties. Phase transformations have an important effect on seismic velocities and density.
Seismic discontinuities within the crust can be correlated to major metamorphic reactions, and not only to
chemical stratification. The addition of even a small amount of H,O to dry compositions modifies the miner-
alogical assemblage, producing significant effects on rocks physical properties. Effects due to 0.25 wt. % of
H,O are comparable to those due to variations in major elements between tested compositions.

We analyzed the Poisson’s ratio derived from CR1 and our models Vp-Vs structures. Cratonic areas are con-
sistently characterized (in CR1 and our models) by low ¢, suggesting a felsic to intermediate composition.
The largest discrepancy in ¢ between CR1 and our models is observed in regions characterized by thick
crust, at the roots of mountain belts. Coupled pressure and temperature effects, which are neglected by the
Vp-Vs empirical relations adopted in CR1, are probably at the origin of this difference. Since it is possible to
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obtain the same Poisson’s ratio starting from different compositions and slightly varying the amount of
H,0, we argue that even this parameter has a limited resolving power regarding crustal composition.

The obtained density distributions based on thermodynamically constrained relationships are remarkably
different from CR1 density and generate variations in isostatic topography on the order of =600 m and in
gravitational field of approximately =150 mGal.

In view of the nonlinear relationships between seismic velocity, density and composition, we find that it is
impossible to univocally infer crustal chemical composition relying on seismic velocities alone. A joint inver-
sion of multiple geophysical observables, combined with mineral physics and phase equilibria constraints,
is required.
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