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Deciphering the state of the lower crust and upper
mantle with multi-physics inversion
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Key Points:

e I present a new multi-physics based model of the western United States

e The physical paramaters are coupled through a newly developed variation of in-
formation constraint

« The models suggests that previous interpretations of the state of the lower crust

are overly simplified and need to be revised
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Abstract

The composition of the lower crust is a key factor in understanding tectonic activity and
deformation within the Earth. In particular, the presence or absence of melt or fluids
has strong control on tectonic evolution. Multi-physics inversion results from the west-
ern United States demonstrate that tectonic inheritance plays a much stronger role in
determining the location of melt in the lower crust than previously thought. Even in a
currently active area such as the Yellowstone Hotspot, fluid dominated structures and
fluid free regions are juxtaposed. This is incompatible with the commonly used model
of recent tectonic activity as a main controlling factor for the presence of fluids or melt.
These results have global implications for how geophysical models are interpreted and

how they can be related to geodynamic simulations.

1 Plain Language Summary

The majority of knowledge about the state of the Earth comes from the interpre-
tation of geophysical surveys. However, these surveys give results in terms of physical
parameters, e.g.electrical conductivity, and the relationship to phenomena of interest,

e.g. the amount of molten material at depth, is often ambiguous. I combine different geo-
physical measurements with a new method derived from medical imaging to reduce this
ambiguity. Results from the western United States with this new method indicate that
the way scientists so far inferred melt content, for example, is overly simplified. It was
thought that in geologically young and active regions melt was wide-spread, while older
and stable regions were melt free. Instead this study shows a more complex picture where
geologic history determines the location of molten material in addition to current geo-
logic activity. This will require a thorough revision of previous results not only in the

United States but around the globe.

2 Introduction

The origin of low resistivity within the crust and upper mantle has been debated
for more than five decades (Hyndman & Hyndman, 1968; Frost et al., 1989) since early
electromagnetic observations revealed low resistivities at depths of 10-40 km within the
Earth (Schmucker, 1964). Since then large scale array measurements and modern anal-
yses based on two-dimensional and three-dimensional inversion of magnetotelluric (MT)

data have shown that low resistivities at these depths are a widespread feature both in
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tectonically active (Wei et al., 2001; Meqbel et al., 2014) as well as stable continental
regions (Robertson et al., 2016; Moorkamp et al., 2019) possibly with the exception of
some Archean cratons (Jones & Ferguson, 2001). However, based on electrical resistiv-
ity alone it is not possible to infer the origin of these features as all potential causes cur-
rently under consideration: saline fluids, melt, graphite and sulphides can produce com-
parable resistivity anomalies (Jones, 1992). Therefore other geophysical observations and
petrological considerations must be taken into consideration to determine the cause of
low resistivity in the lower crust. For example, saline fluids and melt produce an observ-
able low velocity anomaly in seismological models and qualitative comparisons between
these methods have been used to infer fluids and melt in Tibet (Wei et al., 2001). Where
such data are not available, general considerations based on regional heat flow and the
tectonic setting have been used to argue the case for fluids (Li et al., 2020), melt (Heise
et al., 2007), graphite (Robertson et al., 2016) or sulphides (Rao et al., 2007). This an-
cillary information has largely been used in a qualitative way and thus might not reflect
the true complexity and heterogeneity within the Earth. In particular, such qualitative

lines of reasoning are difficult to test quantitatively.

3 Introduction

The north-western United States is a region of particular interest, as here active
tectonics such as the subduction of the Juan de Fuca Plate, hotspot volcanism and ac-
tive extension are juxtaposed against old lithosphere of the Wyoming craton and Col-

orado Plateau (Meqgbel et al., 2014). Previous studies of the region have found wide-spread

low-resistivity structures in the lower crust (Kelbert et al., 2012; Meqgbel et al., 2014; Bedrosian

& Feucht, 2014). Given the aforementioned difficulties in identifying the cause of the low

resistivity, these structures are attributed to reflect fluids and melts in the active west-

ern region and around Yellowstone and to graphite (Meqgbel et al., 2014) or sulfides (Bedrosian

& Feucht, 2014) in cratonic regions. Expanding on this idea, Liu and Hasterock (Liu &
Hasterok, 2016) construct a viscosity model along a profile from the Basin and Range
to the Colorado Plateau where they associate low resistivity with low viscosity to per-
form simulations of lithospheric deformation and mantle flow. Their model successfully
predicts various critical parameters including surface topography and highlights an av-
enue from static geophysical images to dynamic tectonic models, but critically hinges on

the assumption that low resistivity in the crust corresponds to a zone of rheological weak-
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ness. While this is plausible for low resistivity caused by fluids, it might not be appro-

priate for a solid conductive phase (Selverstone, 2005).

