
LITHOS
 

EoS of mantle minerals coupled with composition and thermal state of the lithosphere:
inferring the density structure of peridotitic systems

--Manuscript Draft--
 

Manuscript Number: LITHOS9759R2

Article Type: Regular Article

Keywords: Equations of State, Mantle minerals, Upper mantle density structure, Fertile and
depleted peridotites, Cold-hot geotherms

Corresponding Author: Luca Faccincani, M.D.
University of Ferrara Department of Physics and Earth Sciences: Universita degli Studi
di Ferrara Dipartimento di Fisica e Scienze della Terra
Ferrara, Ferrara ITALY

First Author: Luca Faccincani, M.D.

Order of Authors: Luca Faccincani, M.D.

Barbara Faccini

Federico Casetta

Maurizio Mazzucchelli

Fabrizio Nestola

Massimo Coltorti

Abstract: Unravelling the physical state and properties of mantle rocks is crucial for
understanding both plate tectonics, seismic activity, and volcanism. In this context, the
knowledge of accurate elastic parameters of constituent mineral phases, and their
variations with pressure (P) and temperature (T), is an essential requirement, that
coupled with the thermal state of the lithosphere can provide a better understanding of
its petrophysics and thermochemical structure.  

In this paper, we present an assessment of the thermoelastic parameters [in the form
of P–V–T–K Equations of State (EoS)] of orthopyroxene, clinopyroxene, spinel and
garnet based on X-Ray diffraction data and direct elastic measurements available in
literature. The newly developed EoS are appropriate to describe the elastic behaviour
of these phases under the most relevant P–T conditions and bulk compositions of the
Earth’s mantle. In combination with the published EoS for mantle olivine and
magnesiochromite, these EoS are suitable to calculate the physical properties of
mantle peridotites and their variation with P and T.

Thanks to these EoS, we can evaluate how the variations in bulk composition and
thermal regimes affect the density structure of the lithospheric mantle. Accordingly, the
density structure of fertile and depleted peridotitic systems was calculated along the
35, 45 and 60 mWm  -2  geothermal gradients at P comprised between 1 and 8 GPa.
Under very cold geothermal gradients, the density of both fertile and depleted
peridotitic systems progressively increases with depth, whereas under relatively hot
conditions a first downwards decrease from 1 to ca 3 GPa is observed, followed by an
increase downward. In mantle sections characterized by intermediate geotherms (45
mWm  -2  ), the behaviour of the two systems differs up to ca 4 GPa, as the density of
the depleted system remains nearly constant down to this depth whereas it moderately
increases in the fertile system. 

The results of our simplified parameterisation, in agreement with classical
thermodynamic modelling, indicate that the density structure of the lithospheric mantle
is predominantly controlled by the P – T gradient variations, with some compositional
control mostly arising at cold-intermediate thermal conditions. Integrated by
geophysical and thermodynamic modelling, the newly developed and selected EoS
could provide an alternative strategy to infer the elastic properties of mineral phases
and peridotite rocks, under the most relevant P–T conditions and compositions of the
Earth’s mantle, without requiring sets of end-member properties and solution models.
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coupled with composition and thermal state of the lithosphere: inferring the density structure 

of peridotitic systems” by Luca Faccincani, Barbara Faccini, Federico Casetta, Maurizio 

Mazzucchelli, Fabrizio Nestola and Massimo Coltorti for publication in Lithos. 

 

This manuscript presents the results of an integrated study of the density structure of the lithospheric 

mantle based on mineral physics and petrological data of the constituent minerals of mantle 

peridotites. The assessment of the thermoelastic parameters of mantle minerals, in terms of their 

Equations of State, was coupled with petrological features to investigate the density structure of fertile 

and depleted peridotitic systems under different thermal regimes and bulk compositions. 

 

The results showed that the density structure of the lithospheric mantle is predominantly controlled 

by the thermal state and only marginally by the mineralogical composition of mantle peridotites. 

Indeed, the density evolution with depth of both fertile and depleted peridotitic systems exhibits 

similar trends under very cold (35 mWm-2) and relatively hot (60 mWm-2) conditions and only differs 

under intermediate (45 mWm-2) conditions. 

 

In the existing literature, density models of the upper mantle are predominantly extrapolated from 

computations of equilibrium assemblages and phase relations at specific P – T – X conditions. In our 

study, we showed that density profiles in natural systems can be computed with enough accuracy also 

with simplified phase relations. This is further supported by the application of our model in 

comparison with classic thermodynamic modelling (Perple_X) results from literature.  

 

The novelty and main results of this manuscript are significant to a better understanding of the density 

structure of the lithospheric mantle under different compositions and thermal regimes. We also 

believe that the integration of our data in geophysical and thermodynamic modelling could provide 

independent constraints on the behaviour of peridotitic systems in the lithosphere and therefore could 

help in better assessing its thermochemical structure. 
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Abstract 

Unravelling the physical state and properties of mantle rocks is crucial for understanding both plate 

tectonics, seismic activity, and volcanism. In this context, the knowledge of accurate elastic 

parameters of constituent mineral phases, and their variations with pressure (P) and temperature (T), 

is an essential requirement, that coupled with the thermal state of the lithosphere can provide a better 

understanding of its petrophysics and thermochemical structure.   

In this paper, we present an assessment of the thermoelastic parameters [in the form of P–V–T–K 

Equations of State (EoS)] of orthopyroxene, clinopyroxene, spinel and garnet based on X-Ray 

diffraction data and direct elastic measurements available in literature. The newly developed EoS are 

appropriate to describe the elastic behaviour of these phases under the most relevant P–T conditions 

and bulk compositions of the Earth’s mantle. In combination with the published EoS for mantle 

olivine and magnesiochromite, these EoS are suitable to calculate the physical properties of mantle 

peridotites and their variation with P and T. 

Thanks to these EoS, we can evaluate how the variations in bulk composition and thermal regimes 

affect the density structure of the lithospheric mantle. Accordingly, the density structure of fertile and 

depleted peridotitic systems was calculated along the 35, 45 and 60 mWm-2 geothermal gradients at 

P comprised between 1 and 8 GPa. Under very cold geothermal gradients, the density of both fertile 

and depleted peridotitic systems progressively increases with depth, whereas under relatively hot 

conditions a first downwards decrease from 1 to ca 3 GPa is observed, followed by an increase 

downward. In mantle sections characterized by intermediate geotherms (45 mWm-2), the behaviour 

of the two systems differs up to ca 4 GPa, as the density of the depleted system remains nearly 

constant down to this depth whereas it moderately increases in the fertile system.  

The results of our simplified parameterisation, in agreement with classical thermodynamic modelling, 

indicate that the density structure of the lithospheric mantle is predominantly controlled by the P – T 

gradient variations, with some compositional control mostly arising at cold-intermediate thermal 

conditions. Integrated by geophysical and thermodynamic modelling, the newly developed and 

selected EoS could provide an alternative strategy to infer the elastic properties of mineral phases and 

peridotite rocks, under the most relevant P–T conditions and compositions of the Earth’s mantle, 

without requiring sets of end-member properties and solution models. 

 

Keywords: Equations of State, Mantle minerals, Upper mantle density structure, Fertile and depleted 

peridotites, Cold-hot geotherms 
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Abstract 17 

Unravelling the physical state and properties of mantle rocks is crucial for understanding both plate 18 

tectonics, seismic activity, and volcanism. In this context, the knowledge of accurate elastic 19 

parameters of constituent mineral phases, and their variations with pressure (P) and temperature (T), 20 

is an essential requirement, that coupled with the thermal state of the lithosphere can provide a better 21 

understanding of its petrophysics and thermochemical structure.   22 

In this paper, we present an assessment of the thermoelastic parameters [in the form of P–V–T–K 23 

Equations of State (EoS)] of orthopyroxene, clinopyroxene, spinel and garnet based on X-Ray 24 

diffraction data and direct elastic measurements available in literature. The newly developed EoS are 25 

appropriate to describe the elastic behaviour of these phases under the most relevant P–T conditions 26 

and bulk compositions of the Earth’s mantle. In combination with the published EoS for mantle 27 

olivine and magnesiochromite, these EoS are suitable to calculate the physical properties of mantle 28 

peridotites and their variation with P and T. 29 
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Thanks to these EoS, we can evaluate how the variations in bulk composition and thermal regimes 30 

affect the density structure of the lithospheric mantle. Accordingly, the density structure of fertile and 31 

depleted peridotitic systems was calculated along the 35, 45 and 60 mWm-2 geothermal gradients at 32 

P comprised between 1 and 8 GPa. Under very cold geothermal gradients, the density of both fertile 33 

and depleted peridotitic systems progressively increases with depth, whereas under relatively hot 34 

conditions a first downwards decrease from 1 to ca 3 GPa is observed, followed by an increase 35 

downward. In mantle sections characterized by intermediate geotherms (45 mWm-2), the behaviour 36 

of the two systems differs up to ca 4 GPa, as the density of the depleted system remains nearly 37 

constant down to this depth whereas it moderately increases in the fertile system.  38 

The results of our simplified parameterisation, in agreement with classical thermodynamic modelling, 39 

indicate that the density structure of the lithospheric mantle is predominantly controlled by the P – T 40 

gradient variations, with some compositional control mostly arising at cold-intermediate thermal 41 

conditions. Integrated by geophysical and thermodynamic modelling, the newly developed and 42 

selected EoS could provide an alternative strategy to infer the elastic properties of mineral phases and 43 

peridotite rocks, under the most relevant P–T conditions and compositions of the Earth’s mantle, 44 

without requiring sets of end-member properties and solution models. 45 

 46 

Keywords: Equations of State, Mantle minerals, Upper mantle density structure, Fertile and depleted 47 

peridotites, Cold-hot geotherms 48 

1. Introduction 49 

Understanding the density structure of the upper mantle is critical to our comprehension of the 50 

tectonic and magmatic evolution of the lithosphere (e.g., Braun, 2010; Capitanio et al., 2007; Simon 51 

and Podladchikov, 2008; Thybo and Artemieva, 2013) and crucial to address complex geodynamic 52 

phaenomena (e.g., mantle convection, plume upwelling, slab subduction, crustal movements). The 53 

density of the upper mantle ultimately depends on both its thermal and compositional structure, which 54 
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can be derived from petrological-geochemical studies on exhumed mantle samples, i.e., xenoliths and 55 

tectonically exposed mantle sections, and from the interpretation of seismic data (and in general of 56 

geophysical observables, e.g., gravity anomalies, surface heat flow, etc.). 57 

Thermobarometric, petrochemical and isotopic studies of xenoliths and exposed mantle sections can 58 

help in unveiling the compositional and thermal structure of their source mantle at the time of the 59 

eruption or emplacement (e.g., Coltorti et al., 2021; Mazzucchelli et al., 2009; Melchiorre et al., 2020; 60 

Pearson et al., 2003) but the structure of the lithosphere may only be defined at a local scale, as large 61 

portions remain inaccessible. Differently, seismic data are endowed with a more continuous spatial 62 

coverage, to such an extent that the mantle may be imaged at a lithospheric scale; however, their 63 

conversion into models of the upper mantle is not straightforward (Afonso et al., 2013, and references 64 

therein). The interpretation of seismic data relies on appropriate combinations of the observed seismic 65 

wave velocities with either thermodynamic concepts and/or experimental data from mineral physics 66 

(e.g., Bass and Anderson, 1984) and needs to account for both compositional and thermal signatures 67 

in wave velocities. Uncertainties in data interpretation are further exacerbated since ultramafic rocks 68 

with different compositions can fit equally well wave velocities (e.g., Afonso et al., 2013).  69 

In general, addressing the thermochemical structure of the mantle requires the calculation of mineral 70 

and rock physical properties (elastic moduli, thermal expansions, densities, etc.) at elevated pressure 71 

and temperature. Unequivocally, the knowledge of accurate elastic parameters of candidate mantle 72 

phases, and their variations with pressure and temperature, is required. In this context, the Equations 73 

of State (EoS) of mantle phases are undoubtedly the best proxy for unravelling the structure and 74 

dynamics of the Earth’s mantle (e.g., Afonso et al., 2007; Stixrude and Lithgow-Bertelloni, 2005a) 75 

and its evolution through time, as they can define how volume, density or the elastic properties of 76 

minerals vary with pressure and/or temperature (e.g., Angel, 2000). For rocks, the elastic properties 77 

have to be inferred from those of their constituent minerals, at appropriate conditions (Connolly, 78 

2009). This is commonly done by phase equilibria calculations based on thermodynamic data (Afonso 79 

et al., 2008; Connolly and Petrini, 2002; Stixrude and Lithgow-Bertelloni, 2011, 2005b) (see 80 



4 
 

Connolly, 2009 for extensive considerations of phase equilibria calculations to geodynamic 81 

modelling), with aggregate properties calculated by any standard solid mixing theory (e.g., Abers and 82 

Hacker, 2016; Hacker and Abers, 2004, and references therein). As mass in aggregates is a simple 83 

sum of chemical component masses, the density of rocks can be then calculated from the density of 84 

constituent minerals according to their volume proportion. 85 

Several studies attempted to evaluate the density distribution of the lithosphere, known to be vertically 86 

and laterally heterogeneous due to variable mineralogy (in terms of mineral and modal compositions), 87 

complex phase transitions and differing thermal regimes. It was showed that the increase of 88 

