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Abstract The Mongol-Okhotsk suture and the Adaatsag ophiolite belt are associated with the closure of the
Mongol-Okhotsk paleo-ocean and are located within the Central Asian Orogenic Belt (CAOB) and Mongolia.
The suture zone is flanked by volcanic-plutonic belts that host significant metallogenic zones, containing
deposits of copper and gold. The tectonic evolution of this region is not fully understood and the lithospheric
structure has been poorly studied. We analyze magnetotelluric data and generate a model of the electrical
resistivity distribution across this region. Whereas the northern segment has a sharp transition from a high-
resistivity upper crust to a low-resistivity lower crust, as observed beneath the Hangai Dome, the southern
segment does not show this transition. A wide, low-resistivity zone (1-100 2m) imaged in the crust and
lithospheric mantle is coincident with the Mongol-Okhotsk suture and ophiolite, revealing a clear and
significant lithospheric-scale feature. Across the profile, numerous narrow, vertically oriented, low-resistivity
features (1-100 Qm) are spatially associated remarkably well with the proposed boundaries of tectonic domains.
These results confirm ideas about the development of the CAOB. Some of these low-resistivity features are
beneath the surface locations of large mineral zones, and likely represent fossil fluid pathways. We show
congruent seismic velocity models for comparison and the results show a large-scale low-velocity anomaly
(decrease of 2%—3%) that correlates with the location of the low-resistivity anomaly below the Mongol-Okhotsk
suture. The geophysical results, combined with geological and geochemical data, provide insights into the
structure of this region and help shed light on unanswered questions.

Plain Language Summary When the ancient Mongol-Okhotsk ocean closed, due to subduction from
tectonic re-arrangement, it left the Mongol-Okhotsk suture zone and the Adaatsag ophiolite as a trace of its
location. Similarly, other tectonic boundaries are hypothesized to exist from terrane accretion across the Central
Asian Orogenic Belt (CAOB) and Central and Southern Mongolia, which is located between the Siberian and
North China cratons. This region is also rich in economically significant copper and gold deposits. The tectonic
evolution of this region and especially the lithospheric structure is not fully understood and has been poorly
studied. We analyze magnetotelluric data and generate a model of the electrical resistivity distribution.
Additionally, we show models of the seismic velocity for comparison. Examining multiple complementary
geophysical models helps to reduce interpretation uncertainty. Anomalies are observed in both models (e.g., low
resistivity and low velocity). The suture zone is proven to be a strong lithospheric-scale boundary. The proposed
boundaries of tectonic domains are also imaged, confirming ideas about the development of the CAOB, and
solving some controversies.

1. Introduction
1.1. Study Motivation and Unanswered Questions

The Mongol-Okhotsk suture zone, formed during the final closure of the Mongol-Okhotsk paleo-ocean, is a
boundary located in the center of the Central Asian Orogenic Belt (CAOB) and central Mongolia. It contains the
Adaatsag ophiolite belt, which helps constrain the evolution, dynamics, and location of the final closure of the
ancient ocean. Adjacent to this, volcanic—plutonic belts host economically important metallogenic zones that
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contain deposits of copper and gold (Tomurtogoo et al., 2005). However, the crustal and lithospheric structure of
this region have been poorly studied.

In this study we aim to shed light on the structure, extent, and location of tectonic boundaries across central
Mongolia, including the Mongol-Okhotsk suture zone, which are not always agreed upon (e.g., Kroner
et al., 2010). In addition, we aim to determine variations in the properties of the lithosphere across this region.
This can be used to assess whether there exists evidence for mantle plumes, as some authors suggest (e.g., Zhang
et al., 2017), to determine whether lower crustal conductors observed to the west below the Hangai Dome region
extend to this region, and to investigate whether clear links are visible from mineral deposits at the surface to
features in the lower crust or lithosphere.

To do this, we first analyze data acquired with magnetotelluric (MT) measurements and then generate a model of
the electrical resistivity distribution of the subsurface beneath this region. Afterward, we compare with congruent
seismic models for S-wave and P-wave velocities. Examining multiple geophysical models, which image distinct
physical parameters, helps reduce interpretation uncertainty. In particular, electrical resistivity and seismic ve-
locity are complementary parameters, which are sensitive to subsurface rock properties such as composition,
mineralogy, and fluid content, and can provide information about lithosphere-scale features. We combine the
geophysical models with geological and geochemical data to help strengthen the interpretation of the results.