Joint inversion of different geophysical data provides a quantitative approach to
create multi-parameter models of the Earth (Moorkamp, 2017) and investigate the pre-
dictions made by the resulting model through sensitivity analyses. The presence of in-
terconnected liquids such as saline fluids and melts results in low velocities, as mentioned
above, but also in low bulk densities associated with the low resistivity structures due
to the significantly lower density of the fluid components. In contrast, solid conductive
phases such as graphite and sulphide have densities that are comparable to those of crustal
rocks or even exceed them (Bellefleur et al., 2015). The combination of gravity measure-
ments with magnetotelluric data to investigate the lithosphere is particularly attractive
as global geodetic models exist that combine satellite and terrestial data and provide high-

quality coverage for large parts of the globe (Pail et al., 2018).

4 Multi-physics inversion

I therefore combine long-period magnetotelluric (MT) data from the north-western
United States (Kelbert et al., 2018) with satellite gravity measurements (Pail et al., 2018)
in order to investigate the causes of low-resistivity in this region. I use the joint inver-
sion framework jif3D (Moorkamp et al., 2011) with a newly developed resistivity-density
coupling criterion based on variation of information (VI) (Moorkamp, 2021). VI is an
unsupervised machine-learning method which constructs, where possible, a one-to-one
relationship of a-priori unspecified form between the properties under consideration(Haber
& Holtzman Gazit, 2013; Mandolesi & Jones, 2014), in this case density and resistivity.
Within the multi-physics inversion the misfit for the two data-sets under consideration
as well as the VI constraint are minimized simultaneously, i.e. the algorithm seeks a com-
bined resistivity-density model that fits all observations and also shows maximum cor-

respondence between the two physical properties.

Details about the multi-physics inversion software jif3D including the algorithms
to solve the forward problem can be found in (Moorkamp et al., 2011). I therefore give
only a brief summary of the main constituents and instead focus on the coupling through
variation of information which has only been described briefly so far (Moorkamp, 2021).

To construct the final combined density and resistivity model, the inversion solves a non-
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linear optimization problem with an objective function that consists of the data misfit

for the magnetotelluric and gravity observations, regularization terms for the conduc-
tivity and density models, respectively, and the VI based coupling term. It employs an
iterative non-linear optimization method based on a limited memory quasi-Newton method
(L-BFGS) (Avdeeva & Avdeev, 2006) with forward engines based on an integral equa-
tion approach for magnetotellurics (Avdeev et al., 1997) and a massively parallel imple-
mentation for the gravity forward problem (Moorkamp et al., 2010). To ensure that con-
ductivity and density remain within specified limits, the physical parameters are trans-
formed to generalized parameters using the transform described in (Moorkamp et al.,
2011) and the inverse problem is solved in this generalized parameter space. The two reg-
ularization terms are based on first-order forward differences to ensure smoothness of the
model and reduce the influence of noisy measurements. I start the inversion with a large
regularization parameter and successively relax the regularization until the inversion has
converged to a data misfit comparable with the misfit for inversions based on each dataset
individually. More information about the evolution of the different terms of the objec-
tive function and a comparison with individual inversions can be found in the support-

ing information.

Variation of information is an information theoretical measure of the amount of in-
formation contained in variable x about another variable y and closely related to the con-
cept of Mutual Information (Mandolesi & Jones, 2014). It is widely used in medical imag-
ing (Pluim et al., 2003) and climate science (DelSole et al., 2013), but so far has not been
used in multi-physics imaging. To couple resistivity and density within the inversion frame-
work, variation of information is minimized. This will result in models where, if possi-
ble, each density value corresponds to a unique resistivity value without prescribing a
particular shape of that relationship. As it is provided as a term of the objective func-
tion in the inversion, this one-to-one relationship can be violated if mandated by the data

to achieve a satisfactory fit.