Mg/(Mg+Fe) during partial melting lowers the bulk density of the mantle (Schutt and Lesher 2006), 89 

but is not affecting phase transitions unlike Na content, which controls the spinel – plagioclase 90 

transition and may play an important role in areas of high heat flows and thin crust  (Simon and 91 

Podladchikov, 2008). Further studies investigated the density structure of mantle sections either by 92 

combining data from petrology, mineral physics and geophysics (e.g., Fullea et al., 2014) or by classic 93 

thermodynamic calculations complemented for the most relevant Cr-bearing phases in the upper 94 

mantle (Ziberna and Klemme, 2016). These studies showed some contrasting results as to whether 95 

the predominant control on the density variations of the lithosphere is due to the thermal state, bulk 96 

composition, or their interplay. 97 

In this work, we set out to explore the density structure of the lithospheric mantle, and its variation 98 

with changes in bulk composition and thermal gradient, from the perspective of the EoS of its 99 

constituent minerals, following a simplified parameterisation. The first part presents an assessment 100 

of the thermoelastic parameters of orthopyroxene, clinopyroxene, spinel and garnet. To this aim, pre-101 

existing literature data on compressibility, thermal expansion and elasticity of these phases were used 102 

to constrain their P–V–T–K (P = pressure, V = volume, T = temperature, K = bulk modulus) EoS in 103 

peridotitic systems (i.e., preferentially selecting data measured on crystals with chemical 104 

compositions comparable to those expected in the upper mantle). As already computed in recent 105 

detailed studies, P–V–T–K and P–V–T EoS for mantle olivine and magnesiochromite were selected 106 
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from literature (Angel et al., 2018; Nestola et al., 2019); two distinct EoS were used for mantle spinels 107 

to account for the variation of their elastic properties in response to varying Cr and Al contents (cfr. 108 

Section 2.3). The second part of this work aims at investigating how the density structure of fertile 109 

and depleted lithospheric mantle sections is affected by different thermal regimes (35, 45 and 60 110 

mWm-2 geothermal gradients), following a simplified parameterisation that does not incorporate 111 

phase relations. Beyond exploring the density variations with this approach, we also provide a 112 

comparison with classic thermodynamic modelling (Perple_X; Ziberna and Klemme, 2016). This 113 

comparison allowed to assess that (i) the density profiles can be readily computed following our 114 

simplified parameterisation, (ii) the thermal gradient is the controlling variable when it comes to the 115 

density structure of the lithosphere and (iii) the newly developed and selected EoS consistently 116 

describe the elastic behaviour of the related phases under the most relevant P–T conditions and 117 

compositions of the Earth’s mantle, without requiring sets of end-member properties and solution 118 

models. 119 

2. Data selection and EoS fitting 120 

There are two possible approaches to describe the P–V–T or P–V–T–K behaviour of solids: thermal-121 

pressure models (Holland-Powell and Mie-Grüneisen-Debye thermal‑ pressure EoS) and isothermal-122 

type models at high temperature (cfr. Angel et al., 2018). For extensive considerations to these issues 123 

the reader is referred to Anderson (1995), Angel (2000) and Angel et al. (2018). 124 

The thermoelastic properties for mantle olivine (Fo90-92) have been extensively reviewed and the P–125 

V–T–K EoS was recently published (Angel et al., 2018). Considering the P – T ranges of our 126 

investigation, we selected the third-order Birch-Murnaghan compressional EoS in combination with 127 

the isothermal-type model for all the computations. 128 

The P–V–T EoS for mantle magnesiochromite was also recently published (Nestola et al., 2019), 129 

parametrised as second-order Birch-Murnaghan compressional EoS in combination with the Holland-130 

Powell thermal‑ pressure EoS; this formulation was used for the computations of magnesiochromite 131 
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for the depleted peridotitic system. The selected thermoelastic parameters for mantle olivine and 132 

mantle magnesiochromite are reported in Table 1. 133 

The thermoelastic behaviour of pyroxenes, spinel and garnet was here constrained based on X-Ray 134 

diffraction data (compressibility and thermal expansion) and elasticity measurements available in 135 

literature. The full EoS for these phases were solved with the EosFit7c program (Angel et al., 2014) 136 

following the approach of Milani et al. (2017) to perform simultaneous fits of elastic moduli and cell 137 

parameters. For every phase, each individual data set of volumes was scaled to its own volume at 138 

room conditions prior to fitting the data together. Additionally, in order to compare X-Ray diffraction 139 

and elasticity measurements, KSR (adiabatic Reuss bulk moduli, from elasticity data) were converted 140 

into KTR (isothermal Reuss bulk moduli, from X-Ray diffraction data) according to the relationship 141 

KSR = (1 + αVγT)KTR where αV is the volume thermal expansion (taken from the EoS itself, at the P – 142 

T of interest) and γ is the Grüneisen parameter (taken from literature).  143 

 144 

2.1 Orthopyroxene 145 

Mantle orthopyroxenes (space group Pbca) are solid solutions between enstatite (Mg2Si2O6) and 146 

ferrosilite (Fe2Si2O6) end-members and typically contain few wt% of Al2O3 and some CaO as well 147 

(e.g., McDonough and Rudnick, 1998). A reanalysis of KTR and its pressure derivative K’TR of 148 

Mg2Si2O6 based on different experiments (two compression, one Brillouin measurement and one 149 

ultrasonic measurement) (Angel and Jackson, 2002) yielded the best estimates of KTR,0 and K’TR,0, 150 

being respectively 105.8(5) GPa and 8.5(3). By comparison, measurements on aluminium-bearing 151 

natural orthopyroxenes showed higher bulk moduli and lower pressure derivatives (Chai et al., 1997; 152 

Hugh-Jones et al., 1997; Zhang and Bass, 2016, refit of their data) than that of Mg2Si2O6. For these 153 

reasons, Mg2Si2O6 enstatite cannot be considered a good representation of the elastic behaviour of 154 

the orthopyroxene component in the lithospheric upper mantle. 155 

We selected data from five different experiments on mantle orthopyroxenes: two compressions 156 

(Hugh-Jones and Angel, 1997) [samples N1 and N2]), two expansions (Yang and Ghose, 1994 157 
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[sample Fs20]; Scandolo et al., 2015 [sample B22 N.60]) and one high-pressure Brillouin 158 

measurement (Zhang and Bass, 2016). We are not aware of any volume measurements on either 159 

mantle-composition orthopyroxene or enstatite made at low temperature; consequently, the Einstein 160 

temperature (θE) could not be refined and was fixed at 510 K (Holland and Powell, 2011, 161 

corresponding to Fs20). The Grüneisen parameter (0.85, for Fs20) was taken from Yang and Ghose  162 

(1994) and assumed that it does not vary with temperature. With these constraints, we fitted 163 

simultaneously each individual data set with a third-order Birch-Murnaghan compressional EoS in 164 

combination with the isothermal-type model (parameterisation from Angel et al., 2018); the final 165 

refined EoS parameters (Table 1) fit all the data within the experimental uncertainties (Supplementary 166 

Material File 1, Figure S1). The final EoS for mantle orthopyroxene is provided in Supplementary 167 

Material File 2. 168 

 169 

2.2 Clinopyroxene 170 

Mantle clinopyroxenes (space group C2/c) are solid solutions between diopside (CaMgSi2O6) and 171 

hedenbergite (CaFeSi2O6) end-members and typically contain few wt% of Al2O3, some Cr2O3 as well 172 

as Na2O (e.g., McDonough and Rudnick, 1998). 173 

A survey of the literature showed that KTR,0 and K’TR,0 values for CaMgSi2O6 diopside and near end-174 

member compositions exhibit large variations; the same is for KS,0 and K’S,0 (see Xu et al., 2019 for a 175 

recent compilation of literature data).  176 

We selected data from six different experiments on diopside and near end-member compositions: one 177 

compression (Li and Neuville, 2010 [room temperature data]), three expansions (Cameron et al., 1973 178 

[sample Diopside]; Pandolfo et al., 2015 [sample Di]; Prencipe et al., 2000), one high-pressure 179 

Brillouin measurement (Sang and Bass, 2014) and one high-temperature RUS measurement (Isaak et 180 

al., 2006). The Grüneisen parameter (0.867) is taken from Isaak et al. (2006) and assumed that it does 181 

not vary with temperature. KSR,0 for near end-member diopsides recalculated from Cij data of Sang 182 

and Bass (2014) and Isaak et al. (2006) are significantly different between each other (respectively, 183 
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111.2(7) GPa vs 113.4(9) GPa). To make the fit consistent between these two data sets, we excluded 184 

KSR,0 of Sang and Bass (2014). We also excluded from the fit the data point of Sang and Bass (2014) 185 

at 14 GPa, which lies completely outside the trend (Supplementary Material File 1, Figure S2). With 186 

these constraints, we fitted simultaneously each individual data set with a third-order Birch-187 

Murnaghan compressional EoS in combination with the isothermal-type model (parameterisation 188 

from Angel et al., 2018); the final refined EoS parameters (Table 1) fit almost all the data within the 189 

experimental uncertainties (Supplementary Material File 1, Figure S2). The final EoS for mantle 190 

clinopyroxene is provided in Supplementary Material File 3. 191 

Bearing in mind that the selected data sets correspond to near end-member and CaMgSi2O6 diopside, 192 

it must be considered carefully whether the final refined thermoelastic parameters are a good 193 

representation of the elastic behaviour of the clinopyroxene component in the lithospheric upper 194 

mantle. Indeed, clinopyroxenes with augitic compositions are a common species occurring in a wide 195 

variety of igneous rocks and can be occasionally found in ultrabasic rocks. Xu et al. (2017) and (2019) 196 

recently studied the thermoelastic behaviour of augite by synchrotron-based X-Ray diffraction 197 

combined with an externally heated diamond anvil cell. Their experiments yielded respectively KTR,0 198 

= 111(1) GPa, K’TR,0 = 4.1(1) and KTR,0 = 112(3) GPa, K’TR,0 = 5.0(7). These results prove that 199 

clinopyroxenes with augitic compositions behave similarly to near end-member diopsides. Therefore, 200 

we are confident that our P–V–T–K EoS parameters can be applied to a wide range of mantle 201 

clinopyroxene compositions. 202 

 203 

2.3 Spinel 204 

Mantle spinels (space group Fd-3m) show extensive solid solution between end-members as they 205 

typically vary in composition between four components: spinel s.s. (MgAl2O4), hercynite (FeAl2O4), 206 

magnesiochromite (MgCr2O4) and chromite (FeCr2O4). The compositional variations in mantle 207 

spinels are mainly displayed in their Cr/(Cr + Al) and Mg/(Mg + Fe) molar ratios, which reflect the 208 

degree of melt depletion experienced by a peridotite. Indeed, spinels with high Al and low Cr contents 209 
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characterize lherzolites, whereas low Al and high Cr contents distinguish harzburgitic spinels (e.g., 210 

McDonough and Rudnick, 1998).  211 

The bulk modulus systematics for Mg-Fe-Cr-Al spinels have been recently analysed by Nestola et al. 212 

(2015, and references therein), who showed that: (i) the Cr-Al substitution considerably changes the 213 

KTR,0 [192(1) vs 182.5(1.4) GPa for MgAl2O4 and MgCr2O4, respectively]; (ii) the Fe-Mg substitution 214 

does not substantially affect the bulk modulus for either Cr or Al spinels [193.9(1.7) vs 184.8(1.7) 215 

GPa for FeAl2O4 and FeCr2O4, respectively], with the K’TR,0 similar for all four end-members. Thus, 216 

the KTR,0 of Mg-Fe-Cr-Al spinels is roughly controlled by the Cr/Al ratio. Hence, two EoS are needed 217 

to properly describe the elastic behaviour of mantle spinels: one EoS for lherzolitic spinels and 218 

another EoS (selected from Nestola et al., 2019, see above) for harzburgitic spinels 219 

(magnesiochromites). 220 

To constrain the elastic behaviour of Al-rich lherzolitic spinels, we selected data from six different 221 

experiments: one compression (Nestola et al., 2007 [sample disordered]), three expansions (Carbonin 222 

et al., 2002 [sample NAT]; Grimes and Al-Ajaj, 1992; Martignago et al., 2003 [sample H-Cr]), one 223 

high-pressure Brillouin measurement (Speziale et al., 2016) and one high-temperature RPR 224 

measurement (Suzuki et al., 2000). The Grüneisen parameter (1.17) was taken from Suzuki et al. 225 

(2000) and assumed that it does not vary with temperature. Because the quoted uncertainties of KSR 226 

from Suzuki et al. (2000) are substantially smaller than those expected from elasticity measurements 227 

(e.g. 1 to 3 GPa), we under-weighted the experimental data (1% esd was assumed for all data). With 228 

these constraints, we fitted simultaneously each individual data set with a third-order Birch-229 

Murnaghan compressional EoS in combination with the Holland-Powell thermal-pressure EoS; the 230 

final refined EoS parameters (Table 1) fit almost all the data within the experimental uncertainties 231 

(Supplementary Material File 1, Figure S3). The final EoS for mantle spinel is provided in 232 

