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SUMMARY

We present the first 3-D upper-mantle conductivity models obtained by an inversion of the
satellite-derived tidally induced magnetic fields (TIMFs). We primarily use the M, period, but
the potential benefit of the O; period is also inspected. The inverse-problem solution is found
using the recently developed frequency-domain, spherical harmonic finite-element method
based on the adjoint approach. We tested two different TIMF data sets derived from the satellite
measurements of the Swarm mission and two different regularizations; the solution is either
required to be sufficiently smooth or reasonably close to the a priori 3-D conductivity model
WINTERC-e Wd-emax. The reconstructed conductivity models are locally compared with the
1-D conductivity profiles from other studies. If we use one of the available TIMF data sets, the
smooth reconstructed model gravitates towards Wd-emax and the TIMF-adjusted Wd-emax
model is closer to the reference conductivity profiles than the original Wd-emax model. Finally,
we use the obtained 3-D conductivity distributions to calculate the corresponding 3-D water
distribution in the upper mantle using thermodynamical and compositional models coupled to

the electrical-conductivity laboratory measurement of individual mantle constituents.

Key words: Tides and planetary waves; Geomagnetic induction; Inverse theory.

1 INTRODUCTION

The electromagnetic (EM) sounding methods have been used for a
long time to infer the electrical conductivity of the Earth’s interior.
The pioneering works of Chapman & Price (1930) and Lahiri &
Price (1939) were published almost 100 yr ago and focused mainly
on the theoretical aspects of EM induction (EMI). In the follow-
ing years, McDonald (1957), Banks (1969), Parker (1971), Banks
(1972) and Schultz & Larsen (1987) used continental geomagnetic
observatory data to derive the global 1-D conductivity profile of the
Earth.

Other authors constructed regional conductivity profiles. Olsen
(1999) inspected the lower mantle conductivity beneath Europe us-
ing long-period data from the low- and mid-geomagnetic-latitude
observatories. Lizarralde et al. (1995), Semenov (1998), Utada et al.
(2003) and Kuvshinov et al. (2005) derived the conductivity be-
neath the North Pacific Ocean by combining data from the coastal
geomagnetic observatories and submarine cables. The most com-
prehensive is the study of Kuvshinov ez al. (2005), who used data
from six observatories and seven cables.

Some regional studies also recovered the lateral conductivity
variations besides the average conductivity profile. Utada et al.
(2009) obtained the 3-D conductivity structure beneath Europe in

the mantle transition zone (MTZ) using data from the 12 Euro-
pean geomagnetic observatories. Fukao et al. (2004), Koyama et al.
(2006) and Shimizu et al. (2010) constructed the 3-D MTZ con-
ductivity model beneath the North Pacific Ocean using data from
geomagnetic observatories and submarine cables.

A breakthrough in global induction studies has been made by
various satellite missions. The key advantage of satellite data is
their quasi-global coverage although it takes three months to cover
all local times, which creates some trade-off between space and time
effects. On the other hand, new challenges have arisen, such as the
separation of the inducing and induced fields. Data from the Magsat
(Constable & Constable 2004), Orsted (Civet & Tarits 2013), SAC-
C (Kuvshinov & Olsen 2006; Piithe ez al. 2015), CHAMP (Velimsky
et al. 2006; Martinec & Velimsky 2009; Velimsky 2010) and Swarm
(Civet et al. 2015) satellites were used to constrain the global 1-D
conductivity structure of the Earth. Kuvshinov & Olsen (20006),
Piithe et al. (2015) and Grayver et al. (2017) combined data from
several satellite missions. For example, Piithe et al. (2015) used data
measured by the Orsted, CHAMP, SAC-C and Swarm satellites.

The traditional EM sources used to illuminate the upper mantle
are the ionospheric (Sq variations) and magnetospheric (Dst vari-
ations) electric currents. Satellite measurements have opened the
door to the utilization of new EM sources. In particular, the tidally

Gz0z Aenuepr 20 UO Jasn ejnye} Iu[eyizAl-O)olBWSle|\ ‘OZelid A BAOEY BNIZISAIUN AQ 87/€69//¥SZ1L/S/8Eg/a1omie/B/woo dno olwspeoe)/:sdny woi) papeojumoq

© The Author(s) 2024. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access
article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
1254 permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0003-3281-3877
mailto:sachl@karel.troja.mff.cuni.cz
https://creativecommons.org/licenses/by/4.0/

induced magnetic field (TIMF), first extracted by Tyler ez al. (2003),
has proved to be useful in constraining the upper-mantle conductiv-
ity (Grayver et al. 2016, 2017).

Recently, the first 3-D mantle conductivity models constructed
by inverting a long time-series (several decades) of geomagnetic-
observatory data were published by Kelbert ez al. (2009), Tarits &
Mandéa (2010) and Semenov & Kuvshinov (2012). There were no-
table differences in the reconstructed conductivity structures. The
most significant outlier was the model of Tarits & Mandéa (2010)
in which the conductivity variations were at least one order of mag-
nitude larger than in the other models. Additionally, in all three
cases, the data coverage of the Earth’s surface was highly irreg-
ular, see fig. 1 in Tarits & Mandéa (2010) or fig. 7 in Semenov
& Kuvshinov (2012), and the coverage of suboceanic regions was
very poor. The studies of Velimsky & Knopp (2021) and Kuvshinov
et al. (2021) are free of these difficulties. They presented the first
3-D conductivity models of lower mantle constructed from satel-
lite data, specifically Swarm and CryoSat-2 data. Disadvantage of
these studies is a relatively low resolution due to the insufficient
local-time coverage mentioned above.

In this paper, we follow the lineage of 3-D conductivity studies
by further exploiting the usage of satellite data. We present the first
attempt to extract information about the 3-D upper-mantle conduc-
tivity structure and water content from the satellite-derived TIMFs.
The reconstructed models are objectively assessed by comparison
with the local conductivity profiles from other studies. The paper
aims to demonstrate that the 3-D upper-mantle conductivity can be
reconstructed from the satellite-derived TIMFs using our method-
ology. However, since it is a pioneering work, the presented results
might be revisited in the future. In particular, we suggest reexam-
ining the TIMF models since they represent the major source of
inaccuracies in the 3-D inverse modelling.

2 METHODOLOGY

2.1 EM inverse problem

We set up the inverse problem according to Sachl ef al. (2022). The
upper-mantle conductivity distribution is numerically discretized
using piecewise constant functions on a 3-D curvilinear grid. We fix
the conductivity values at subcontinental gridpoints and gridpoints
in the Arctic Ocean with colatitudes ¢ < 25°, since the sensitivity
of the TIMF inverse problem is poor in this region. We search
for the conductivity values in the suboceanic regions. However,
since the resolution of the satellite-derived data sets is limited, we
search for the conductivity of gridpoint blocks rather than single
gridpoints. Thus, the conductivity distribution is given by the model
vector m € R, where M is the number of suboceanic blocks in the
inverse problem. The conductivity in the ith block is then equal to
0; = 0910, where 0y = 1 Sm™! is used for scaling.