To calculate the variation of information between conductivity and density I use
a kernel density approach with a Gaussian kernel. However, the variation of information
is not calculated on the quantities themselves, but on the generalized model parameters
described above. This has the advantage that the input quantities are dimensionless and
have comparable mean and variance. The first step in calculating VI is estimating the

probability density distribution (pdd) for the joint parameters and the marginal distri-
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butions for each parameter. Denoting the pairs of transformed parameters in each model
cell as (z;,y;) where i = 1... M and M is the number of cells used to discretize the in-

verse problems, the pdd is approximated as

_ )2 L 2
(fjank 3 MZeXP< 5]) ;(yz T]k) >

Here &; and n;, are the discrete values at which we wish to approximate the pdd. For this
study I use NV = 100 evenly spaced values across the expected parameter range for each
parameter and choose the standard deviation of the Gaussian, o, as half the discretiza-
tion width. From the joint pdd we can also calculate the marginal pdd’s p(&;) = >, p(&, M)
and p(nk) = >_; (&, 7). In a second step we then calculate the Shannon Entropy H(x) =
— > p(x;)logp(x;) of the marginal and joint pdd’s and finally retrieve the variation of

information as

VI(x,y) =2H(x,y) — H(x) — H(y).

The calculated variation of information is added to the inversion as a term in the ob-

jective function and thus minimized.

To use VI in an optimization context, we also need to calculate the partial deriva-
tives with respect to the model parameters, i.e. % and %. This can be performed
y
analytically by calculating the respective derivatives for the Gaussian kernel and apply-

ing the chain rule to account for the Entropy calculation. For example, we have

M M e 4 (s — )2
8951 ZZ 27rMU2 Zexp< ! 02(y i )’

1=1 i=

and similarly for the other derivatives. Once the partial derivatives for entropy have been

calculated, the derivative for VI can be calculated as a simple linear combination.

For the inversion an error floor of 2% of the maximum absolute value of impedance
in each row of the impedance tensor for the MT data and 1-10 mGal for the gravity data
based on the difference between a spherical approximation and a flat Earth approxima-
tion are assumed. With these uncertainty estimates, the inversion fits both datasets to
RMS values of 1.9 (Gravity) and 1.6 (MT), respectively. These value are comparable to
individual inversions of each dataset and, for MT, the model of Megbel et al. (2014). More
information on the chosen errors, data fits and model assumptions can be found in the

Supplementary Material.
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5 Integrated model of the western United States

Figure 1 shows horizontal slices through the resulting joint resistivity-density model
at depths of 30 km and 100 km which correspond to the base of the crust and the base
of the lithosphere, respectively. The resistivity structure is generally consistent with pre-
vious models with enhanced definition of individual features (cf. Supplementary mate-
rial). This is particularly evident at 100 km where the Juan de Fuca Slab and the Silet-
zia Slab Curtain (Schmandt & Humphreys, 2011) are imaged as sharp discrete features,
but appear as broad resistive regions in models based on MT alone (Meqgbel et al., 2014).
Also note the remarkable coincidence between the western edge of the resistive feature
associated with the Juan de Fuca Slab and the prediction made by the Slab2 model (Hayes
et al., 2018) (dashed line in Figure 2). Within the mantle, several isolated conductive
features can be observed which are consistent in location and shape with previously im-
aged features that have been interpreted as signatures of melt and slab-derived fluids (Meq-
bel et al., 2014). The mantle density model shows a strong correspondence to the resis-
tivity model. Resistive features such as the active and remnant slabs are imaged as high
density anomalies as expected and conversely low resistivity is associated with low den-

sity consistent with an interpretation of enhanced fluid content.

At 30 km depth, within the lower crust, the model shows low resistivities in large
parts of the region, particularly in the tectonically active Basin and Range Region in the
southern and western part of the model. East of 110° W, towards the older shield re-
gions, only isolated conductors are imaged. On the large scale low resistivities correlate
with negative density anomalies as discussed for the mantle above. However, in some ar-
eas we can identify deviations from this simple correlation. For example, the northern
part of the Snake River Plain (SRP) shows significant regions where low resistivities cor-
respond to high densities. To illustrate this further I show a vertical slices through some

of these anomalies in Figure 2.

The resistivity model (Figure 2) shows a series of low resistivity structures in the
lower-most crust and upper-most mantle. The lateral boundaries of these structures gen-
erally coincide with boundaries between distinct physio-geographic regions. In all cases
we can identify corresponding anomalies in the density model, however some of these show
lower density than the background and others show higher densities than the background.

It is important to note in this context that the VI constraint used to couple the two mod-
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els aims at associating each resistivity value with a unique density value. Thus these dif-
ferent associations of high and low density with low resistivity values directly contradict

the coupling constraint and thus are required by the data.