Supplementary Material File 4. Considering the bulk modulus systematics for Mg-Fe-Cr-Al spinels, 233 

we are confident that our P–V–T–K EoS parameters can be applied to a wide range of Al-rich spinel 234 

compositions.  235 
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 236 

2.4 Garnet 237 

Mantle garnets (space group Ia-3d, general formula X3Y2Si3O12) are multicomponent substitutional 238 

solid solutions since different cations can be mutually exchanged at the X (Mg, Fe, Ca, Mn divalent 239 

cations) and Y (Al, Fe, Cr trivalent cations) sites. Compositionally, the most significant components 240 

of peridotitic garnets are Mg3Al2Si3O12 pyrope (ca 75%), Ca3Al2Si3O12 grossular (ca 10%) and 241 

Fe3Al2Si3O12 almandine (ca 15%) (e.g., Wood et al., 2013).  242 

The effect of Mg-Fe substitution for the pyrope-almandine solid solution was recently analysed by 243 

Lu et al. (2013) and Milani et al. (2015). Milani et al. (2015) determined KTR,0 = 163.7(1.7) GPa for 244 

pyrope, KTR,0 = 167.2(1.7) GPa for an intermediate Py60Alm40 and KTR,0 = 172.6(1.5) GPa for 245 

almandine, with similar K’TR,0 for all three garnets, claiming that Fe substituting for Mg linearly 246 

increases KTR,0 but does not affect K’TR,0. However, compared to the sources reviewed by Milani et 247 

al. (2015), the determined KTR,0 values are notably lower than expected whereas K’TR,0 are slightly 248 

higher and this can be ascribed to the well-known trade-off between fit values for KTR,0 and K’TR,0. Lu 249 

et al. (2013) measured the elasticity of a Fe-bearing pyrope by high P-T Brillouin spectroscopy, 250 

determining KSR,0 = 168.2(1.8) and K’SR,0 = 4.4(1). Comparative analysis of these results led the 251 

authors to conclude that addition of Fe does significantly affect KSR,0 but rather has a weak positive 252 

effect on K’SR,0. A similar conclusion was reached by Jiang et al. (2004), who showed that Fe 253 

substituting for Mg in the pyrope-almandine series has a little effect on the bulk modulus (almandine 254 

KSR,0 being 2% higher than that of pyrope) while it increases its pressure derivative. The effect of Ca-255 

Mg substitution for the pyrope-grossular solid solution has been analysed again by Jiang et al. (2004), 256 

who showed that the KSR,0 varies by ca 2% across the pyrope-grossular system and that there are no 257 

evident trends in the K’SR,0. In view of these considerations, we selected data from four different 258 

experiments: one compression (Milani et al., 2015 [sample Py60Alm40]), two expansions (Bosenick 259 

and Geiger, 1997 [excluding the scattered data at 220 K], Milani et al., 2015 [sample Py100]) and one 260 

high-temperature RUS measurement (Suzuki and Anderson, 1983). The Grüneisen parameter (1.19) 261 



11 
 

was taken from Gillet et al. (1992) and assumed that it does not vary with temperature. With these 262 

constraints, we fitted simultaneously each individual data set with a third-order Birch-Murnaghan 263 

compressional EoS in combination with the Holland-Powell thermal-pressure EoS; the final refined 264 

EoS parameters (Table 1) fit all the data within the experimental uncertainties (Supplementary 265 

Material File 1, Figure S4). The final EoS for mantle garnet is provided in Supplementary Material 266 

File 5. Considering the bulk modulus systematics for Mg-Fe-Ca aluminous garnets, we are confident 267 

that our P–V–T–K EoS parameters can be applied to a wide range of mantle garnet compositions.  268 

3. Density variations in the lithospheric mantle 269 

3.1 Density calculations 270 

The density of mantle peridotites is function of the chemical composition, modal abundance and 271 

elastic properties of their constituent minerals, which in turn are controlled by pressure, temperature 272 

and bulk composition of the system. Here, the density structure of the lithospheric mantle was 273 

calculated following a two-step approach.  274 

The first step involved the calculation of density profiles for each phase along the geothermal 275 

gradients of interest. To our purposes, three geothermal gradients of 35, 45 and 60 mWm-2 were 276 

chosen as considered representative of extremely cold, intermediate, and relatively hot lithospheric 277 

sections. The density of each phase was calculated in the form of ‘crystallographic density’ according 278 

to the relation: 279 

𝜌(𝑝ℎ𝑎𝑠𝑒 𝑎𝑡 𝑃𝑇) =  
𝑍(𝑝ℎ𝑎𝑠𝑒)  ×  𝑀𝑤(𝑝ℎ𝑎𝑠𝑒)

(
𝑉

𝑉0)
(𝐸𝑜𝑆 𝑎𝑡 𝑃𝑇)

 ×  𝑉0(𝑝ℎ𝑎𝑠𝑒)  × 𝑁𝑎
          (1) 280 

where (
𝑉

𝑉0
)

(𝐸𝑜𝑆 𝑎𝑡 𝑃𝑇)
 represents the volume [here the normalized volume (

𝑉

𝑉0
)] calculated from the 281 

EoS at specific P – T conditions (e.g., for a characteristic geotherm or at any P – T), 𝑉0(𝑝ℎ𝑎𝑠𝑒) is the 282 

reference unit cell volume of the phase measured at ambient conditions, 𝑀𝑤(𝑝ℎ𝑎𝑠𝑒) its molecular 283 

weight, 𝑍(𝑝ℎ𝑎𝑠𝑒) is the number of formula units in the unit cell and 𝑁𝑎 the Avogadro number.  284 
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The second step involved the calculation of density profiles for bulk rocks, which were here 285 

calculated from the densities ρi of n constituent minerals as: 286 

𝜌(𝑏𝑢𝑙𝑘 𝑟𝑜𝑐𝑘) =  (∑ ρ𝑖

𝑛

𝑖=1

× v𝑖) 𝑛⁄           (2) 287 

where vi is the volume proportion of each mineral.  288 

We computed density profiles for all constituent mineral phases and for two potential lithospheric 289 

mantle sections, a fertile and a depleted peridotitic systems, along the 35, 45 and 60 mWm-2 290 

geothermal gradients. Calculations for the two lithospheric sections were restricted to a P – T range 291 

of 1 – 8 GPa and 350 – 1375 °C. These gradients were selected from the preferred geotherm family 292 

of Hasterok and Chapman (2011), which are based on radiogenic heat production measurements 293 

together with xenolith thermobarometry and tectonothermal constraints. Following Hasterok and 294 

Chapman (2011), we assumed that the transition from a conductive to an adiabatic geotherm 295 

corresponds to the lithosphere-asthenosphere boundary (LAB), which is here used only to discuss the 296 

effect of temperature on density profiles. 297 

Our calculations at subsolidus conditions do not include the effects of porosity, mineral texture and 298 

rock microstructure as well as no volatile-bearing phases, thus excluding OH groups in NAMs and/or 299 

intergranular fluids and/or melts. 300 

Calculations were based on previously studied natural peridotite xenoliths: a spinel lherzolite from 301 

the Veneto Volcanic Province (sample SG34 from Beccaluva et al., 2001) was adopted as 302 

representative of a fertile mantle, while a spinel harzburgite from Grande Comore island (sample 303 

NDR13, unpublished data from Coltorti et al., 1999), now under investigation for other petrological 304 

studies, was chosen to represent a depleted mantle. Modal compositions of the selected samples were 305 

calculated by least-squares mass balance using bulk-rock and mineral major element analyses (Tables 306 

2, 3).  307 

Bearing in mind that calculating the density of each phase requires a reference unit cell volume 308 

measured at ambient conditions (𝑉0(𝑝ℎ𝑎𝑠𝑒), equation 1), olivine, pyroxenes, spinel and garnet unit 309 



13 
 

cell parameters (and related crystal chemical compositions, which slightly differ compared to those 310 

expected from our models of fertile and depleted mantle) were selected from literature (Tables 2, 3). 311 

Modal compositions were kept from the two selected mantle xenoliths (SG34 spinel lherzolite and 312 

NDR13 spinel harzburgite), however density calculations were carried out by using the mineral 313 

compositions and unit cell volumes of the reference minerals from the literature. All selected mineral 314 

compositions were kept fixed for all density calculations. 315 

The spinel-garnet transition was modelled according to the approximate reaction spinel + pyroxenes 316 

= garnet + olivine (e.g., Klemme and O’Neill, 2000); mineral modes in the garnet stability field were 317 

calculated from stoichiometric balance upon completion of the reaction (Tables 2, 3). Recent 318 

thermodynamic modelling in natural peridotitic systems (Ziberna et al., 2013) indicates that garnet 319 

and spinel always coexist and the width and depth of the coexistence interval strongly, but not only, 320 

depends on the thermal state of the lithosphere (restricted depth interval - about 15 km - in regions 321 

with hot geotherms, and much broader interval - over 100 km - for cold geotherms). We simplified 322 

this model by assuming garnet + spinel coexistence intervals of 1.5 – 4 GPa, 1.5 – 3 GPa and 1.8 – 323 

2.4 GPa along the 35, 45 and 60 mWm-2 geothermal gradients, respectively, for both fertile and 324 

depleted mantle sections. For density calculations, mineral modes were kept fixed in spinel and garnet 325 

stability fields, and were imposed to vary linearly in the spinel-garnet stability field. 326 

 327 

3.2 Results 328 

Density profiles for both mineral phases and the fertile and depleted peridotitic systems were 329 

calculated along three different geothermal gradients: 35 mWm-2 (Figures 1, 2), representative of the 330 

coldest cratonic mantle sections, 45 mWm-2 (Figures 1, 3), typical of average cratonic sections, and 331 

60 mWm-2 (Figures 1, 4), for relatively hot, off-craton, lithospheric sections (Hasterok and Chapman, 332 

2011). 333 

Figure 1 shows that, despite mineral phases having different elastic parameters (Table 1), their density 334 

variation with depth is largely controlled by the geothermal gradients. Under cold conditions (35 335 
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mWm-2), density curves for all phases shows a subtle but significant decrease down to ca 1 GPa, 336 

which is followed by a marked increase for olivine and pyroxenes and a moderate increase for spinel, 337 

magnesiochromite and garnet. Under relatively hot conditions (60 mWm-2), density curves for all 338 

phases exhibit a marked decrease down to ca 3 GPa, followed by an increase with depth. It is under 339 

intermediate conditions (45 mWm-2) and at P > 1 GPa that density curves exhibit most of the 340 

differences. Indeed, density curves for all mineral phases show a gentle decrease down to ca 1 GPa, 341 

where the density of olivine and pyroxenes starts to increase, whereas it continues to decrease down 342 

to ca 4.5 GPa for spinel, magnesiochromite and garnet. Such distinct behaviour is clearly due to 343 

different elastic parameters (Table 1), but it is also due to the interplay between increasing 344 

temperature and pressure, whose effects are of the same order (see also considerations below). 345 

Noteworthy errors associated with density calculations through the newly developed and two selected 346 

EoS are minimum (Figure 1), and this in turn affects the accuracy of density profiles for bulk rocks. 347 

Such errors, esd(ρ/ρ0) ⁓ 10-3, translate to uncertainties of density calculations which are ⁓ 0.05 % 348 

(e.g., 3.416(2) g/cm3 or conversely 3416(2) kg/m3 at ⁓ 6 GPa and ⁓1050 °C for the fertile peridotitic 349 

system), which are considerably much less than average uncertainties associated to density 350 

calculations.  351 

If we consider a geotherm of 35 mWm-2 and both fertile and depleted compositions (Figure 2), the 352 

density in the mantle shows a similar behaviour, progressively increasing with increasing depth. This 353 

indicates that the effect of pressure prevails over that of the slowly rising temperature. By comparing 354 

the trends of the fertile and depleted mantle sections (Figure 5), it is evident that the former is typified 355 

by a more pronounced density increase with respect to the depleted one. This is attributable to the 356 

higher modes of garnet (due to higher bulk Al2O3 in fertile compositions), which is among the densest 357 

mineral phases in peridotite assemblages (e.g., Lee, 2003). 358 

If we consider a geotherm of 45 mWm-2, results are somehow different in the 1-4 GPa interval. Here, 359 

the density of the depleted peridotitic system remains nearly constant while it moderately increases 360 

for the fertile system; then the density of both systems increases from 4 down to 8 GPa (Figures 3, 361 
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5). These results suggest that (i) the effect of temperature on the evolution of the bulk density with 362 

depth is comparable to that of pressure and that (ii) the behaviour of the two systems is decoupled 363 

down to ca 4 GPa. 364 

If we consider a relatively hot geotherm of 60 mWm-2, the temperature increase with depth is so 365 

strong that leads to an overall decrease of the bulk density of both depleted and fertile systems in the 366 

lithosphere from 1 to about 3 GPa, followed by an increase from 3 down to 8 GPa (Figure 4). By 367 

comparing the trends of the two sections (Figure 5), the fertile system shows a more gentle decrease 368 

in its density compared to the depleted system. This is again attributable to the higher modes of garnet, 369 

which, combined with the P – T gradient effects, result in a slightly smoother density profile. 370 

Irrespective of the specific depth and width of their coexistence intervals, spinel and garnet have a 371 

stronger control on the density variations in case of fertile compositions, due to their higher modes. 372 