In order to find the conductivity distribution that fits best the
satellite-derived TIMF, we minimize the regularized inverse prob-
lem,

m(}) = arg m&rﬁb [x*(m) + AR*(m)], (1

where x2(m) is the misfit, R*(m) is the regularization functional
and X is the regularization parameter balancing the data misfit and
regularization.

If we consider one tidal constituent at the angular frequency
w, the misfit is defined as a generalized L, norm of the differences
between the predicted TIMF B(m;rs, 2; w) and the observed TIMF
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B°™(rs, Q; w) over the sphere S of radius rs = a + h, where a =
6371.2 km is the Earth’s radius, and /& = 430 km is the typical
altitude of Swarm A+-C satellites, rs > a,

1
xm = o / M) | Bmirs, 2:0) — B™(rs, ) dS. ()
S

where M(2) can be an arbitrary function with global support. In
our calculations, M(2) is a mask function with values 0 or 1 corre-
sponding to subcontinental and suboceanic blocks.

Here, B(m;rs, ; w) is the solution of the motional EMI equa-
tion

curl [Lcurl B(r; a))] —iwueB(r; )
o(r)

= pocurl [u(r; w) x Bu(r)]. 3)

The external sources are absent, and the interior forcing stems from
the interaction of barotropic tidal flows u(r;w) with the Earth’s
main magnetic field By (r). More details can be found in Sachl
et al. (2022) and Velimsky ef al. (2018).

The actual TIMF databases provide internal-field coefficients up
to degree jmaxp from which the TIMF is calculated,

JmaxD ] +1

B™(rs, Qo)=Y )

m

BN )85, ()

Jj=1 m=—jr=-1
JmaxD  J Jj+2
i,0bs a
= Z G;mb )((,()) <7)
pEr— s
< [0+ D8} @ - sh@]. @)

where §%) ($2) are the complex spherical harmonic (SH) vectors

Jjm
(A1)—(A3) and G;’,’:bs)(a)) are the SH coefficients of the inter-
nal (induced) magnetic field. There are two available satellite-
derived TIMF data sets. The MTI data set in versions 601, 701,
801 and 901 (Sabaka et al. (2020), released as Swarm Level 2
products by ESA, https://swarm-diss.eo.esa.int/#swarmj,
2FLevel2longterm),2FMTI) and the GO19 (Grayver & Olsen
2019) data set. We use the GO19 and the latest MTI901 data sets in
the inverse modelling. The MTI data sets released earlier are consid-
ered only in Section 3.1. The MTI and GO19 data sets are available
up to Jjmaxp = 18 and 28, respectively. Both data sets provide the
M, TIMF, GO19 provides also the N, and O; TIMFs.

If we insert eq. (4) into eq. (2) and consider that the vectors
S(ﬁ,),(SZ) are orthogonal to each other, we obtain the equivalent form
of the misfit!

VAR !
rm=23 (1) [Camo-5iw)]

jmj'm'

X Wi [ G (M3 0) = GG (@)] 5)

18achl et al. (2022) used factor (a/rs)Y /2 in the definition of x2, which
is technically correct as a weighting but it is inconsistent with eq. (2).
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where W, is the weighting matrix,

1 . . —(=1) _
Winim = — |G+ DG+ 1) | ME)S,,, (Q) - 8 )()de
87T J
Q

+ / ME©)S,) () - sfl.l,),,,(sz)dsz]. (6)
Q

The weighting matrix is a full matrix if M(2) is a non-trivial func-
tion. In a special case when M (£2) is a unit function, M($2) = 1, the
weighting matrix becomes a diagonal matrix due to the orthogonal-
ity relation (A4),

. .
ijj’m’ = g(zj + 1)(] + 1)8jj’5mm" (7)
The weighting matrix (6) satisfies
W ymtjm = Wimjrm' (®)

which guarantees that the misfit is a real-valued function.

If the observed internal-field coefficients have a poor quality at
certain SH degree j = j,, for example, due to large measurement
errors, it is meaningful to exclude this coefficient from the misfit by
using the weighting matrix Wj,,, im's
Wimjm' = (1 =8, )1 =871, )W jmjtm - 9
Concerning the regularization, we use two different types. In the
first case, we require conductivity distribution to be a smooth field.
We thus evaluate the horizontal gradients grad ¢, of the logarithm of
conductivity over the spherical Earth G,

1
R*(m) = 5/ |grad9 log,, [o(m; r)/00]|2dV. (10)
G

In the second case, we search for the conductive distribution that is
close to the a priori 3-D conductivity distribution o,(r) by setting

R*(m) = / |log, [o(m; r)/oa(r)]|2 dr. (11)
G

2.2 Numerical modelling of TIMFs

2.2.1 Initial conductivity model

We use a similar setup as in our benchmark study Sachl et al. (2022).
We represent the initial conductivity model with a sphere with 204
layers. The finest resolution is used in the lithosphere and the oceans;
our model has 141 layers in the upper 21 km. This is unusual in
global EMI studies since the common practice is representing the
oceans with only one layer. We agree that the TIMF inaccuracies
caused by the one-layer approximation are minor (Velimsky et al.
2018). However, since the impact of 3-D upper-mantle conductivity
is also subtle, as discussed in Section 3.1, we model the 3-D nature of
the oceans as precisely as possible. Deeper into the Earth’s interior,
we use 20 layers in the upper mantle down to 403 km depth, 16
layers in the transition zone and 24 layers in the lower mantle from
676 km down to the core—mantle boundary at a depth of 2876 km.
The remaining three layers discretize the Earth’s core.

In the oceans, we use the 3-D conductivity distribution of Tyler
et al. (2017). We neglect the temporal variations of ocean conduc-
tivity since we use the annual mean values. The ocean floor is mod-
elled with realistic TPXO9 bathymetry. The conductivity of marine
sediments is set according to Grayver (2021). The conductivity of
continental sediments is equal to 0.5Sm™! according to Everett

et al. (2003). A conductivity of 3.48 x 10~* Sm~! is assigned to
igneous rocks in the crust (Grayver et al. 2017).