6 Density-resistiviy relationships

In order to investigate this observation further, the density-resistivity relationship
for each cell in our joint model is plotted in Figure 3. The bulk of the estimates is lo-
cated on a tight s-shaped curve. This shape has not been prescribed a-priori but evolves
data-driven through the VI-constraint in the inversion. Outside the main spine of this
relationship we observe some scatter related to heterogeneous near-surface structure but,
more importantly, two leg-shaped features with near constant density and low resistiv-
ities between 0.5-20 Qm. One of these (marked as high-density conductor in Figure 3)
represents relatively dense and conductive material in the crust. It is close to neutrally
bouyant and an increase in conductivity does not lead to a significant change in density.
This suggests that the causative material for this structure has a similar density to the
host rock and the most likely explanations are sulfide or graphite. In contrast, the low
density conductor (see Figure 3) at this depth shows a decrease in density with descreas-
ing resistivity, i.e. the conductive material has a density significantly smaller than the
host rock. In fact, the observed relationship is broadly compatible with predictions of
density and conductivity based on a modified Archie’s law (Glover et al., 2000) (black
line in Figure 3). For this calculation, I assume a density contrast of -2000 kg/m? and
a conductivity of 50 S/m for the conductive phase as typically assumed for crustal flu-
ids (Jones, 1992). These first-order calculations are not suitable for quantitative inter-
pretation of fluid fraction, but demonstrate the consistency of the data derived estimates

with petrophysical considerations.

The locations of high-density, i.e. corresponding to a solid conductive phase (blue),
and low density, corresponding to a fluid conductive phase(red), conductive structures
in the depth range between 28 and 39 km are summarized in Figure 4. Large parts of
the region show conductive structures that are compatible with a fluid origin, e.g. in the

active Basin and Range province. However, fluid derived conductors are also identified

along the assumed limits of the Wyoming Craton to the north east. Conversely, solid phase

based conductive structures are found in the northern Snake River Plain and in close prox-

imity to Yellowstone (marked by a yellow star in Figure 4). Although these solid phase
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conductors make up only a small volume of the observed conductive structures, the pat-
tern is not random. There is a strong correlation with the northern boundary of the Snake
Rive Plain and the transition from solid to fluid caused conductivity is strongly related

to physio-geographic boundaries. A possible explanation is that this is the signature of

a suture zone similar to those inferred further north(Meqgbel et al., 2014).

7 Implications for global interpretations

These results clearly demonstrate that the simple association of young and active
tectonic areas with fluid caused conductivity and old regions with solid caused conduc-
tivity currently employed in the literature cannot be maintained. Rheological modelling
(Liu & Hasterok, 2016) was performed in the south-eastern part of our study areas where
our results are compatible with the assumed fluid derived conductivity. However, had
this analysis been performed further to the north, this assumption would not hold. I have
shown here how different causes of conductivity in the crust and mantle can be distin-
guished and these our results require a new interpretation of the conductivity structure
not only in the western United States but globally. For example, applying a similar multi-
physics analysis to Tibet, where wide-spread fluids have been inferred based on electri-
cal conductivity models(Wei et al., 2001), could potentially alter our understanding of
the causes of low resistivity and result in different inferences on its geodynamics (Bai et
al., 2010). Global application would mark an important step in understanding the com-
position of the lower crust and linking geophysical images to models of lithospheric dy-
namics. Beyond this there is a wealth of additional information in the multi-physics mod-
els and the corresponding parameter relationships that I have not been able to discuss

here. Thus these results are only the beginning of a new era of lithosphetic imaging.
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Figure 1. Horizonal slices through our integrated resistivity-density models at depths of

30 km (top row) and 100 km (bottom row). The locations of the MT sites used for the inversion
are shown in panel a) The solid black line indicates the surface trace of the vertical profiles in
Figure 2. The dashed line in panels b) and d) shows the boundary of the Juan de Fuca slab in
the Slab2 model(Hayes et al., 2018). Also shown are the boundaries of the physiographic divi-

sions (Fenneman & Johnson, 1946).

icgem.gfz-potsdam.de/tom longtime by selecting XGM2016 (model 161) and calcu-
lating the free-air anomaly (gravity_anomaly_cl). The magnetotelluric measurements have
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https://ds.iris.edu/spud/emtf. The inversion codes used for this study can be ob-
tained via subversion (https://subversion.apache.org) at svn checkout https://
svn.code.sf.net/p/jif3d/jif3dsvn/trunk/jif3D jif3d. Processed data and model

files can be found in the Supporting Information as well as https://doi.org/10.5281/

zenodo.5535731.
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Figure 2. Vertical slices through the integrated model along the profile shown in Figure 1.
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thick black line shows the slab boundary from Slab2(Hayes et al., 2018). The Moho (dashed
line)(Szwillus et al., 2019) and the negative wave-speed disconinuity (NVD, dot dashed line)(Liu
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