1.2. Tectonic and Geological Background of Study Area
1.2.1. The Central Asian Orogenic Belt and Central Mongolia

The CAOB is a long-lived accretionary orogeny (possibly the largest worldwide) that covers parts of Central and
Eastern Asia (e.g., Yin, 2010) and includes large areas of central Mongolia (Figure 1a). This area is unique
because it is located in the continental interior, very far from (current) major tectonic margins (Figure 1b). The
Siberian craton, which is considered to be relatively stable (e.g., Calais et al., 2003), is located to the north, and the
North China (Sino-Korean) and Tarim cratons (e.g., Yin, 2010) are located to the south.

The tectonic evolution of the central Mongolian part of the CAOB is complex and is very controversial (e.g.,
Kovach et al., 2013; Kroner et al., 2010). It formed through multiple accretion, subduction, and collisional events,
largely driven by the re-organization and closure of the Paleo-Asian Ocean, and possibly in a punctuated way
(Buchan et al., 2001; Kroner et al., 2010). As a result, it is composed of many different lithotectonic units
(Precambrian to Triassic age). This can be clearly observed in southern Mongolia, where an accretionary collage
of many ribbon-like, east-west trending lithostratigraphic provinces have been mapped. Badarch et al. (2002)
distinguished 44 independent terranes or lithostratigraphic domains across Mongolia (some narrower than 25 km
across), whereas Kroner et al. (2010) preferred larger lithotectonic blocks. Attempts to map these domains by their
(surface) properties with different techniques, such as with structural geology, geochronology, and (aerial) po-
tential field measurements, have led to some disagreements about the locations of domain boundaries, as well as
the number of domains (Badarch et al., 2002; Guy et al., 2014; Kroner et al., 2010). Instead, identifying the
significant boundaries that are reported to separate lithotectonic units, such as faults, suture zones, and tectonic
boundaries, which are potentially crustal-scale or lithospheric-scale (e.g., Badarch et al., 2002; Calais et al., 2003)
and which may be rheological weak zones, can be a better approach (Comeau, Becken, Kiufl, et al., 2020).
Geophysical techniques that are capable of imaging both shallow and deep structures are thus well suited for this
task.

1.2.2. The Mongol-Okhotsk Suture Zone

The Mongol-Okhotsk suture zone was formed from the closure of the Mongol-Okhotsk paleo-ocean. The ocean
existed, in the Paleozoic and Mesozoic eras, between the Siberian and Amurian (Mongolian) plates. The ocean
was closed by subduction. In the modern day, the suture zone, which is the youngest part of the CAOB, runs
approximately south-west to north-east and stretches for more than 3,000 km across central Mongolia (south of
the Hangai—Hentei mountains), through Transbaikalia and the Amur river region, and to the Sea of Okhotsk and
the western Pacific Ocean (Tomurtogoo et al., 2005; Van der Voo et al., 2015). Within Mongolia, an accretionary
wedge is identified to the north of the suture zone (Hangai—Hentei basin) (Badarch et al., 2002). Flanking the
suture zone for much of its length is an immense region (hundreds of kilometers wide, on each side) of Devonian—
Cretaceous volcanic—plutonic belts (e.g., in Mongolia, the Selenge belt to the north and Middle Gobi belt to the
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south) and mineralization (Dergunov, 2001; Van der Voo et al., 2015). The metallogenic zones associated with
these belts include copper-molybdenum deposits, gold deposits, and porphyry copper-gold-molybdenum deposits
(e.g., Dergunov, 2001; Singer et al., 2008; Tomurtogoo et al., 2005).

The timeline and style of closure for the Mongol-Okhotsk paleo-ocean is debated. It is often assumed to have been
in the Late Jurassic or Early Cretaceous (Tomurtogoo et al., 2005; Van der Voo et al., 2015), and geochronology
and geochemistry offer similar estimates to paleomagnetic data. Based on paleomagnetic analysis, Van der Voo
et al. (2015) suggested that the final closure occurred between 160—120 Ma, from west to east with a scissor-like
closure mechanism that caused doubly vergent subduction, necessary to explain why it is not well identified west
of longitude ~98°E and appears to terminate without connection to other plate boundaries. Kravchinsky
et al. (2002) calculated that the rate of closure, at the end of the Jurassic, averaged 13.3 cm per year.