The initial upper-mantle conductivity is set up according to the
Wd-emax model. Wd-emax is a high-conductivity end-member of
the WINTERC-e model (Martinec et al. 2021) that takes into ac-
count water and hydrous melt in the upper mantle. The important
feature of WINTERC-e is that it is constructed on the basis of the
WINTERC-G model, which has no link to electromagnetism (Fullea
etal. 2021). By inverting various non-EM geophysical data (seismic
waveform tomography, global satellite gravity, surface elevation and
heat flow data), WINTERC-G predicts thermal and compositional
fields that are combined with the laboratory measurements of the
conductivity of upper-mantle minerals and melt to construct the
WINTERC-e model.

We use two different initial conductivity distributions in our cal-
culations. The choice depends on the regularization used. In the
calculations that are regularized by the horizontal smoothing of
conductivity, the initial upper-mantle conductivity is purely 1-D. It
is set up according to the Wd-emax1D model, the globally aver-
aged version of the Wd-emax model. In the calculations that are
regularized by the distance from the a priori conductivity model,
both initial and a priori upper-mantle conductivity distributions are
3-D in depth range 83-403 km and 1-D in the shallower parts of the
upper mantle according to the Wd-emax and Wd-emax1D models,
respectively. We set the minimum allowed upper-mantle conductiv-
ity in both cases to 10~ Sm™'. The truncation is necessary to avoid
the numerical instabilities of the forward solver, but it affects only
the shallowest parts of the upper mantle.

We use the 1-D conductivity profile of Grayver ef al. (2017) in
the transition zone and lower mantle and a constant conductivity
of 2 x 10° Sm~! (Velimsky 2013) in the Earth’s core. A more
complex model of deep-Earth conductivity is unnecessary since
tidal signals do not penetrate to these depths.

2.2.2 Motional forcing

The Lorentz force u(r;®) x By(r) on the right-hand side of the
EMI eq. (3) represents the motional forcing dependent on the ocean-
flow velocity u(r;w) and the main magnetic field By(r). We use
tidal velocities predicted by the TPX0O9 model (Egbert & Erofeeva
2002, updated), a state-of-the-art hydrodynamic tidal model con-
strained by satellite altimetry assimilation. In particular, TPXO9
provides the 2-D vertically integrated barotropic velocities, which
we scale by local bathymetry to obtain velocities. Note that al-
though the tidal velocity is constant throughout the water column,
the motional forcing is 3-D due to the presence of bathymetry that
we capture using the fine vertical discretization of the near-surface
regions and the 3-D ocean conductivity, see Section 2.2.1. The main
magnetic field is given by the International Geomagnetic Reference
Field IGRF-13(2015.0) (Alken ef al. 2021) in the geodetic coordi-
nates up to SH degree 13. The main magnetic field is thus constant
in time but 3-D in space since its vertical variations are considered.

2.2.3 EImgFD solver and the numerical resolution

We use the OpenMP-parallelized EMI solver ElImgFD (Velimsky
et al. 2018) to compute the forward and adjoint fields in the in-
verse problem. ElImgFD is based on the weak formulation of the
EMI equation. It uses the complex vector SH functions in angular
coordinates and piecewise-linear 1-D finite elements in the radial
coordinate to discretize the governing equations numerically. The

Gz0z Asenuep 20 uo Jasn eynyel IujeyIzAl-oxyonewslely ‘ezeld A BAolRY BlZIoAIUN AQ 81/€69//7SZ L /S/8EZ/ame/B/woo dno oiwapeode//:sdiy Woll papeojumoc]



Table 1. Names and locations of the test sites and the authors of the corre-
sponding conductivity profiles used in the presented validation study.

Site Longitude Latitude Author

A 157°E 40° N Baba et al. (2017b)
B 163.5° E 31°N Baba et al. (2017b)
ZHA 165° W 41° N Zhang et al. (2019)
PHS See the text See the text Baba et al. (2010)
SAR 145°W 9° N Sarafian et al. (2015)
PAC 147° E 27° N Baba et al. (2017b)
TDC 12315°W 37.067° S Baba et al. (2017a)

corresponding system of linear equations is solved iteratively using
the BiCGStab(2) method (Sleijpen & Fokkema 1993).

The numerical grid is regular in the longitudinal direction and
irregular in the latitudinal direction, where the roots of the Legendre
polynomial give the gridpoint positions. The grid is irregular in the
radial direction, but it is regular in the part of the upper mantle where
we search for conductivity values. In this region, the numerical grid
has 180 x 90 x 20 points in the longitudinal, latitudinal and radial
directions, respectively. It corresponds to approximately 2° in the
lateral direction. The resolution in the vertical direction is 20 km.
We use the 8° and 10° blocks that contain4 x 4 and 5 x 5 gridpoints
in GO19 and MTI901 inversions, respectively, to take into account
different jpaxp.

We calculate all presented inverse-problem solutions using
Jmax = 60, and we apply the data correction of Sachl et al. (2022)
to account for small-scale ocean flows whose magnetic field does
not penetrate into the upper mantle. However, it influences large-
scale signals through the galvanic and induction coupling inside the
oceans. The data correction is calculated by subtracting jn.x = 480
and 60 TIMF solutions that use 1-D upper-mantle conductivity of
Wd-emax1D. We tested that the replacement of Wd-emax1D by the
3-D Wd-emax upper-mantle conductivity has a negligible effect on
the data correction.

2.3 Conductivity profiles from other studies

In order to validate the 3-D conductivity models obtained by inver-
sions of TIME, we compare the local radial conductivity profiles
with the conductivity profiles of other authors. We have selected
seven 1-D conductivity profiles based on two criteria. First, it needs
to be a suboceanic profile, preferably located in the deep ocean. The
subcontinental profiles can not be used. However, we accept profiles
based on island-observatory measurements provided the island is
laterally much smaller than the block used in the inversion. In that
case, the impact of the island on the tidal flow and the conductivity
of the corresponding oceanic blocks can be neglected. In principle,
the profiles from coastal and shelf areas are also acceptable, but
our inverse-problem solution might be inaccurate in these regions.
Secondly, the upper-mantle conductivity profiles are required. The
studies illuminating the lower mantle using periods of a few weeks
or months or focusing on the crust or shallow upper mantle using a
period range of 10° — 103 s are irrelevant for our purposes.

The 1-D conductivity profiles of Zhang et al. (2019), Baba et al.
(2010,2017a, b) and Sarafian et al. (2015) derived from the seafloor
magnetotelluric data pass both selection criteria. The names and
positions of the respective test sites are summarized in Table 1 and
visualized in the lowest-left panel of Fig. 6. The corresponding
profiles (reference profiles hereinafter) are depicted in Fig. 7 (and
repeated in Fig. 8) as the grey profiles. The A, B, PHS and TDC
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profiles provide conductivity up to 400 km depth, while ZHA, SAR
and PAC terminate at 300 km depth.