 373 

3.3 Discussion 374 

3.3.1 Density models and the effect of the thermal state 375 

Most of the recently published upper mantle density models derive from phase equilibria calculations 376 

based on thermodynamic data, where stable mineral assemblages are computed using Gibbs free-377 

energy minimization techniques. Previous works (Fullea et al., 2014; Ziberna and Klemme, 2016) 378 

showed some contrasting results as to whether the lithospheric density is predominantly controlled 379 

by the thermal state, bulk composition, or their interplay. Fullea et al. (2014) unravelled the present-380 

day Irish lithospheric structure through LitMod3D code (Fullea et al., 2009) that combines 381 

petrological and geophysical observations with thermodynamic data (in the CFMAS system) within 382 

a self-consistent framework. This modelling revealed similar vertical density profiles - sharp spinel 383 

– garnet phase transition with an abrupt increase of density, a general trend of decreasing density 384 

down to ⁓ 100 km, followed by an increase (Figure 5) - associated with all the mantle compositions 385 

discussed in the work (i.e., from fertile to moderately depleted peridotites). Overall, these density 386 

trends suggest a greater control of the thermal state on the lithospheric density rather than bulk 387 
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composition in the Irish lithosphere (60 to 70 mWm-2). Considering the lack of Cr (for which there is 388 

evidence that it may considerably change phase relations in the upper mantle) in most previous 389 

calculations, Ziberna and Klemme (2016) investigated the density variations for Cr-bearing mantle 390 

compositions (Pali-Aike xenoliths, Patagonia) in response to changes in bulk compositions and 391 

thermal gradients by means of well-established free energy minimization techniques, with 392 

thermodynamic calculations based on the internally consistent dataset of Holland and Powell (1998) 393 

complemented for the most relevant Cr-bearing phases in the upper mantle (Ziberna et al., 2013). 394 

Contrary to previous results (Fullea et al., 2014), this work showed that the density profiles across 395 

the spinel – garnet peridotite transition are not sharp and depend both on bulk composition (especially 396 

on Al2O3 and Cr2O3) and geothermal gradient (Figure 5). Moreover, while under relatively hot 397 

thermal conditions (70 mWm-2) density profiles for both fertile and depleted compositions show 398 

similar trends (i.e., density decrease down to ca 2.5 GPa), this is not the case for intermediate thermal 399 

conditions (50 mWm-2) where density in the mantle for depleted compositions remains virtually 400 

constant down to ca 4 GPa and it rapidly increases for more fertile compositions (Figure 5). 401 

Accordingly, these authors suggested that it is the interplay between bulk composition and thermal 402 

gradient that controls density variations in the lithospheric mantle. 403 

Our models predict a much greater thermal control over the density of the lithospheric mantle, with 404 

some compositional control mostly arising at cold-intermediate thermal conditions (Figure 5). 405 

Considering that we based the spinel – garnet phase transitions on Ziberna et al. (2013) 406 

thermodynamic model (cfr. Section 3.1), spinel and garnet coexist over a significant depth interval. 407 

Accordingly, our models predict a smooth variation of densities across the spinel – garnet transition 408 

and no abrupt changes. As already evidenced by Ziberna and Klemme (2016), the sharp spinel – 409 

garnet transitions associated with an abrupt change of density identified by Fullea et al. (2014) can 410 

be ascribed to the lack of Cr in their thermodynamic model. If this aspect is ruled out from further 411 

discussion, and density curves are analysed overall, there are some similarities with those from Fullea 412 

et al. (2014) (Figure 5). Indeed, all modelled compositions exhibit an overall decrease of the bulk 413 
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density up to about 100 km, followed by an increase downwards, for relatively hot thermal conditions 414 

(60 to 70 mWm-2). Our density curves show even more striking similarities with those from Ziberna 415 

and Klemme (2016), for which a similar behaviour is predicted for fertile and depleted compositions 416 

under relatively hot thermal conditions (70 mWm-2), and a different one under intermediate 417 

conditions (50 mWm-2) (Figure 5). Therefore, our investigation shows that density profiles in natural 418 

systems with simplified phase relations display comparable trends to those reported in previous 419 

studies. In this framework, perspectives are that the thermal gradient exerts substantial control when 420 

it comes to the density structure of the lithosphere and that the compositional control on the density 421 

evolution with depth may be less than previously suggested. In the next section, we show how density 422 

calculations based on simplified phase relations can be reconciled with Perple_X-based results from 423 

previous literature. We also infer the thermal gradient is the main controlling variable of the 424 

lithospheric mantle density. 425 

 426 

3.3.2 Comparison between Perple_X and simplified calculations 427 

Although a strict evaluation of similarities and differences of our simplified parameterisation for 428 

calculating density variations with respect to classic thermodynamic modelling (e.g., Perple_X) goes 429 

beyond the scope of this paper (detailed results of the application of both models to a real mantle 430 

section will be presented elsewhere), in the following we provide an application of our model 431 

compared with previous results from literature (Ziberna and Klemme, 2016). To this aim, we selected 432 

two of the four representative mantle xenoliths from Pali-Aike, Patagonia, reported in Ziberna and 433 

Klemme (2016), namely PA3 (spinel harzburgite) and BN4 (spinel-garnet lherzolite), for which we 434 

computed density profiles along the 50 and 70 mWm-2 geothermal gradients (Figure 6). Input data 435 

for Ziberna and Klemme (2016) thermodynamic modelling are whole-rock analyses from Stern et al. 436 

(1999), with calculations performed in the SiO2-Al2O3-Cr2O3-FeO-MgO-CaO-Na2O system. In order 437 

to provide a clear and consistent comparison between the two methods, input data (i.e., mineral 438 
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compositions and modes) for our simplified parameterisation were as follows. Olivine, pyroxenes, 439 

and spinel mineral compositions and modes were selected from Perple_X calculations of Ziberna and 440 

Klemme (2016) at 1 GPa (at the corresponding temperature for the 50 and 70 mWm-2 geothermal 441 

gradients). Garnet compositions were selected from Perple_X calculations of Ziberna and Klemme 442 

(2016) at P – T corresponding to spinel-out reaction (which depends on bulk composition and 443 

geothermal gradient); garnet, as well as olivine and pyroxenes modes in the garnet stability field, 444 

were calculated from stoichiometric balance upon completion of the reaction spinel + pyroxenes = 445 

garnet + olivine, using the selected mineral modes and compositions. Selected mineral compositions 446 

were kept fixed along the whole section; mineral modes were kept fixed in spinel and garnet stability 447 

fields, and were imposed to vary linearly in the spinel-garnet stability field (cfr. Section 3.1). Depth 448 

intervals of coexistence of spinel + garnet were selected again from Perple_X calculations of Ziberna 449 

and Klemme (2016). Density variations with depth and thermal regime for PA3 (spinel harzburgite) 450 

and BN4 (spinel-garnet lherzolite) mantle xenoliths are reported in Figure 6, along with original 451 

curves from Ziberna and Klemme (2016).  452 

Note that Ziberna and Klemme (2016) thermodynamic model considered phase equilibria, with 453 

mineral modes and compositions continuously changing according to P – T conditions, which has not 454 

been done in this study. Nonetheless, density curves calculated with our simplified parameterisation 455 

match well those from Ziberna and Klemme (2016), both in their general trends with depth and 456 

absolute values, with a maximum difference between the two models of ca 20 kg/m3 (Figure 6).  From 457 

this similarity, we conclude that our approach with simplified phase relations has enough accuracy 458 

for investigating the density structure of the lithosphere. We also infer that the density structure of 459 

the lithospheric mantle is predominantly controlled by the thermal gradient variations, with most of 460 

the compositional control arising at cold-intermediate thermal conditions. No less importantly, we 461 

showed that the newly developed P–V–T–K EoS (pyroxenes, spinel and garnet) in combination with 462 

the published EoS for mantle olivine and mantle magnesiochromite are applicable for calculating the 463 
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density of mantle peridotites and its variation, with minimum uncertainties, under different thermal 464 

regimes and bulk compositions, without requiring sets of end-member properties and solution models. 465 

4. Concluding remarks 466 

In this study, we presented an assessment of the thermoelastic parameters of orthopyroxene, 467 

clinopyroxene, spinel and garnet based on X-Ray diffraction data and direct elastic measurements 468 

available in literature. The newly developed EoS consistently describe the elastic behaviour of these 469 

phases under the most relevant P–T conditions and bulk compositions of the Earth’s mantle, along 470 

with the published EoS for mantle olivine and magnesiochromite. 471 

As a case study, we evaluated the influence of bulk composition and thermal regimes on the density 472 

structure of potential lithospheric mantle sections, following a simplified parameterisation that does 473 

not incorporate phase relations. Accordingly, density profiles for fertile and depleted peridotitic 474 

systems based on the EoS of their constituent mineral phases were calculated for three different 475 

geothermal gradients (35, 45 and 60 mWm-2), for a P – T range of 1 – 8 GPa and 350 – 1375 °C. In 476 

case of very cold geotherms (35 mWm-2), the density of both depleted and fertile systems 477 

progressively increases with increasing depth. In case of intermediate geotherms (45 mWm-2), the 478 

density of a depleted peridotitic system remains nearly constant up to about 4 GPa, while it 479 

moderately increases in a fertile system, due to higher modes of garnet. In case of relatively hot 480 

geotherms (60 mWm-2), the density of both depleted and fertile systems progressively decreases with 481 

increasing depth, up to about 3 GPa, and then increases downwards. Moreover, we also provided an 482 

example of application of our model in comparison with classic thermodynamic modelling results 483 

from literature. From such comparison, we concluded that (i) density profiles for mantle sections can 484 

be computed with enough accuracy following our simplified parameterisation, (ii) the thermal 485 

gradient exerts substantial control when it comes to the density structure of the lithosphere and (iii) 486 

the compositional control on the density evolution with depth may be less than previously suggested.  487 

 488 
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Figure captions 701 

Figure 1. Density profiles (ρ/ρ0) for mineral phases in the studied peridotitic systems (olivine, 702 

orthopyroxene, clinopyroxene, spinel, magnesiochromite and garnet) calculated along a 35 mWm-2 703 

geotherm (blue curves), 45 mWm-2 geotherm (yellow curves) and 60 mWm-2 geotherm (red curves). 704 

The 35, 45 and 60 mWm-2 conductive geotherms for density calculations are from Hasterok and 705 

Chapman (2011). Esd(ρ/ρ0) (estimated standard deviation) refers to the uncertainties associated with 706 

EoS fitting (as calculated by the least-squares method) and density calculations. Note that these 707 

uncertainties are minimum.  708 

 709 

Figure 2. Density profiles for fertile (left panel) and depleted (right panel) peridotitic systems 710 

calculated along a 35 mWm-2 geotherm. Brown to yellow colour bar represents the density variations 711 

along the profiles. Grey lines subdivide the ideal mantle sections into the spinel, spinel + garnet and 712 

garnet stability fields, following a simplification of Ziberna et al. (2013) thermodynamic model. The 713 

iso-density line for ρ = 3.40 g/cm3 is shown for reference. 714 

 715 

Figure 3. Density profiles for fertile (left panel) and depleted (right panel) peridotitic systems 716 

calculated along a 45 mWm-2 geotherm. Brown to yellow colour bar represents the density variations 717 

along the profiles. Grey lines subdivide the ideal mantle sections into the spinel, spinel + garnet and 718 

garnet stability fields, following a simplification of Ziberna et al. (2013) thermodynamic model. The 719 

iso-density line for ρ = 3.40 g/cm3 is shown for reference. 720 

 721 



30 
 

Figure 4. Density profiles for fertile (left panel) and depleted (right panel) peridotitic systems 722 

calculated along a 60 mWm-2 geotherm. Brown to yellow colour bar represents the density variations 723 

along the profiles. Grey lines subdivide the ideal mantle sections into the spinel, spinel + garnet and 724 

garnet stability fields, following a simplification of Ziberna et al. (2013) thermodynamic model. The 725 

iso-density line for ρ = 3.40 g/cm3 is shown for reference. 726 

 727 

Figure 5. Comparison of density profiles for fertile (left panel) and depleted (right panel) peridotitic 728 

systems calculated along a 35 mWm-2 geotherm (blue curves), 45 mWm-2 geotherm (yellow curves) 729 

and 60 mWm-2 geotherm (red curves). Density curves from previous literature are also shown: av. Lh 730 

(70 mWm-2), av. Lh (50 mWm-2), av. Hz (70 mWm-2) and av. Hz (50 mWm-2) are respectively the 731 

average density curves for fertile (TM16, BN4) and depleted (LS1, PA3) mantle xenoliths from 732 

Ziberna and Klemme (2016) calculated along the 70 mWm-2 and 50 mWm-2 geothermal gradients, 733 

whereas Inv. Lh (60-70 mWm-2) and Inv. Hz (60-70 mWm-2) are respectively the density curves of 734 

Inver lherzolite and harzburgite mantle xenoliths from Fullea et al. (2014) calculated under the Irish 735 

thermal state (60 to 70 mWm-2). 736 

 737 

Figure 6. Density profiles for PA3 (spinel harzburgite) and BN4 (spinel-garnet lherzolite) mantle 738 

xenoliths calculated along the 50 and 70 mWm-2 geothermal gradients following our simplified 739 

parameterisation in comparison with Perple_X-based original curves from Ziberna and Klemme 740 

(2016). Note the similarities between the two distinct sets of curves, both in their general trends and 741 

absolute values, as the density difference is always < 20 kg/m3. 742 
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Abstract 17 