Since our conductivity models are discretized on a structured grid,
the gridpoint positions do not coincide with the test-site positions.
In most cases, we use the conductivity profile from the nearest
gridpoint. The exceptions are the PHS and SAR test sites in the setup
with 8° blocks. The PHS profile represents the average conductivity
profile of the Philippine Sea. It is a large area, see fig. 1 in Baba
et al. (2010), it covers approximately 127° E-145° E zonally and
17° N-31° N meridionally. In the case of 8° blocks, four blocks cover
the PHS region; thus, we average the respective four conductivity
profiles. The SAR test site is located between two neighbouring
gridpoint blocks, so we average the conductivity profiles of the two
gridpoint blocks. The 8° blocks are used in GO19 inversions. The
Wd-emax conductivity model is also averaged to 8° blocks to make
a fair comparison.

In order to stay unbiased, we assess the results using a well-
defined valuation metric. We call it the discrepancy number d,

d

_ Illogyy [o(r)/0c(r)] 2

where ||.||; is the L? norm on the (r|, r,) interval and o(r) and
o,r(r) are the inspected and reference conductivity profiles, re-
spectively. We calculate d in the depth range of 200-400 km for
the A, B, PHS and TDC profiles and 200-300 km for the ZHA,
SAR and PAC profiles, which means that 7, = a — 400 km and
ry = a — 200 km, and r; = a — 300 km and r, = a — 200 km, re-
spectively. According to Sachl et al. (2022), we expect a good
sensitivity of TIMFs to conductivity variations in this depth range.
We also consider 200 km sufficient to suppress the effect of local
small-scale conductivity anomalies on the reference profiles.

(12)

2.4 Water-content estimate using thermochemical
modelling

2.4.1 Thermochemical modelling

The thermochemical state of the mantle is retrieved from the
WINTERC-G model (Fullea et al. 2021). The petrological state
is derived from the thermochemical variables using the thermody-
namical modelling presented in Connolly (1990, 2005, 2009). The
input for the aforementioned petrological modelling is the chemi-
cal composition in the CFMAS (CaO, FeO, MgO, Al,O; and SiO,)
model, temperature 7', pressure P and the thermochemical database
presented in Stixrude & Lithgow-Bertelloni (2005a, b) and Xu ez al.
(2008) describing the thermodynamics of the major dry mantle
phases. The output for our purpose are the volume fractions X?
of the major mantle phases, specifically olivine (ol), clinopyroxene
(cpx), orthopyroxene (opx), garnet and the C2/c pyroxene.

The thermochemical database does not allow us to reliably com-
pute the amount of the peridotite melt present. To get around this,
we introduce the possibility of mantle peridotite melting using the
water-dependent parametrization described in Katz et al. (2003).
The melt volume fraction X' Of obtained by this parametrization is
added to the phase mix, so that the final volume fractions of the
phase mix are

X0

Xi= oo (13)
SEPUESY

where n — 1 is the number of present phases excluding the melt.
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2.4.2 Mantle mineral electrical conductivity

The conductivity of a mantle mineral can be described as o =
o(T, P, X, Cy), where Xg. is molar fraction iron content and C,,
is water content described by weight fraction. The formula can be
further decomposed into three terms

U:U[+Uh+0p, (14)

where 0; and o, are the water-independent conductivity mechanisms
(ionic and polaron hopping) and o, is the water-dependent proton
conductivity.

The water independent conductivity terms for orthopyroxene and
clinopyroxene are the same as the ones used in Fullea et al. (2011).
For the dry conductivity of garnet, we used the measurement results
presented in Dai & Karato (2009). For the water-dependent con-
ductivity terms, we use the same dependencies as in Martinec et al.
(2021). That is for clinopyroxene and orthopyroxene we use the re-
sults presented in Zhao & Yoshino (2016) and Zhang et al. (2012),
respectively. Furthermore, due to lack of data for C2/c pyroxene, we
consider its conductivity dependency to be the same as the one of
orthopyroxene. For the conductivity of melt, we apply the formula
by Ni e al. (2011).

As olivine is the major upper-mantle phase, we consider several
electrical conductivity parametrizations. These parametrizations are
presented in Gardés et al. (2014), Xu et al. (2006) and Yoshino
et al. (2009, 2012). For each of these parametrizations, we com-
puted the water content inversion. Only the results for the first two
parametrizations are presented because using the parametrization of
Yoshino results in unrealistically high water content for the upper
mantle.

Due to the uncertainty of phase mix structure, we consider only
the lower and upper Hashin—Shtrikman (HS) bounds for the bulk
electrical conductivity. The HS electrical conductivity bounds for
the phase mix of n present phases can be computed as

—1
- X;
= 27 — 20, , 15
Ons < Ui-f-ZUi) o (1)

i=1

where o7} and o5 are the upper and lower HS bound and o and o
are the maximal and minimal conductivities for the present phases,
respectively.

2.4.3 Water

The water content of the upper mantle is not accounted for in the
thermochemical modelling within the CFMAS model. For our pur-
poses, it is considered to be a free parameter on top of thermody-
namical modelling.

The water content is not distributed evenly among the present
phases. The bulk water concentration is equal to

Cy= ix,.c;, (16)
i=1

where X; are the phase volume fractions and C!, are the correspond-
ing water concentrations.

The distribution of water content between phases is not indepen-
dent and can be described by water partition coefficients. The water
partition coefficient D;/; between two phases i and j is defined as
Ci = D;;;CJ. First, we consider the peridotite-melt partition co-
efficient Dper/meir = 0.01 used in Katz er al. (2003). Therefore, the

equation for melt water content is

C, = Cu“)jelt (Xmen + Dper/meltXper)

= CI (Dper et Xmett + Xper) - (17)

To partition the water content of peridotite between olivine, orthopy-
roxene and clinopyroxene, we employ the results of Demouchy ez al.
(2017). We use the olivine—orthopyroxene water partition coefficient
Dqpx /ol = 10.6 and the olivine—clinopyroxene water partition coef-
ficient Dpy /o1 = 5.6. The equation describing the water contents of
the present peridotite phases is

CE)er = CEJI(XOI + Dcpx/olchx + Dopx/olXopx + Dopx/olXCZ/c) . (18)

We consider the C2/c pyroxene to have the same water partition
properties as orthopyroxene, due to the lack of data. Furthermore,
following Martinec et al. (2021), we set the water content of garnet
to zero. Lastly, we neglect any water saturation effects on the water
partitioning.

3 RESULTS

3.1 Satellite-derived TIMFs

We start with the inspection of the Lowes—Mauersberger spectra of
the MTIand GO19 (see Section 2.1) M, TIMFs at the satellite height
of 430 km. Fig. 1 shows six power spectra up to SH degree 18 of
the five satellite-derived TIMFs and the synthetic TIMF calculated
using the 3-D Wd-emax upper-mantle conductivity and the TPXO09
M, tidal flow, see Section 2.2. The maximum SH degree is set to
Jmax = 480, which is considered to be a sufficiently fine resolution.

Qualitatively, the shape of all spectral lines in Fig. 1 agrees well,
and the spectral peaks match nicely. However, the MTI spectra are
significantly more energetic than the GO19 and Wd-emax spectra,
except for the spectrum of the latest MTI901 data set. The power
gradually decreases from MTI601 to MTI901, but the power reduc-
tion in MTI901 is the most dramatic change in the MTI lineage.
Consequently, the GO19 and MTI901 spectra match the synthetic
Wd-emax spectrum considerably better than the MTI601, MTI701
and MTI801 spectra. An exception is SH degree 1, which differs
in the GO19 spectrum from the Wd-emax and MTI spectra. We
consider it to indicate that degree 1 is overly strong in GO19. We
argue that it could be a remnant of a non-tidal EM field that has not
been successfully separated.

We continue with the direct comparison of the GO19 and MTI901
coefficients. We follow Sabaka ef al. (2020) and calculate normal-
ized coefficient differences in absolute value,

RGO — RSSO N, form <0

Sjm = (i,MTI901) (i,GO19) (19)
&im — & /N;, form >0,
where g;i,’:bs) and h?;;bs) are the Schmidt semi-normalized real Gauss

coefficients corresponding to the cosine and sine terms, respectively,
and N; is the normalization factor,

1 . .Go19)) 2 .Go19)\
Ny= |5 20| () + (W) |, 20
that is, GO19 is the ‘reference’ model and MTI901 is the ‘evaluated’
model.
Fig. 2 shows the matrices of S(j, m) differences for the real and
imaginary parts of the TIMF up to degree 10. It is striking that many

Gz0z Asenuep 20 uo Jasn eynyel IujeyIzAl-oxyonewslely ‘ezeld A BAolRY BlZIoAIUN AQ 81/€69//7SZ L /S/8EZ/ame/B/woo dno oiwapeode//:sdiy Woll papeojumoc]



3-D upper-mantle conductivity from TIMF 1259

= MTI601
v MTI701
* MTI901
_ 0.0 ecot ||
(:l-\ Wd-emax
|_
= 2\
£ 0.04 )
Ol 7 \
B
5 )
; A4
& 0.02 ;
V ‘m‘ N o %
0-004 5 10 15

Degree j

Figure 1. Lowes—Mauersberger spectra of the M, TIMFs. The spectra of the satellite-derived MTI and GO19 TIMFs and the spectrum of the synthetic TIMF

calculated using the Wd-emax upper-mantle conductivity are shown.

Figure 2. Normalized coefficient differences of real (left-hand panel) and imaginary (right-hand panel) parts of the MTI901 TIMF with respect to the GO19

TIMF in absolute value up to degree 10.

coefficients are significantly different, although specific coefficients
are very similar in both data sets. It also means that there does not
exist an offset or a multiplication factor that would scale the MTI901
or GO19 coefficients to each other. The level of mismatch between
the GO19 and MTI901 coefficients is similar in real and imaginary
components. The misfit éq. (5) is thus defined reasonably, and its
modification that would consider only real or imaginary parts of the
internal coefficients is not justified.

The radial component of the GO19 and MTI TIMFs at 430 km
height can be found in the original papers. The synthetic M, TIMF
synt1D calculated using the 1-D upper-mantle conductivity model
Wd-emax 1D, which is the globally averaged Wd-emax model, is in
good agreement with those figures, see the first column of Fig. 3. The
expected imprint of the 3-D upper-mantle conductivity in the TIMF
on a satellite height is subtle, see the second column of Fig. 3. It de-
picts the differences between the synthetic TIMF synt3D calculated
using the 3-D Wd-emax upper-mantle conductivity and the synt1D
TIME. The GO19 and MTI901 TIMF differences with respect to the
synt1D TIMF are shown in the third and fourth columns of Fig. 3,
respectively. It is concerning that the amplitudes of GO19-synt1D
and MTI901-synt1D differences are about one order of magnitude
larger than the amplitude of synt3D-syntlD differences. It may
either suggest that Wd-emax underestimates the upper-mantle con-
ductivity anomalies or that the imprint of 3-D mantle conductivity

is on the edge (or beyond) of the accuracy of the actual state-of-the-
art satellite-derived TIMFs. The first option is supported by the fact
that the patterns of GO19-synt1D and MTI901-synt1D differences
are similar in the Pacific and Indian Oceans. Nonetheless, there are
differences between the two data sets, as we can see in the last col-
umn of Fig. 3, especially in the Atlantic Ocean, which supports the
second hypothesis. We address this issue in the following sections.

3.2 3-D TIMF-derived models of mantle conductivity

We tested two regularization types, the horizontal-smoothness reg-
ularization (10) and the regularization towards a priori conductivity
model (11). It is helpful to start with the conductivity models re-
covered using the horizontal-smoothness regularization since the
positions of conductivity anomalies required by data are identified
easily.

3.2.1 Horizontal-smoothness regularization

The conductivity models GO19-SM and MTI901-SM recovered
from the M, TIMF and the model GO19-SM-O1 recovered from
the M, TIMF and corrected using the O; TIMF as explained in Ap-
pendix B are depicted in Fig. 4. The recovered models are displayed
for the optimal value of the regularization parameter. Theoretically,
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Figure 3. Real (top) and imaginary (bottom) parts of the Z component of the M, TIMF [nT] (leftmost column) calculated at the 430 km height using the 1-D
upper-mantle conductivity profile Wd-emax 1D and the differences [nT] (other columns) with respect to the other M, TIMFs.
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Figure 4. Conductivity models [Sm~'] GO19-SM, MTI901-SM and GO19-SM-O1 recovered from the M, and My+0; TIMFs, respectively, using the

horizontal-smoothness regularization and the Wd-emax model.

the optimal value corresponds to the maximum inflection point of
the L-curve. We thus run a series of regularized inverse problems
and choose the optimal value of the regularization parameter by
inspecting the L-curve. We identify the inflection point but prefer
more regularized solutions since the data quality could be compro-
mised, see Section 3.1.

All SM solutions are more conductive than the Wd-emax1D
model in most depths and regions. The largest conductivity anoma-
lies are in the depth range of 183-223 km, see the second row
of Fig. 4. The MTI901-SM solution is dominated by the high-
conductivity anomaly beneath the Southern Ocean and South At-
lantic. The anomaly is centred south of Australia, see the third row
of Fig. 4, and it is present in the depth range of 103—363 km, that
is, in all inspected depths except for the uppermost and two deep-
est layers. Less pronounced conductive anomalies are beneath the
North Pacific and North Atlantic.