Unravelling the physical state and properties of mantle rocks is crucial for understanding both plate 18 

tectonics, seismic activity, and volcanism. In this context, the knowledge of accurate elastic 19 

parameters of constituent mineral phases, and their variations with pressure (P) and temperature (T), 20 

is an essential requirement, that coupled with the thermal state of the lithosphere can provide a better 21 

understanding of its petrophysics and thermochemical structure.   22 

In this paper, we present an assessment of the thermoelastic parameters [in the form of P–V–T–K 23 

Equations of State (EoS)] of orthopyroxene, clinopyroxene, spinel and garnet based on X-Ray 24 

diffraction data and direct elastic measurements available in literature. The newly developed EoS are 25 

appropriate to describe the elastic behaviour of these phases under the most relevant P–T conditions 26 

and bulk compositions of the Earth’s mantle. In combination with the published EoS for mantle 27 

olivine and magnesiochromite, these EoS are suitable to calculate the physical properties of mantle 28 

peridotites and their variation with P and T. 29 
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2 
 

Thanks to these EoS, we can evaluate how the variations in bulk composition and thermal regimes 30 

affect the density structure of the lithospheric mantle. Accordingly, the density structure of fertile and 31 

depleted peridotitic systems was calculated along the 35, 45 and 60 mWm-2 geothermal gradients at 32 

P comprised between 1 and 8 GPa. Under very cold geothermal gradients, the density of both fertile 33 

and depleted peridotitic systems progressively increases with depth, whereas under relatively hot 34 

conditions a first downwards decrease from 1 to ca 3 GPa is observed, followed by an increase 35 

downward. In mantle sections characterized by intermediate geotherms (45 mWm-2), the behaviour 36 

of the two systems differs up to ca 4 GPa, as the density of the depleted system remains nearly 37 

constant down to this depth whereas it moderately increases in the fertile system.  38 

The results of our simplified parameterisation, in agreement with classical thermodynamic modelling, 39 

indicate that the density structure of the lithospheric mantle is predominantly controlled by the P – T 40 

gradient variations, with some compositional control mostly arising at cold-intermediate thermal 41 

conditions. Integrated by geophysical and thermodynamic modelling, the newly developed and 42 

selected EoS could provide an alternative strategy to infer the elastic properties of mineral phases and 43 

peridotite rocks, under the most relevant P–T conditions and compositions of the Earth’s mantle, 44 

without requiring sets of end-member properties and solution models. 45 

 46 

Keywords: Equations of State, Mantle minerals, Upper mantle density structure, Fertile and depleted 47 

peridotites, Cold-hot geotherms 48 

1. Introduction 49 

Understanding the density structure of the upper mantle is critical to our comprehension of the 50 

tectonic and magmatic evolution of the lithosphere (e.g., Braun, 2010; Capitanio et al., 2007; Simon 51 

and Podladchikov, 2008; Thybo and Artemieva, 2013) and crucial to address complex geodynamic 52 

phaenomena (e.g., mantle convection, plume upwelling, slab subduction, crustal movements). The 53 

density of the upper mantle ultimately depends on both its thermal and compositional structure, which 54 
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can be derived from petrological-geochemical studies on exhumed mantle samples, i.e., xenoliths and 55 

tectonically exposed mantle sections, and from the interpretation of seismic data (and in general of 56 

geophysical observables, e.g., gravity anomalies, surface heat flow, etc.). 57 

Thermobarometric, petrochemical and isotopic studies of xenoliths and exposed mantle sections can 58 

help in unveiling the compositional and thermal structure of their source mantle at the time of the 59 

eruption or emplacement (e.g., Coltorti et al., 2021; Mazzucchelli et al., 2009; Melchiorre et al., 2020; 60 

Pearson et al., 2003) but the structure of the lithosphere may only be defined at a local scale, as large 61 

portions remain inaccessible. Differently, seismic data are endowed with a more continuous spatial 62 

coverage, to such an extent that the mantle may be imaged at a lithospheric scale; however, their 63 

conversion into models of the upper mantle is not straightforward (Afonso et al., 2013, and references 64 

therein). The interpretation of seismic data relies on appropriate combinations of the observed seismic 65 

wave velocities with either thermodynamic concepts and/or experimental data from mineral physics 66 

(e.g., Bass and Anderson, 1984) and needs to account for both compositional and thermal signatures 67 

in wave velocities. Uncertainties in data interpretation are further exacerbated since ultramafic rocks 68 

with different compositions can fit equally well wave velocities (e.g., Afonso et al., 2013).  69 

In general, addressing the thermochemical structure of the mantle requires the calculation of mineral 70 

and rock physical properties (elastic moduli, thermal expansions, densities, etc.) at elevated pressure 71 

and temperature. Unequivocally, the knowledge of accurate elastic parameters of candidate mantle 72 

phases, and their variations with pressure and temperature, is required. In this context, the Equations 73 

of State (EoS) of mantle phases are undoubtedly the best proxy for unravelling the structure and 74 

dynamics of the Earth’s mantle (e.g., Afonso et al., 2007; Stixrude and Lithgow-Bertelloni, 2005a) 75 

and its evolution through time, as they can define how volume, density or the elastic properties of 76 

minerals vary with pressure and/or temperature (e.g., Angel, 2000). For rocks, the elastic properties 77 

have to be inferred from those of their constituent minerals, at appropriate conditions (Connolly, 78 

2009). This is commonly done by phase equilibria calculations based on thermodynamic data (Afonso 79 

et al., 2008; Connolly and Petrini, 2002; Stixrude and Lithgow-Bertelloni, 2011, 2005b) (see 80 
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Connolly, 2009 for extensive considerations of phase equilibria calculations to geodynamic 81 

modelling), with aggregate properties calculated by any standard solid mixing theory (e.g., Abers and 82 

Hacker, 2016; Hacker and Abers, 2004, and references therein). As mass in aggregates is a simple 83 

sum of chemical component masses, the density of rocks can be then calculated from the density of 84 

constituent minerals according to their volume proportion. 85 

Several studies have attempted to evaluate the density distribution of the lithosphere, which is known 86 

to be vertically and laterally heterogeneous due to variable mineralogy (in terms of mineral and modal 87 

compositions), complex phase transitions and differing thermal regimes. It was showed that the 88 

increase of Mg/(Mg+Fe) during partial melting lowers the bulk density of the mantle (Schutt and 89 

Lesher 2006), but is not affecting phase transitions unlike Na content, which controls the spinel – 90 

plagioclase transition and may play an important role in areas of high heat flows and thin crust  (Simon 91 

and Podladchikov, 2008). Further studies investigated the density structure of mantle sections either 92 

by combining data from petrology, mineral physics and geophysics (e.g., Fullea et al., 2014) or by 93 

classic thermodynamic calculations complemented for the most relevant Cr-bearing phases in the 94 

upper mantle (Ziberna and Klemme, 2016). These studies showed some contrasting results as to 95 

whether the predominant control on the density variations of the lithosphere is due to the thermal 96 

state, bulk composition, or their interplay. 97 

In this work, we set out to explore the density structure of the lithospheric mantle, and its variation 98 

with changes in bulk composition and thermal gradient, from the perspective of the EoS of its 99 

constituent minerals, following a simplified parameterisation. The first part presents an assessment 100 

of the thermoelastic parameters of orthopyroxene, clinopyroxene, spinel and garnet. To this aim, pre-101 

existing literature data on compressibility, thermal expansion and elasticity of these phases were used 102 

to constrain their P–V–T–K (P = pressure, V = volume, T = temperature, K = bulk modulus) EoS in 103 

peridotitic systems (i.e., preferentially selecting data measured on crystals with chemical 104 

compositions comparable to those expected in the upper mantle). As already computed in recent 105 

detailed studies, P–V–T–K and P–V–T EoS for mantle olivine and magnesiochromite were selected 106 
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from literature (Angel et al., 2018; Nestola et al., 2019); two distinct EoS were used for mantle spinels 107 

to account for the variation of their elastic properties in response to varying Cr and Al contents (cfr. 108 

Section 2.3). The second part of this work aims at investigating how the density structure of fertile 109 

and depleted lithospheric mantle sections is affected by different thermal regimes (35, 45 and 60 110 

mWm-2 geothermal gradients), following a simplified parameterisation that does not incorporate 111 

phase relations. Beyond exploring the density variations with this approach, we also provide a 112 

comparison with classic thermodynamic modelling (Perple_X; Ziberna and Klemme, 2016). This 113 

comparison allowed to assess that (i) the density profiles can be readily computed following our 114 

simplified parameterisation, (ii) the thermal gradient is the controlling variable when it comes to the 115 

density structure of the lithosphere and (iii) the newly developed and selected EoS consistently 116 

describe the elastic behaviour of the related phases under the most relevant P–T conditions and 117 

compositions of the Earth’s mantle, without requiring sets of end-member properties and solution 118 

models. 119 

2. Data selection and EoS fitting 120 

There are two possible approaches to describe the P–V–T or P–V–T–K behaviour of solids: thermal-121 

pressure models (Holland-Powell and Mie-Grüneisen-Debye thermal‑ pressure EoS) and isothermal-122 

type models at high temperature (cfr. Angel et al., 2018). For extensive considerations to these issues 123 

the reader is referred to Anderson (1995), Angel (2000) and Angel et al. (2018). 124 

The thermoelastic properties for mantle olivine (Fo90-92) have been extensively reviewed and the P–125 

V–T–K EoS was recently published (Angel et al., 2018). Considering the P – T ranges of our 126 

investigation, we selected the third-order Birch-Murnaghan compressional EoS in combination with 127 

the isothermal-type model for all the computations. 128 

The P–V–T EoS for mantle magnesiochromite was also recently published (Nestola et al., 2019), 129 

parametrised as second-order Birch-Murnaghan compressional EoS in combination with the Holland-130 

Powell thermal‑ pressure EoS; this formulation was used for the computations of magnesiochromite 131 
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for the depleted peridotitic system. The selected thermoelastic parameters for mantle olivine and 132 

mantle magnesiochromite are reported in Table 1. 133 

The thermoelastic behaviour of pyroxenes, spinel and garnet was here constrained based on X-Ray 134 

diffraction data (compressibility and thermal expansion) and elasticity measurements available in 135 

literature. The full EoS for these phases were solved with the EosFit7c program (Angel et al., 2014) 136 

following the approach of Milani et al. (2017) to perform simultaneous fits of elastic moduli and cell 137 

parameters. For every phase, each individual data set of volumes was scaled to its own volume at 138 

room conditions prior to fitting the data together. Additionally, in order to compare X-Ray diffraction 139 

and elasticity measurements, KSR (adiabatic Reuss bulk moduli, from elasticity data) were converted 140 

into KTR (isothermal Reuss bulk moduli, from X-Ray diffraction data) according to the relationship 141 

KSR = (1 + αVγT)KTR where αV is the volume thermal expansion (taken from the EoS itself, at the P – 142 

T of interest) and γ is the Grüneisen parameter (taken from literature).  143 

 144 

2.1 Orthopyroxene 145 

Mantle orthopyroxenes (space group Pbca) are solid solutions between enstatite (Mg2Si2O6) and 146 

ferrosilite (Fe2Si2O6) end-members and typically contain few wt% of Al2O3 and some CaO as well 147 

(e.g., McDonough and Rudnick, 1998). A reanalysis of KTR and its pressure derivative K’TR of 148 

Mg2Si2O6 based on different experiments (two compression, one Brillouin measurement and one 149 

ultrasonic measurement) (Angel and Jackson, 2002) yielded the best estimates of KTR,0 and K’TR,0, 150 

being respectively 105.8(5) GPa and 8.5(3). By comparison, measurements on aluminium-bearing 151 

natural orthopyroxenes showed higher bulk moduli and lower pressure derivatives (Chai et al., 1997; 152 

Hugh-Jones et al., 1997; Zhang and Bass, 2016, refit of their data) than that of Mg2Si2O6. For these 153 

reasons, Mg2Si2O6 enstatite cannot be considered a good representation of the elastic behaviour of 154 

the orthopyroxene component in the lithospheric upper mantle. 155 

We selected data from five different experiments on mantle orthopyroxenes: two compressions 156 

(Hugh-Jones and Angel, 1997) [samples N1 and N2]), two expansions (Yang and Ghose, 1994 157 
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[sample Fs20]; Scandolo et al., 2015 [sample B22 N.60]) and one high-pressure Brillouin 158 

measurement (Zhang and Bass, 2016). We are not aware of any volume measurements on either 159 

mantle-composition orthopyroxene or enstatite made at low temperature; consequently, the Einstein 160 

temperature (θE) could not be refined and was fixed at 510 K (Holland and Powell, 2011, 161 

corresponding to Fs20). The Grüneisen parameter (0.85, for Fs20) was taken from Yang and Ghose  162 

(1994) and assumed that it does not vary with temperature. With these constraints, we fitted 163 

simultaneously each individual data set with a third-order Birch-Murnaghan compressional EoS in 164 

combination with the isothermal-type model (parameterisation from Angel et al., 2018); the final 165 

refined EoS parameters (Table 1) fit all the data within the experimental uncertainties (Supplementary 166 

Material File 1, Figure S1). The final EoS for mantle orthopyroxene is provided in Supplementary 167 