The conductivity anomalies in the GO19-SM solution have dif-
ferent amplitudes, and their locations are shifted. The most evident
is that the Pacific and North-Atlantic anomalies are significantly
more extensive and conductive. The Southern-Ocean anomaly is
reduced; it is localized around Australia but it also extends into the
Indian Ocean. The anomaly vanishes below the 243 km depth. The
South-Atlantic anomaly is shifted to the north.

The GO19-SM-0O1 model is similar to the GO19-SM model, but
the Pacific conductivity anomaly is reduced to the banana-shaped
feature in the northeast direction from Australia. Additionally, the
local maxima are more conductive in GO19-SM-O1.

The Wd-emax model does not enter the inversion with the
horizontal-smoothness regularization, and we can thus use this in-
dependent piece of information to validate the reconstructed con-
ductivity models. Indeed, since Wd-emax is considered a realistic
model of the Earth’s interior, the SM models are expected to resem-
ble it closely. Consequently, the TIMFs calculated using the SM
models, SM TIMFs for short, are expected to be closer to the Wd-
emax TIMF than the Wd-emax1D TIMF. The agreement can be as-
sessed by calculating the corresponding misfits according to eq. (2),
where B is the Wd-emax TIMF and B°* is either the Wd-emax 1D,
MTI901-SM, GO19-SM or GO19-SM-O1 TIME. The largest value
of misfit is achieved by Wd-emax1D, 4.6 x 10~* (nT)?, the misfit
decreases slightly to 3.2 x 10~* (nT)? in MTI901-SM and the best
misfit value of 8.0 x 107> (nT)? is achieved by GO19-SM. The
misfit in the O;-adjusted model GO19-SM-O1 is higher, equal to
1.91 x 10~* (nT)?, which means that the inclusion of the O, period
has worsened rather than improved the M,-reconstructed conduc-
tivity distribution. We argue that it is due to the lower quality and
lower cut-off degree of the O, satellite-derived TIMF with respect
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to the better-established M, TIMF. Because of this result, the O,
TIMEF is not considered in the rest of the paper.

As in Section 3.1, we calculate the normalized coefficients differ-
ences (19). In this case, the reference data set is Wd-emax TIMF, and
the evaluated data sets are Wd-emax1D, GO19-SM and MTI901-
SM TIMFs. The respective matrices are depicted in Fig. 5. The
GO19-SM differences are lower than Wd-emax1D and MTI901-SM
differences, which agrees with the previously calculated misfit val-
ues. The MTI901-SM differences are smaller than the Wd-emax1D
differences for the lowest degrees, but the discrepancy level is com-
parable for higher degrees. These results suggest that GO19 data
are more suitable for the 3-D upper-mantle inversion of electrical
conductivity than MTI901 data.

We wrap up this section with two comments. First, besides
MTI901, we also tested the MTI1701 and MTI801 TIMFs in the in-
version. As indicated by the power spectrum in Fig. 1, the recovered
upper-mantle conductivity distributions are far more resistive (not
shown) than the GO19 and MTI901 solutions. In fact, MTI701 and
MTI801 solutions are more resistive than the Wd-emax1D model
in many regions.

Secondly, we do not restrict the vertical conductivity gradients,
but since we integrate over the whole Earth in eq. (10), the subo-
ceanic conductivity is connected to the subcontinental conductivity
(given by the 1-D model). Modifying eq. (10) and integrating merely
over the suboceanic regions where we search for the conductivity
values is straightforward. Unfortunately, the recovered model is un-
realistically conductive if we use this ‘wet’ smoothing regulariza-
tion. Nevertheless, the ‘wet” smoothing regularization can be used
in the Md60p5j11 synthetic test of Sachl et al. (2022). The recov-
ered model is slightly more conductive beneath the coastal regions,
but the conductivity values beneath the open ocean and the overall
conductivity patterns are not much affected. Considering the first
comment, we interpret the difficulties of using the ‘wet’ smoothing
regularization with real data as an indication that a careful treatment
of'the satellite-derived TIMFs is needed in the 3-D inverse problem.

3.2.2 Regularization towards the Wd-emax conductivity model

The smoothness regularization represents a weak assumption about
the upper-mantle conductivity in terms of no a priori given positions
of conductivity anomalies. However, the level of smoothness of the
reconstructed conductivity might be unrealistic. The actual lateral
upper-mantle conductivity transitions could be much sharper. We
thus propose a different strategy.

Wd-emax is a 3-D model of upper-mantle conductivity, which
best agrees with the seismic, gravity and heat-flow data. It is natural
to complete the joint inversion by adding EM data. We use Wd-
emax as the initial conductivity model and search for conductivity
adjustments required by TIMF data. We request the reconstructed
conductivity model to be close to Wd-emax, which is achieved by
applying the regularization (11) with o, given by Wd-emax.

As in Section 3.2.1, the optimal solution of the inverse problem
is found by inspecting the L-curve. Additionally, we are also guided
by the amount of water in the reconstructed models, see Section 3.4.
The recovered conductivity models GO19-AP and MTI901-AP are
depicted in Fig. 6. The Wd-emax conductivity model is shown in the
left column for comparison. GO19-AP and MTI901-AP solutions
are more conductive than Wd-emax in regions where the respec-
tive horizontally smoothed counterparts GO19-SM and MTI901-
SM display conductive anomalies. Indeed, the regions beneath the
Southern Ocean southeast and southwest of Australia and the region
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beneath the Atlantic Ocean are more conductive in GO19-AP and
MTI901-AP than in Wd-emax. Beneath the North Atlantic, the con-
ductivity is more increased in GO19-AP than in MTI901-AP. Ad-
ditionally, in GO19-AP, the northeastern part of the North-Pacific
region and the part of the Indian-Ocean region above the 200 km
depth is more conductive. The conductivity adjustments are larger
in the shallower than in the deeper layers. Overall, the adjustments
are not extremely large which is in agreement with our concept of
conductivity corrections.

3.3 Validation of the recovered 3-D conductivity models

The conductivity profiles of all GO19 and MTI901 solutions are
shown in Figs 7 and 8§, respectively. In all panels, the reference
profiles from other studies are grey, Wd-emax profiles are solid
black, Wd-emax1D profiles are dashed black and the solid blue
and green profiles correspond to the solutions constrained by the
smoothness regularization and the regularization towards Wd-emax,
respectively. Note that the post-processed rather than the original
profiles are shown. We interpolated (linear interpolation of log-
arithm of conductivity) each conductivity profile to the common
2-km vertical grid.