Material File 2. 168 

 169 

2.2 Clinopyroxene 170 

Mantle clinopyroxenes (space group C2/c) are solid solutions between diopside (CaMgSi2O6) and 171 

hedenbergite (CaFeSi2O6) end-members and typically contain few wt% of Al2O3, some Cr2O3 as well 172 

as Na2O (e.g., McDonough and Rudnick, 1998). 173 

A survey of the literature showed that KTR,0 and K’TR,0 values for CaMgSi2O6 diopside and near end-174 

member compositions exhibit large variations; the same is for KS,0 and K’S,0 (see Xu et al., 2019 for a 175 

recent compilation of literature data).  176 

We selected data from six different experiments on diopside and near end-member compositions: one 177 

compression (Li and Neuville, 2010 [room temperature data]), three expansions (Cameron et al., 1973 178 

[sample Diopside]; Pandolfo et al., 2015 [sample Di]; Prencipe et al., 2000), one high-pressure 179 

Brillouin measurement (Sang and Bass, 2014) and one high-temperature RUS measurement (Isaak et 180 

al., 2006). The Grüneisen parameter (0.867) is taken from Isaak et al. (2006) and assumed that it does 181 

not vary with temperature. KSR,0 for near end-member diopsides recalculated from Cij data of Sang 182 

and Bass (2014) and Isaak et al. (2006) are significantly different between each other (respectively, 183 
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111.2(7) GPa vs 113.4(9) GPa). To make the fit consistent between these two data sets, we excluded 184 

KSR,0 of Sang and Bass (2014). We also excluded from the fit the data point of Sang and Bass (2014) 185 

at 14 GPa, which lies completely outside the trend (Supplementary Material File 1, Figure S2). With 186 

these constraints, we fitted simultaneously each individual data set with a third-order Birch-187 

Murnaghan compressional EoS in combination with the isothermal-type model (parameterisation 188 

from Angel et al., 2018); the final refined EoS parameters (Table 1) fit almost all the data within the 189 

experimental uncertainties (Supplementary Material File 1, Figure S2). The final EoS for mantle 190 

clinopyroxene is provided in Supplementary Material File 3. 191 

Bearing in mind that the selected data sets correspond to near end-member and CaMgSi2O6 diopside, 192 

it must be considered carefully whether the final refined thermoelastic parameters are a good 193 

representation of the elastic behaviour of the clinopyroxene component in the lithospheric upper 194 

mantle. Indeed, clinopyroxenes with augitic compositions are a common species occurring in a wide 195 

variety of igneous rocks and can be occasionally found in ultrabasic rocks. Xu et al. (2017) and (2019) 196 

recently studied the thermoelastic behaviour of augite by synchrotron-based X-Ray diffraction 197 

combined with an externally heated diamond anvil cell. Their experiments yielded respectively KTR,0 198 

= 111(1) GPa, K’TR,0 = 4.1(1) and KTR,0 = 112(3) GPa, K’TR,0 = 5.0(7). These results prove that 199 

clinopyroxenes with augitic compositions behave similarly to near end-member diopsides. Therefore, 200 

we are confident that our P–V–T–K EoS parameters can be applied to a wide range of mantle 201 

clinopyroxene compositions. 202 

 203 

2.3 Spinel 204 

Mantle spinels (space group Fd-3m) show extensive solid solution between end-members as they 205 

typically vary in composition between four components: spinel s.s. (MgAl2O4), hercynite (FeAl2O4), 206 

magnesiochromite (MgCr2O4) and chromite (FeCr2O4). The compositional variations in mantle 207 

spinels are mainly displayed in their Cr/(Cr + Al) and Mg/(Mg + Fe) molar ratios, which reflect the 208 

degree of melt depletion experienced by a peridotite. Indeed, spinels with high Al and low Cr contents 209 
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characterize lherzolites, whereas low Al and high Cr contents distinguish harzburgitic spinels (e.g., 210 

McDonough and Rudnick, 1998).  211 

The bulk modulus systematics for Mg-Fe-Cr-Al spinels have been recently analysed by Nestola et al. 212 

(2015, and references therein), who showed that: (i) the Cr-Al substitution considerably changes the 213 

KTR,0 [192(1) vs 182.5(1.4) GPa for MgAl2O4 and MgCr2O4, respectively]; (ii) the Fe-Mg substitution 214 

does not substantially affect the bulk modulus for either Cr or Al spinels [193.9(1.7) vs 184.8(1.7) 215 

GPa for FeAl2O4 and FeCr2O4, respectively], with the K’TR,0 similar for all four end-members. Thus, 216 

the KTR,0 of Mg-Fe-Cr-Al spinels is roughly controlled by the Cr/Al ratio. Hence, two EoS are needed 217 

to properly describe the elastic behaviour of mantle spinels: one EoS for lherzolitic spinels and 218 

another EoS (selected from Nestola et al., 2019, see above) for harzburgitic spinels 219 

(magnesiochromites). 220 

To constrain the elastic behaviour of Al-rich lherzolitic spinels, we selected data from six different 221 

experiments: one compression (Nestola et al., 2007 [sample disordered]), three expansions (Carbonin 222 

et al., 2002 [sample NAT]; Grimes and Al-Ajaj, 1992; Martignago et al., 2003 [sample H-Cr]), one 223 

high-pressure Brillouin measurement (Speziale et al., 2016) and one high-temperature RPR 224 

measurement (Suzuki et al., 2000). The Grüneisen parameter (1.17) was taken from Suzuki et al. 225 

(2000) and assumed that it does not vary with temperature. Because the quoted uncertainties of KSR 226 

from Suzuki et al. (2000) are substantially smaller than those expected from elasticity measurements 227 

(e.g. 1 to 3 GPa), we under-weighted the experimental data (1% esd was assumed for all data). With 228 

these constraints, we fitted simultaneously each individual data set with a third-order Birch-229 

Murnaghan compressional EoS in combination with the Holland-Powell thermal-pressure EoS; the 230 

final refined EoS parameters (Table 1) fit almost all the data within the experimental uncertainties 231 

(Supplementary Material File 1, Figure S3). The final EoS for mantle spinel is provided in 232 

Supplementary Material File 4. Considering the bulk modulus systematics for Mg-Fe-Cr-Al spinels, 233 

we are confident that our P–V–T–K EoS parameters can be applied to a wide range of Al-rich spinel 234 

compositions.  235 
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 236 

2.4 Garnet 237 

Mantle garnets (space group Ia-3d, general formula X3Y2Si3O12) are multicomponent substitutional 238 

solid solutions since different cations can be mutually exchanged at the X (Mg, Fe, Ca, Mn divalent 239 

cations) and Y (Al, Fe, Cr trivalent cations) sites. Compositionally, the most significant components 240 

of peridotitic garnets are Mg3Al2Si3O12 pyrope (ca 75%), Ca3Al2Si3O12 grossular (ca 10%) and 241 

Fe3Al2Si3O12 almandine (ca 15%) (e.g., Wood et al., 2013).  242 

The effect of Mg-Fe substitution for the pyrope-almandine solid solution was recently analysed by 243 

Lu et al. (2013) and Milani et al. (2015). Milani et al. (2015) determined KTR,0 = 163.7(1.7) GPa for 244 

pyrope, KTR,0 = 167.2(1.7) GPa for an intermediate Py60Alm40 and KTR,0 = 172.6(1.5) GPa for 245 

almandine, with similar K’TR,0 for all three garnets, claiming that Fe substituting for Mg linearly 246 

increases KTR,0 but does not affect K’TR,0. However, compared to the sources reviewed by Milani et 247 

al. (2015), the determined KTR,0 values are notably lower than expected whereas K’TR,0 are slightly 248 

higher and this can be ascribed to the well-known trade-off between fit values for KTR,0 and K’TR,0. Lu 249 

et al. (2013) measured the elasticity of a Fe-bearing pyrope by high P-T Brillouin spectroscopy, 250 

determining KSR,0 = 168.2(1.8) and K’SR,0 = 4.4(1). Comparative analysis of these results led the 251 

authors to conclude that addition of Fe does significantly affect KSR,0 but rather has a weak positive 252 

effect on K’SR,0. A similar conclusion was reached by Jiang et al. (2004), who showed that Fe 253 

substituting for Mg in the pyrope-almandine series has a little effect on the bulk modulus (almandine 254 

KSR,0 being 2% higher than that of pyrope) while it increases its pressure derivative. The effect of Ca-255 

Mg substitution for the pyrope-grossular solid solution has been analysed again by Jiang et al. (2004), 256 

who showed that the KSR,0 varies by ca 2% across the pyrope-grossular system and that there are no 257 

evident trends in the K’SR,0. In view of these considerations, we selected data from four different 258 

experiments: one compression (Milani et al., 2015 [sample Py60Alm40]), two expansions (Bosenick 259 

and Geiger, 1997 [excluding the scattered data at 220 K], Milani et al., 2015 [sample Py100]) and one 260 

high-temperature RUS measurement (Suzuki and Anderson, 1983). The Grüneisen parameter (1.19) 261 
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was taken from Gillet et al. (1992) and assumed that it does not vary with temperature. With these 262 

constraints, we fitted simultaneously each individual data set with a third-order Birch-Murnaghan 263 

compressional EoS in combination with the Holland-Powell thermal-pressure EoS; the final refined 264 

EoS parameters (Table 1) fit all the data within the experimental uncertainties (Supplementary 265 

Material File 1, Figure S4). The final EoS for mantle garnet is provided in Supplementary Material 266 

File 5. Considering the bulk modulus systematics for Mg-Fe-Ca aluminous garnets, we are confident 267 

that our P–V–T–K EoS parameters can be applied to a wide range of mantle garnet compositions.  268 

3. Density variations in the lithospheric mantle 269 

3.1 Density calculations 270 

The density of mantle peridotites is function of the chemical composition, modal abundance and 271 

elastic properties of their constituent minerals, which in turn are controlled by pressure, temperature 272 

and bulk composition of the system. Here, the density structure of the lithospheric mantle was 273 

calculated following a two-step approach.  274 

The first step involved the calculation of density profiles for each phase along the geothermal 275 

gradients of interest. To our purposes, three geothermal gradients of 35, 45 and 60 mWm-2 were 276 

chosen as considered representative of extremely cold, intermediate, and relatively hot lithospheric 277 

sections. The density of each phase was calculated in the form of ‘crystallographic density’ according 278 

to the relation: 279 

𝜌(𝑝ℎ𝑎𝑠𝑒 𝑎𝑡 𝑃𝑇) =  
𝑍(𝑝ℎ𝑎𝑠𝑒)  ×  𝑀𝑤(𝑝ℎ𝑎𝑠𝑒)

(
𝑉

𝑉0)
(𝐸𝑜𝑆 𝑎𝑡 𝑃𝑇)

 ×  𝑉0(𝑝ℎ𝑎𝑠𝑒)  × 𝑁𝑎
          (1) 280 

where (
𝑉

𝑉0
)

(𝐸𝑜𝑆 𝑎𝑡 𝑃𝑇)
 represents the volume [here the normalized volume (

𝑉

𝑉0
)] calculated from the 281 

EoS at specific P – T conditions (e.g., for a characteristic geotherm or at any P – T), 𝑉0(𝑝ℎ𝑎𝑠𝑒) is the 282 

reference unit cell volume of the phase measured at ambient conditions, 𝑀𝑤(𝑝ℎ𝑎𝑠𝑒) its molecular 283 

weight, 𝑍(𝑝ℎ𝑎𝑠𝑒) is the number of formula units in the unit cell and 𝑁𝑎 the Avogadro number.  284 
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The second step involved the calculation of density profiles for bulk rocks, which were here 285 

calculated from the densities ρi of n constituent minerals as: 286 

𝜌(𝑏𝑢𝑙𝑘 𝑟𝑜𝑐𝑘) =  (∑ ρ𝑖

𝑛

𝑖=1

× v𝑖) 𝑛⁄           (2) 287 

where vi is the volume proportion of each mineral.  288 

We computed density profiles for all constituent mineral phases and for two potential lithospheric 289 

mantle sections, a fertile and a depleted peridotitic systems, along the 35, 45 and 60 mWm-2 290 

geothermal gradients. Calculations for the two lithospheric sections were restricted to a P – T range 291 

of 1 – 8 GPa and 350 – 1375 °C. These gradients were selected from the preferred geotherm family 292 

of Hasterok and Chapman (2011), which are based on radiogenic heat production measurements 293 

together with xenolith thermobarometry and tectonothermal constraints. Following Hasterok and 294 

Chapman (2011), we assumed that the transition from a conductive to an adiabatic geotherm 295 

corresponds to the lithosphere-asthenosphere boundary (LAB), which is here used only to discuss the 296 

effect of temperature on density profiles. 297 

Our calculations at subsolidus conditions do not include the effects of porosity, mineral texture and 298 

rock microstructure as well as no volatile-bearing phases, thus excluding OH groups in NAMs and/or 299 

intergranular fluids and/or melts. 300 

Calculations were based on previously studied natural peridotite xenoliths: a spinel lherzolite from 301 

the Veneto Volcanic Province (sample SG34 from Beccaluva et al., 2001) was adopted as 302 

representative of a fertile mantle, while a spinel harzburgite from Grande Comore island (sample 303 