The visual inspection reveals a general agreement between our
solutions and the reference profiles. In order to be more specific,
we calculate the discrepancy number d for each conductivity pro-
file. The discrepancy numbers of the Wd-emax1D, Wd-emax and
TIMF-derived conductivity models are summarized in Table 2. The
conductivity models can be divided into three groups according to
the average discrepancy number. The Wd-emax1D model has the
largest average discrepancy number. The MTI901-SM and GO19-
SM models have approximately 5 and 15 per cent lower average
discrepancy numbers, respectively. The Wd-emax, GO19-AP and
MTI901-AP models achieve the lowest average discrepancy num-
bers. To sum it up, Wd-emax outperforms Wd-emax1D, and the
TIMF-derived models regularized towards Wd-emax outperform
TIMF-derived models with horizontal-smoothness regularization.
Both findings are in agreement with our expectations. Indeed, Wd-
emax is expected to be a more realistic conductivity model than
Wd-emax 1D since it contains lateral conductivity variations. Simi-
larly, the AP models combine EM data with other geophysical data;
thus, the AP models are expected to be closer to the realistic mantle
conductivity than the SM models, which are based purely on EM
data.

The GO19-AP model achieves the overall best match with the
reference profiles. However, the decrease in the average discrepancy
number with respect to Wd-emax is small and it could be considered
insignificant. In fact, the discrepancy numbers of A, B and SAR test
sites decreased, but the discrepancy numbers of PHS, PAC, ZHA
(slightly) and TDC (slightly) sites increased.

It is fair to mention the weak points of the presented validation
study. The primary issue is that the coverage of the Global Ocean
by the test sites is very irregular. Except for TDC, all test sites
are located in the North Pacific. Profiles from the North Atlantic,
South Pacific and Indian Oceans would be valuable. A more uniform
coverage in the North Pacific would also be useful.

The related problem is that more open-ocean profiles are needed.
Considering the 8° and 10° lateral resolution of conductivity models
recovered from GO19 and MTI901 TIMFs, respectively, the test
sites A, PAC and PHS are not sufficiently far from the coast.

Finally, we might consider discarding the TDC site. It has the
largest discrepancy numbers among all test sites, which might be
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Figure 5. Normalized coefficient differences of real (upper row) and imaginary (lower row) parts of the Wd-emax1D, GO19-SM and MTI901-SM TIMFs

with respect to the Wd-emax TIMF in absolute value up to degree 10.
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Figure 6. Conductivity models [Sm~!] GO19-AP and MTI901-AP recovered from the M, TIMFs using the regularization towards Wd-emax (left-hand

column).

due to stronger local effects as the seafloor was significantly shal-
lower, approximately 3 km at TDC versus 5 km at other test sites.
The problem with the reference conductivity profile is that it de-
creases from the depth of 140 to 245 km, but then it increases,
reaching 0.13 Sm™! in the 400 km depth. The conductivity de-
crease is present in the GO19-SM and MTI901-SM models, but
none of our models shows the steep conductivity increase beneath
the 245 km depth, see the TDC panels in Figs 7 and 8. The olivine
model dissolving 100 ppm water also predicts lower values, see

fig. 8 in Baba ef al. (2017a). We thus argue that the conductivity
increase in the reference profile might be too large.

3.4 Interpretation of 3-D TIMF-derived mantle
conductivity

Using thermochemical modelling described in Section 2.4, we
derive a family of conductivity models with water content as a
free model parameter. This approach allowed us to interpret the
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Figure 7. Depth profiles [km] of conductivity [S m~!] at the selected test sites. Gray, dashed black, black, blue and green profiles correspond to the reference
(see Table 1), Wd-emax 1D, Wd-emax, GO19-SM and GO19-AP profiles, respectively. The GO19-SM and GO19-SM-O1 profiles are the same for the TDC

test site.
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Figure 8. The same as Fig. 7, but blue and green profiles correspond to the MTI901-SM and MTI901-AP profiles, respectively.

Table 2. Discrepancy numbers (12) multiplied by 100 calculated for the Wd-emax1D and Wd-emax conductivity
models and the conductivity models recovered from GO19 and MTI901 TIMFs at the selected test sites.

Wd-emax1D Wd-emax MTI901-SM GO19-SM MTI901-AP GO19-AP
A 8,87 4,73 6,41 6,00 4,67 3,82
B 8,16 5,62 4,71 4,58 4,45 4,39
ZHA 9,07 4,69 5,49 5,07 4,32 4,80
PHS 10,07 10,24 11,07 11,18 13,02 10,96
SAR 20,41 11,89 18,06 10,61 12,57 10,13
PAC 13,49 14,58 20,80 20,14 12,12 14,93
TDC 22,28 20,76 21,93 21,69 22,37 20,92
Average 13,19 10,36 12,64 11,32 10,50 9,99

retrieved conductivity models in terms of mantle water content,
thereby obtaining lower and upper estimates of water content for
the upper and lower Hashin—Shtrikman bounds, respectively. These
estimates are constructed pointwise, considering the average tem-
perature and chemical composition within discretization boxes and
layers.

Fig. 9 presents the lower water content estimates for the retrieved
GO19-AP and MTI901-AP conductivity models, employing the
Xu et al. (2006) olivine conductivity. We also included the water
content for the Wd-emax model as a reference. Fig. 10 displays
a depth profile of a suboceanic average for both the lower and
upper estimates of water content derived from GO19-AP in both
conductivity models.

When compared to previous studies in Ohtani (2019), the mineral
conductivity mode employing Gardés et al. (2014) shows a much
higher mean water content in the suboceanic upper mantle, even
for the lower water estimate. In particular, the average suboceanic
water content derived from our conductivity models lies in range

of 100-300 ppm, whereas Khan & Shankland (2012) show water
content around 100 ppm. Notice that the range between the upper
and lower average suboceanic water content estimates widens for
the uppermost layers and the lower upper mantle. This can be solely
attributed to the nature of HS bounds, which widen with larger
differences between present phase electrical conductivities.

The mineral conductivity model employing Xu et al. (20006) ap-
plied on the GO19-AP and MTI901-AP mantle conductivity mod-
els exhibits reasonable mean water content in the upper suboceanic
mantle, around 50—-100 ppm, but there are some lateral anomalies
of high water content.