NDR13, unpublished data from Coltorti et al., 1999), now under investigation for other petrological 304 

studies, was chosen to represent a depleted mantle. Modal compositions of the selected samples were 305 

calculated by least-squares mass balance using bulk-rock and mineral major element analyses (Tables 306 

2, 3).  307 

Bearing in mind that calculating the density of each phase requires a reference unit cell volume 308 

measured at ambient conditions (𝑉0(𝑝ℎ𝑎𝑠𝑒), equation 1), olivine, pyroxenes, spinel and garnet unit 309 
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cell parameters (and related crystal chemical compositions, which slightly differ compared to those 310 

expected from our models of fertile and depleted mantle) were selected from literature (Tables 2, 3). 311 

Modal compositions were kept from the two selected mantle xenoliths (SG34 spinel lherzolite and 312 

NDR13 spinel harzburgite), however density calculations were carried out by using the mineral 313 

compositions and unit cell volumes of the reference minerals from the literature. All selected mineral 314 

compositions were kept fixed for all density calculations. 315 

The spinel-garnet transition was modelled according to the approximate reaction spinel + pyroxenes 316 

= garnet + olivine (e.g., Klemme and O’Neill, 2000); mineral modes in the garnet stability field were 317 

calculated from stoichiometric balance upon completion of the reaction (Tables 2, 3). Recent 318 

thermodynamic modelling in natural peridotitic systems (Ziberna et al., 2013) indicates that garnet 319 

and spinel always coexist and the width and depth of the coexistence interval strongly, but not only, 320 

depends on the thermal state of the lithosphere (restricted depth interval - about 15 km - in regions 321 

with hot geotherms, and much broader interval - over 100 km - for cold geotherms). We simplified 322 

this model by assuming garnet + spinel coexistence intervals of 1.5 – 4 GPa, 1.5 – 3 GPa and 1.8 – 323 

2.4 GPa along the 35, 45 and 60 mWm-2 geothermal gradients, respectively, for both fertile and 324 

depleted mantle sections. For density calculations, mineral modes were kept fixed in spinel and garnet 325 

stability fields, and were imposed to vary linearly in the spinel-garnet stability field. 326 

 327 

3.2 Results 328 

Density profiles for both mineral phases and the fertile and depleted peridotitic systems were 329 

calculated along three different geothermal gradients: 35 mWm-2 (Figures 1, 2), representative of the 330 

coldest cratonic mantle sections, 45 mWm-2 (Figures 1, 3), typical of average cratonic sections, and 331 

60 mWm-2 (Figures 1, 4), for relatively hot, off-craton, lithospheric sections (Hasterok and Chapman, 332 

2011). 333 

Figure 1 shows that, despite mineral phases having different elastic parameters (Table 1), their density 334 

variation with depth is largely controlled by the geothermal gradients. Under cold conditions (35 335 
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mWm-2), density curves for all phases shows a subtle but significant decrease down to ca 1 GPa, 336 

which is followed by a marked increase for olivine and pyroxenes and a moderate increase for spinel, 337 

magnesiochromite and garnet. Under relatively hot conditions (60 mWm-2), density curves for all 338 

phases exhibit a marked decrease down to ca 3 GPa, followed by an increase with depth. It is under 339 

intermediate conditions (45 mWm-2) and at P > 1 GPa that density curves exhibit most of the 340 

differences. Indeed, density curves for all mineral phases show a gentle decrease down to ca 1 GPa, 341 

where the density of olivine and pyroxenes starts to increase, whereas it continues to decrease down 342 

to ca 4.5 GPa for spinel, magnesiochromite and garnet. Such distinct behaviour is clearly due to 343 

different elastic parameters (Table 1), but it is also due to the interplay between increasing 344 

temperature and pressure, whose effects are of the same order (see also considerations below). 345 

Noteworthy errors associated with density calculations through the newly developed and two selected 346 

EoS are minimum (Figure 1), and this in turn affects the accuracy of density profiles for bulk rocks. 347 

Such errors, esd(ρ/ρ0) ⁓ 10-3, translate to uncertainties of density calculations which are ⁓ 0.05 % 348 

(e.g., 3.416(2) g/cm3 or conversely 3416(2) kg/m3 at ⁓ 6 GPa and ⁓1050 °C for the fertile peridotitic 349 

system), which are considerably much less than average uncertainties associated to density 350 

calculations.  351 

If we consider a geotherm of 35 mWm-2 and both fertile and depleted compositions (Figure 2), the 352 

density in the mantle shows a similar behaviour, progressively increasing with increasing depth. This 353 

indicates that the effect of pressure prevails over that of the slowly rising temperature. By comparing 354 

the trends of the fertile and depleted mantle sections (Figure 5), it is evident that the former is typified 355 

by a more pronounced density increase with respect to the depleted one. This is attributable to the 356 

higher modes of garnet (due to higher bulk Al2O3 in fertile compositions), which is among the densest 357 

mineral phases in peridotite assemblages (e.g., Lee, 2003). 358 

If we consider a geotherm of 45 mWm-2, results are somehow different in the 1-4 GPa interval. Here, 359 

the density of the depleted peridotitic system remains nearly constant while it moderately increases 360 

for the fertile system; then the density of both systems increases from 4 down to 8 GPa (Figures 3, 361 
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5). These results suggest that (i) the effect of temperature on the evolution of the bulk density with 362 

depth is comparable to that of pressure and that (ii) the behaviour of the two systems is decoupled 363 

down to ca 4 GPa. 364 

If we consider a relatively hot geotherm of 60 mWm-2, the temperature increase with depth is so 365 

strong that leads to an overall decrease of the bulk density of both depleted and fertile systems in the 366 

lithosphere from 1 to about 3 GPa, followed by an increase from 3 down to 8 GPa (Figure 4). By 367 

comparing the trends of the two sections (Figure 5), the fertile system shows a more gentle decrease 368 

in its density compared to the depleted system. This is again attributable to the higher modes of garnet, 369 

which, combined with the P – T gradient effects, result in a slightly smoother density profile. 370 

Irrespective of the specific depth and width of their coexistence intervals, spinel and garnet have a 371 

stronger control on the density variations in case of fertile compositions, due to their higher modes. 372 

 373 

3.3 Discussion 374 

3.3.1 Density models and the effect of the thermal state 375 

Most of the recently published upper mantle density models derive from phase equilibria calculations 376 

based on thermodynamic data, where stable mineral assemblages are computed using Gibbs free-377 

energy minimization techniques. Previous works (Fullea et al., 2014; Ziberna and Klemme, 2016) 378 

showed some contrasting results as to whether the lithospheric density is predominantly controlled 379 

by the thermal state, bulk composition, or their interplay. Fullea et al. (2014) unravelled the present-380 

day Irish lithospheric structure through LitMod3D code (Fullea et al., 2009) that combines 381 

petrological and geophysical observations with thermodynamic data (in the CFMAS system) within 382 

a self-consistent framework. This modelling revealed similar vertical density profiles - sharp spinel 383 

– garnet phase transition with an abrupt increase of density, a general trend of decreasing density 384 

down to ⁓ 100 km, followed by an increase (Figure 5) - associated with all the mantle compositions 385 

discussed in the work (i.e., from fertile to moderately depleted peridotites). Overall, these density 386 

trends suggest a greater control of the thermal state on the lithospheric density rather than bulk 387 
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composition in the Irish lithosphere (60 to 70 mWm-2). Considering the lack of Cr (for which there is 388 

evidence that it may considerably change phase relations in the upper mantle) in most previous 389 

calculations, Ziberna and Klemme (2016) investigated the density variations for Cr-bearing mantle 390 

compositions (Pali-Aike xenoliths, Patagonia) in response to changes in bulk compositions and 391 

thermal gradients by means of well-established free energy minimization techniques, with 392 

thermodynamic calculations based on the internally consistent dataset of Holland and Powell (1998) 393 

complemented for the most relevant Cr-bearing phases in the upper mantle (Ziberna et al., 2013). 394 

Contrary to previous results (Fullea et al., 2014), this work showed that the density profiles across 395 

the spinel – garnet peridotite transition are not sharp and depend both on bulk composition (especially 396 

on Al2O3 and Cr2O3) and geothermal gradient (Figure 5). Moreover, while under relatively hot 397 

thermal conditions (70 mWm-2) density profiles for both fertile and depleted compositions show 398 

similar trends (i.e., density decrease down to ca 2.5 GPa), this is not the case for intermediate thermal 399 

conditions (50 mWm-2) where density in the mantle for depleted compositions remains virtually 400 

constant down to ca 4 GPa and it rapidly increases for more fertile compositions (Figure 5). 401 

Accordingly, these authors suggested that it is the interplay between bulk composition and thermal 402 

gradient that controls density variations in the lithospheric mantle. 403 

Our models predict a much greater thermal control over the density of the lithospheric mantle, with 404 

some compositional control mostly arising at cold-intermediate thermal conditions (Figure 5). 405 

Considering that we based the spinel – garnet phase transitions on Ziberna et al. (2013) 406 

thermodynamic model (cfr. Density calculations section Section 3.1), spinel and garnet coexist over 407 

a significant depth interval. Accordingly, our models predict a smooth variation of densities across 408 

the spinel – garnet transition and no abrupt changes. As already evidenced by Ziberna and Klemme 409 

(2016), the sharp spinel – garnet transitions associated with an abrupt change of density identified by 410 

Fullea et al. (2014) can be ascribed to the lack of Cr in their thermodynamic model. If this aspect is 411 

ruled out from further discussion, and density curves are analysed overall, there are some similarities 412 

with those from Fullea et al. (2014) (Figure 5). Indeed, all modelled compositions exhibit an overall 413 
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decrease of the bulk density up to about 100 km, followed by an increase downwards, for relatively 414 

hot thermal conditions (60 to 70 mWm-2). Our density curves show even more striking similarities 415 

with those from Ziberna and Klemme (2016), for which a similar behaviour is predicted for fertile 416 

and depleted compositions under relatively hot thermal conditions (70 mWm-2), and a different one 417 

under intermediate conditions (50 mWm-2) (Figure 5). Therefore, our investigation shows that density 418 

profiles in natural systems with simplified phase relations display comparable trends to those reported 419 

in previous studies. In this framework, perspectives are that the thermal gradient exerts substantial 420 

control when it comes to the density structure of the lithosphere and that the compositional control 421 

on the density evolution with depth may be less than previously suggested. In the next section, we 422 

show how density calculations based on simplified phase relations can be reconciled with Perple_X-423 

based results from previous literature. We also infer the thermal gradient is the main controlling 424 

variable of the lithospheric mantle density. 425 

 426 

3.3.2 Comparison between Perple_X and simplified calculations 427 

Although a strict evaluation of similarities and differences of our simplified parameterisation for 428 

calculating density variations with respect to classic thermodynamic modelling (e.g., Perple_X) goes 429 

beyond the scope of this paper (detailed results of the application of both models to a real mantle 430 

section will be presented elsewhere), in the following we provide an application of our model 431 

compared with previous results from literature (Ziberna and Klemme, 2016). To this aim, we selected 432 

two of the four representative mantle xenoliths from Pali-Aike, Patagonia, reported in Ziberna and 433 

Klemme (2016), namely PA3 (spinel harzburgite) and BN4 (spinel-garnet lherzolite), for which we 434 

computed density profiles along the 50 and 70 mWm-2 geothermal gradients (Figure 6). Input data 435 

for Ziberna and Klemme (2016) thermodynamic modelling are whole-rock analyses from Stern et al. 436 

(1999), with calculations performed in the SiO2-Al2O3-Cr2O3-FeO-MgO-CaO-Na2O system. In order 437 

to provide a clear and consistent comparison between the two methods, input data (i.e., mineral 438 
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compositions and modes) for our simplified parameterisation were as follows. Olivine, pyroxenes, 439 

and spinel mineral compositions and modes were selected from Perple_X calculations of Ziberna and 440 

Klemme (2016) at 1 GPa (at the corresponding temperature for the 50 and 70 mWm-2 geothermal 441 

gradients). Garnet compositions were selected from Perple_X calculations of Ziberna and Klemme 442 

(2016) at P – T corresponding to spinel-out reaction (which depends on bulk composition and 443 

geothermal gradient); garnet, as well as olivine and pyroxenes modes in the garnet stability field, 444 

were calculated from stoichiometric balance upon completion of the reaction spinel + pyroxenes = 445 

garnet + olivine, using the selected mineral modes and compositions. Selected mineral compositions 446 

were kept fixed along the whole section; mineral modes were kept fixed in spinel and garnet stability 447 

fields, and were imposed to vary linearly in the spinel-garnet stability field (cfr. Density calculations 448 

section Section 3.1). Depth intervals of coexistence of spinel + garnet were selected again from 449 

Perple_X calculations of Ziberna and Klemme (2016). Density variations with depth and thermal 450 

regime for PA3 (spinel harzburgite) and BN4 (spinel-garnet lherzolite) mantle xenoliths are reported 451 

in Figure 6, along with original curves from Ziberna and Klemme (2016).  452 

Note that Ziberna and Klemme (2016) thermodynamic model considered phase equilibria, with 453 

mineral modes and compositions continuously changing according to P – T conditions, which has not 454 

been done in this study. Nonetheless, density curves calculated with our simplified parameterisation 455 

match well those from Ziberna and Klemme (2016), both in their general trends with depth and 456 

absolute values, with a maximum difference between the two models of ca 20 kg/m3 (Figure 6).  From 457 

this similarity, we conclude that our approach with simplified phase relations has enough accuracy 458 

for investigating the density structure of the lithosphere. We also infer that the density structure of 459 

the lithospheric mantle is predominantly controlled by the thermal gradient variations, with most of 460 

the compositional control arising at cold-intermediate thermal conditions. No less importantly, we 461 

showed that the newly developed P–V–T–K EoS (pyroxenes, spinel and garnet) in combination with 462 

the published EoS for mantle olivine and mantle magnesiochromite are applicable for calculating the 463 
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density of mantle peridotites and its variation, with minimum uncertainties, under different thermal 464 

regimes and bulk compositions, without requiring sets of end-member properties and solution models. 465 

4. Concluding remarks 466 

In this study, we presented an assessment of the thermoelastic parameters of orthopyroxene, 467 

clinopyroxene, spinel and garnet based on X-Ray diffraction data and direct elastic measurements 468 

available in literature. The newly developed EoS consistently describe the elastic behaviour of these 469 

phases under the most relevant P–T conditions and bulk compositions of the Earth’s mantle, along 470 

with the published EoS for mantle olivine and magnesiochromite. 471 

As a case study, we evaluated the influence of bulk composition and thermal regimes on the density 472 

structure of potential lithospheric mantle sections, following a simplified parameterisation that does 473 

not incorporate phase relations. Accordingly, density profiles for fertile and depleted peridotitic 474 

systems based on the EoS of their constituent mineral phases were calculated for three different 475 

geothermal gradients (35, 45 and 60 mWm-2), for a P – T range of 1 – 8 GPa and 350 – 1375 °C. In 476 

case of very cold geotherms (35 mWm-2), the density of both depleted and fertile systems 477 

progressively increases with increasing depth. In case of intermediate geotherms (45 mWm-2), the 478 

density of a depleted peridotitic system remains nearly constant up to about 4 GPa, while it 479 

moderately increases in a fertile system, due to higher modes of garnet. In case of relatively hot 480 

geotherms (60 mWm-2), the density of both depleted and fertile systems progressively decreases with 481 

increasing depth, up to about 3 GPa, and then increases downwards. Moreover, we also provided an 482 

example of application of our model in comparison with classic thermodynamic modelling results 483 

from literature. From such comparison, we concluded that (i) density profiles for mantle sections can 484 

be computed with enough accuracy following our simplified parameterisation, (ii) the thermal 485 

gradient exerts substantial control when it comes to the density structure of the lithosphere and (iii) 486 

the compositional control on the density evolution with depth may be less than previously suggested.  487 

 488 
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Figure captions 701 

Figure 1. Density profiles (ρ/ρ0) for mineral phases in the studied peridotitic systems (olivine, 702 

orthopyroxene, clinopyroxene, spinel, magnesiochromite and garnet) calculated along a 35 mWm-2 703 

geotherm (blue curves), 45 mWm-2 geotherm (yellow curves) and 60 mWm-2 geotherm (red curves). 704 

The 35, 45 and 60 mWm-2 conductive geotherms for density calculations are from Hasterok and 705 

Chapman (2011). Esd(ρ/ρ0) (estimated standard deviation) refers to the uncertainties associated with 706 

EoS fitting (as calculated by the least-squares method) and density calculations. Note that these 707 

uncertainties are minimum.  708 

 709 

Figure 2. Density profiles for fertile (left panel) and depleted (right panel) peridotitic systems 710 

calculated along a 35 mWm-2 geotherm. Brown to yellow colour bar represents the density variations 711 

along the profiles. Grey lines subdivide the ideal mantle sections into the spinel, spinel + garnet and 712 

garnet stability fields, following a simplification of Ziberna et al. (2013) thermodynamic model. The 713 

iso-density line for ρ = 3.40 g/cm3 is shown for reference. 714 

 715 

Figure 3. Density profiles for fertile (left panel) and depleted (right panel) peridotitic systems 716 

calculated along a 45 mWm-2 geotherm. Brown to yellow colour bar represents the density variations 717 

along the profiles. Grey lines subdivide the ideal mantle sections into the spinel, spinel + garnet and 718 

garnet stability fields, following a simplification of Ziberna et al. (2013) thermodynamic model. The 719 

iso-density line for ρ = 3.40 g/cm3 is shown for reference. 720 

 721 



30 
 

Figure 4. Density profiles for fertile (left panel) and depleted (right panel) peridotitic systems 722 

calculated along a 60 mWm-2 geotherm. Brown to yellow colour bar represents the density variations 723 

along the profiles. Grey lines subdivide the ideal mantle sections into the spinel, spinel + garnet and 724 

garnet stability fields, following a simplification of Ziberna et al. (2013) thermodynamic model. The 725 

iso-density line for ρ = 3.40 g/cm3 is shown for reference. 726 

 727 

Figure 5. Comparison of density profiles for fertile (left panel) and depleted (right panel) peridotitic 728 

systems calculated along a 35 mWm-2 geotherm (blue curves), 45 mWm-2 geotherm (yellow curves) 729 

and 60 mWm-2 geotherm (red curves). Density curves from previous literature are also shown: av. Lh 730 

(70 mWm-2), av. Lh (50 mWm-2), av. Hz (70 mWm-2) and av. Hz (50 mWm-2) are respectively the 731 

average density curves for fertile (TM16, BN4) and depleted (LS1, PA3) mantle xenoliths from 732 

Ziberna and Klemme (2016) calculated along the 70 mWm-2 and 50 mWm-2 geothermal gradients, 733 

whereas Inv. Lh (60-70 mWm-2) and Inv. Hz (60-70 mWm-2) are respectively the density curves of 734 

Inver lherzolite and harzburgite mantle xenoliths from Fullea et al. (2014) calculated under the Irish 735 

thermal state (60 to 70 mWm-2). 736 

 737 

Figure 6. Density profiles for PA3 (spinel harzburgite) and BN4 (spinel-garnet lherzolite) mantle 738 

xenoliths calculated along the 50 and 70 mWm-2 geothermal gradients following our simplified 739 

parameterisation in comparison with Perple_X-based original curves from Ziberna and Klemme 740 

(2016). Note the similarities between the two distinct sets of curves, both in their general trends and 741 

absolute values, as the density difference is always < 20 kg/m3. 742 
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Table 1. Thermoelastic parameters selected from literature (1 Angel et al., 2018; 2 Nestola et al., 2019) and derived from the fitting of P–V–T–K data for 

mantle phases. BM3 – Isothermal = Third-order Birch-Murnaghan compressional EoS in combination with the isothermal-type model (parameterisation 

from Angel et al., 2018); BM3 – HP = Third-order Birch-Murnaghan compressional EoS in combination with the Holland-Powell thermal‑ pressure 

EoS; BM2 – HP = Second-order Birch-Murnaghan compressional EoS in combination with the Holland-Powell thermal‑ pressure EoS. 

 
Olivine 1 

BM3 – Isothermal 

Orthopyroxene 

BM3 – Isothermal 

Clinopyroxene 

BM3 – Isothermal 

Spinel 

BM3 – HP 

Magnesiochromite 2 

BM2 – HP 

Garnet 

BM3 – HP 

KTR,0 (GPa) 126.4(2) 111.8(7) 112.8(3) 194.8(2) 183.3(5) 168.63(20) 

K’TR,0 4.51(5) 7.39(19) 4.95(9) 4.64(7) 4 fixed 5.11(9) 

K’’TR,0 -0.0368 implied -0.1681 implied -0.0509 implied -0.0254 implied -0.0212 implied -0.0369 implied 

αV0 (K
-1) 2.666(9) x 10-5 2.591(18) x 10-5 2.67(7) x 10-5 1.86(2) x 10-5 1.66(2) x 10-5 2.392(9) x 10-5 

θE (K) 484(6) 510 fixed 343(58) 714(15) 683(16) 450(6) 

δT 5.77(7) 9.0(6) 4.84(17) - - - 

δ’ -3.5(1.1) 0 fixed 0 fixed - - - 

γ0 1.044 fixed 0.85 fixed 0.867 fixed 1.17 fixed - 1.19 fixed 

ԛ 1.88 fixed 0 fixed 0 fixed 0 fixed - 0 fixed 

χ2 not reported 0.94 0.44 0.93 1.1 1.51 

N data 121 73 74 93 53 85 
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Table 2. Mineral phases compositions (a.p.f.u.) and modes (SG34 spinel lherzolite) and selected reference phases for the computation of density profiles 

for the fertile lithospheric mantle section. References: 1 Zha et al., 1998; 2 Chai et al., 1997, 3 Brown and Collins, 1998; 4 Ono et al., 2018; 5 Sumino and 

Nishizawa, 1978 (PY-1 sample); # = esd assumed, Fe* = total iron, n.d. = not detected, n.a. = not available. 

  Olivine   Orthopyroxene   Clinopyroxene   Spinel   Garnet 

  Model Selected 1  Model Selected 2  Model Selected 3  Model Selected 4  Model Selected 5 

Si 0.9955 1.00  1.8690 1.89  1.8570 1.8756  n.d. n.d.  n.a. 3.0005 

Ti n.d. n.d.  0.0029 n.d.  0.0136 0.0129  0.0016 0.0031  n.a. 0.0272 

Al n.d. n.d.  0.2225 0.23  0.3437 0.2833  1.7484 1.7673  n.a. 1.7749 

Cr n.d. n.d.  0.0115 0.01  0.0256 0.0275  0.1734 0.1871  n.a. 0.1202 

Fe* 0.2106 0.20  0.2046 0.17  0.0983 0.0907  0.2761 0.2237  n.a. 0.5317 

Mn 0.0017 n.d.  0.0035 0.01  0.0031 0.0026  0.0020 0.0020  n.a. 0.0217 

Mg 1.7882 1.80  1.6745 1.63  0.7705 0.8513  0.7915 0.8090  n.a. 2.1868 

Ca 0.0005 n.d.  0.0201 0.04  0.7782 0.7596  n.d. n.d.  n.a. 0.3326 

Na n.d. n.d.  n.d. n.d.  0.1097 0.1050  n.d. n.d.  n.a. n.d. 

K n.d. n.d.  n.d. n.d.  n.d. n.d.  n.d. n.d.  n.a. n.d. 

Ni 0.0079 n.d.  0.0025 n.d.  n.d. 0.0001  0.0070 0.0079  n.a. n.d. 

Zn n.d. n.d.  n.d. n.d.  n.d. n.d.  0.0035 n.d.  n.a. n.d. 

Unit cell volume [Å3] n.a. 292.01(10)  n.a. 834.1(5)#  n.a. 432.96(4)  n.a. 538.78(6)  - 1535.2(5)# 

Mode [spl stability field] 61.8  20.0  16.6  1.6  0.0 

Mode [grt stability field] 64.4  15.1  14.8   0.0   5.7 
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Table 3. Mineral phases compositions (a.p.f.u.) and modes (NDR13 spinel harzburgite) and selected reference phases for the computation of density 

profiles for the depleted lithospheric mantle section. References: 1 Zha et al., 1998; 2 Gatta et al., 2007; 3 Comodi et al., 1995 (sample 3211); 4 Matsukage 

et al., 2010; 5 Babuška et al., 1978 (PY-2 sample); Fe* = total iron, n.d. = not detected, n.a. = not available.  

  Olivine   Orthopyroxene   Clinopyroxene   Magnesiochromite   Garnet 

  Model Selected 1  Model Selected 2  Model Selected 3  Model Selected 4  Model Selected 5 

Si 1.0031 1.00  1.9687 1.968  1.9568 1.962  0.0004 n.d.  n.a. 3.0105 

Ti n.d. n.d.  0.0005 n.d.  0.0021 0.002  0.0017 n.d.  n.a. 0.0160 

Al 0.0004 n.d.  0.0545 0.037  0.0753 0.121  0.7961 1.00  n.a. 1.7297 

Cr 0.0005 n.d.  0.0142 0.011  0.0494 0.023  1.1240 0.92  n.a. 0.1780 

Fe* 0.1851 0.20  0.1682 0.146  0.0816 0.072  0.3618 0.31  n.a. 0.4874 

Mn 0.0028 n.d.  0.0044 n.d.  0.0029 0.001  0.0019 n.d.  n.a. 0.0198 

Mg 1.7965 1.80  1.7454 1.813  0.9779 0.890  0.7057 0.77  n.a. 2.1910 

Ca 0.0012 n.d.  0.0344 0.025  0.7985 0.828  0.0003 n.d.  n.a. 0.3575 

Na n.d. n.d.  0.0071 n.d.  0.0642 0.102  n.d. n.d.  n.a. n.d. 

K n.d. n.d.  n.d. n.d.  0.0004 n.d  n.d. n.d.  n.a. n.d. 

Ni 0.0070 n.d.  0.0025 n.d.  0.0019 n.d  0.0045 n.d.  n.a. n.d. 

Zn n.d. n.d.  n.d. n.d.  n.d. n.d  0.0035 n.d.  n.a. n.d. 

Unit cell volume [Å3] n.a. 292.01(10)  n.a. 834.71(3)  n.a. 434.42(48)  n.a. 560.68(16)  - 1537.20(46) 

Mode [spl stability field] 85.4  12.0  1.6  1.0  0.0 

Mode [grt stability field] 86.7   9.3   0.9   0.0   3.1 
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