Using the GO19-AP conductivity model, we can detect high
upper-mantle water content around the mid-Atlantic ridge and at
the boundary of the Pacific plate with the North American and Co-
cos plates. The MTI901-AP model detects high upper-mantle water
content around the Southern Indian Ridge and the southern bound-
ary of Pacific and Indo-Australian plates. These features disappear
when inspecting the lower depths.
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Figure 9. Lower water content estimates in weight fraction [ppm] corresponding to the GO19-AP (left), MTI901-AP (centre) and Wd-emax (right) models.
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Figure 10. Average suboceanic profile of the lower (red dashed) and upper water (blue dashed) content estimates in weight fraction [ppm] corresponding to
the GO19-AP conductivity model (black). Comparison between two rock conductivity model sets, differing in olivine conductivity: Gardés et al. (2014) (left)
and Xu et al. (2006) (right).
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There are also extremely high water content anomalies beneath
the continents. These can be attributed to the low resolution of our
model, which causes the low subcontinental temperatures to affect
our conductivity modelling.

The interpretation of electrical conductivity anomaly in terms
of water content faces two major challenges. First, there is no
standardized method for selecting rock conductivity dependencies,
resulting in varied approaches across studies (for a detailed dis-
cussion, see Khan & Shankland 2012; Khan 2016, and references
therein).

Secondly, the thermochemical modelling of the upper mantle in
the presence of partial melt and water is not carried out in a truly self-
consistent way. We follow the approach of WINTERC-e (Martinec
et al. 2021). The thermochemical modelling is carried out only for
dry mantle phases. The partial melt, water and its partitioning into
all the phases are computed a posteriori.

4 CONCLUSIONS

This paper complements the studies of Kelbert et al. (2009), Tarits
& Mandéa (2010), Semenov & Kuvshinov (2012) and Velimsky &
Knopp (2021) in the search for the 3-D conductivity structure of
the Earth’s interior. We restrict ourselves to the suboceanic upper
mantle and use the TIMF, which is sensitive to the upper-mantle
conductivity. Our main conclusions can be summarized as follows:

e Conductivity models GO19-SM and MTI901-SM recon-
structed from the GO19 (Grayver & Olsen 2019) and MTI901
(Sabaka et al. 2020) TIMFs, respectively, using the smoothness
constraint are more conductive beneath Earth’s oceans than the
intial WINTERC-e Wd-emax1D model. Both models display con-
ductive anomalies south of Australia beneath the Southern Ocean
and beneath the South Atlantic Ocean. In other regions, the location,
shape and amplitude of conductivity anomalies in GO19-SM and
MTI901-SM do not correspond.

e The GO19-SM and MTI901-SM models agree better with the
local conductivity profiles of Zhang et al. (2019), Baba et al. (2010,
2017a, b) and Sarafian ef al. (2015) than the initial WINTERC-
e Wd-emax1D model but worse than the Wd-emax model. When
comparing the SM models, GO19-SM is superior to MTI901-SM
since it is closer to the reference conductivity profiles and WD-emax
in terms of the corresponding TIMF.

e The GO19-AP model, which uses the M, TIMF constraints
to adjust the EM-data-free conductivity model WINTERC-e Wd-
emax is, on average, closer to the reference profiles than the original
Wd-emax model. However, the improvement is small and not very
convincing. We recommend repeating the calculations in the future
using the next generation TIMF model.

e The conductivity adjustment using the O; TIMF does not im-
prove the reconstructed conductivity, although particular improve-
ment has been achieved in the synthetic test. If we consider that the
quality of satellite-derived O; TIMF is inferior to the M, TIMF at
the moment, the O; TIMF remains promising for future studies.

e Regarding inverse modelling of 3-D upper-mantle conductivity,
the TIMF data set MTI901 differs significantly from its predecessor
MTIB01. The MTI801 power spectrum is much more energetic, and
the reconstructed upper-mantle conductivity model MTI801-SM is
more resistive than Wd-emax and GO19-SM, which makes it an
outlier.

e A posteriori, we interpret the recovered suboceanic upper-
mantle conductivity models for retrieving the water content using a
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set of experimental rock conductivities and thermodynamical mod-
elling of the upper mantle. The amount of water in the suboceanic
upper mantle corresponding to the GO19-AP and MTI901-AP con-
ductivity values is realistic. The average water content is in the range
of 100-300 ppm. The largest amount of water is stored in the upper
parts of the mantle in depths around 140 km. Locally, the water
content may reach 500 ppm in regions where the TIMF requires wet
conditions.
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APPENDIX A: SPHERICAL HARMONIC
FUNCTIONS

We use the complex SH vectors,

S00(R) = V(e (A1)
SH0(Q) = grad oY, (), (A2)
S0(Q) = e x grad o ¥;,(), (A3)
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where Y;,,(R2) is the fully normalized, complex, scalar SH func-

tion (Varshalovich ef al. 1989), e, is the unit vector in the radial

direction and grad , is the horizontal gradient operator. The SH
(a) Pacific Ocean (b) Global Ocean
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Figure Al. Depth profiles of correlation coefficient beneath the (a) Pacific
and (b) Global Ocean in the synthetic test Md60p5j11 of Sachl et al. (2022).
Grey and blue profiles correspond to the M, profile and the M, profile with
O, adjustment, respectively.

1)

vectors S(jm(Q) obey the orthogonality relation,

<) /
Sin(Q) - 8% (Q)dQ = 8880 [8-12 + T1; (1 — 6_13)] .

(A4)
where IT; = j(j + 1).

APPENDIX B: O; TIMF IN THE 3-D
INVERSION

Sachl et al. (2022) included N, and O, periods into the synthetic
inversion. However, the conductivity recovered from the joint in-
version of M,+N,+0; TIMFs was not closer to the target con-
ductivity than the M, solution. We achieved a certain improvement
with a modified approach. Instead of running a joint inversion, we
first calculate the optimal M, solution, and then we adjust this so-
lution using O, TIMF. Besides, we correct the M, solution only
beneath the Pacific Ocean, since the O; solution was more distant
from the target model than the M, solution in the Atlantic and In-
dian Oceans, see fig. 8 in Sachl e al. (2022). Fig. Al shows the
depth profiles of the correlation coefficient in the Md60p5j11 ex-
periment with noisy data (see Sachl et al. 2022, for details). The
O,-adjusted profile is closer to the target profile in all inspected
depths. The correlation has increased mainly in the layers below
the 260 km depth due to the longer period of the O, tide. The re-
covered conductivity distributions at 273 and 353 km depths are
depicted in Fig. A2. The O-adjusted solution is close to the M,
solution, but there are many differences in the finer conductivity
features.
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Figure A2. Target Wd-emax model [Sm~'] (left-hand column) and the conductivity models [Sm~!] recovered from the M, TIMF (middle column) and
M,+0; TIMFs (right-hand column) in the synthetic test Md60p5j11 of Sachl et al. (2022) using the horizontal-smoothness regularization.
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