The Mongol-Okhotsk suture zone includes several significant ophiolite belts (Buchan et al., 2001; Tomurtogoo
et al., 2005). Ophiolite belts, exposed regions where a sequence of oceanic lithosphere was thrust over a conti-
nental margin, are important because they can provide evidence for the location and age of the subduction and
closure of paleo-oceans (e.g., Dilek & Furnes, 2014). The Adaatsag ophiolite belt is found within the Mongol-
Okhotsk suture zone, approximately 180 km south-southwest of Ulaanbaatar. Isotopic data from zircon grains
indicate a mean age of ~325 Ma (**’Pb/***Pb; Tomurtogoo et al., 2005). This implies that new oceanic crust was
being generated at this time (i.e., active seafloor spreading).

1.2.3. Geodynamic Implications

Tomurtogoo et al. (2005) searched for a tectonic model that could explain the observed features and history of the
Mongol-Okhotsk belt, including the post-collisional alkaline magmatism. One hypothesis that they considered
was that after prolonged subduction processes either slab break-off or the delamination of a thickened and un-
stable lithosphere would result in upwelling of hot asthenosphere and decompression melting (ultimately
generating widespread alkaline basaltic magmas).

Dehydration melting from subducting oceanic plates, including from previous events in the CAOB before the
formation of the Mongol-Okhotsk region, would have hydrated the lithosphere and led to (alkaline) meta-
somatism of the lithospheric mantle (Tomurtogoo et al., 2005). This may have established conditions in the region
for a subsequent delamination event (see Comeau et al., 2021; Stein et al., 2022; Tomurtogoo et al., 2005). In fact,
geochemical data indicate that metasomatism of a hydrated lithosphere likely occurred beneath parts of Mongolia
near the Mongol-Okhotsk suture zone (Sheldrick et al., 2020). Furthermore, thermo-mechanical numerical
modeling has shown that deep (lithospheric-scale) faults or sutures, which may have significantly different
properties (e.g., rheological and chemical) from the surrounding regions (e.g., Jin et al., 2022), can act to focus
deformation and are therefore important initiation points for detachment of the lithosphere (Comeau et al., 2021;
Stein et al., 2022).

Using S-wave receiver functions, Zhao et al. (2021) interpreted a broken lithosphere—asthenosphere boundary
(due to upwelling) and delaminated lithosphere at a depth of 200-300 km below the Mongol-Okhotsk suture zone
(approximately at 105°E and 46°N). Based on global seismic tomography images, Van der Voo et al. (2015)

Figure 1. Map of the study area. (a) Measurement locations for magnetotelluric sites are labeled and marked (blue circles). The projected profile is drawn (blue line). It is
approximately along longitude 105.5°E. The northern-most site has coordinates of 106.26°E, 50.17°N; the southern-most site has coordinates of 104.76°E, 43.03°N. For
context, a profile across the Hangai Dome, 300—400 km to the east, by Comeau et al. (2018) is marked (gray line). The location of a near-coincident seismic section
along 105.5°E is indicated (green line) and the seismic model area in Section 3.2 is marked (green box). The proposed location of the Mongol-Okhotsk suture zone is
drawn from Tomurtogoo et al. (2005) (long-dash red line) and Zhao et al. (2017) (dashed red line). The location of the Adaatsag ophiolite is indicated with an orange
ellipse (center; Tomurtogoo et al., 2005); the Bayankhongor ophiolite is outlined with an orange polygon (Badarch et al., 2002); the Khuhu Davaa ophiolite is marked
with a small orange circle (Zhu et al., 2023). The proposed location of an accretionary wedge (Hangai—Hentei basin) is drawn (dotted purple line) from Zhao

et al. (2017). Significant tectonic boundaries in Mongolia are drawn, believed to be from accreted terranes or different lithotectonic units (pink lines; based on Badarch
etal. (2002) and Guy et al. (2014)). Important mineral zones are marked, including the Eroo, Boroo, and Zaamar gold belts that cross the northern part of the profile and
the Arvaikheer and Bayankhongor gold belt to the west (gray dotted outline; Dejidmaa, 1996), as well as the Erdenet copper district and the Oyu Tolgoi, Kharmagtai,
and Tsagaan Survaga copper and gold districts (gray squares; Mineral Resources Authority of Mongolia, 2014; Singer et al., 2008). The surface traces of fault zones are
marked (black lines; from the database of Styron (2018), with additions from Calais et al. (2003), Walker et al. (2007), and Zhao et al. (2021)). The political boundary of
Mongolia, as well as selected towns are labeled for reference (Ulaanbaatar (capital city): UB; Arvaikheer: AR; Erdenet: ER; Tsetserleg: TS; Bayankhongor: BA;
Dalanzadgad: DA). (b) Regional map. The study area (indicated with the green box) sits within the Central Asian Orogenic Belt. The Siberian craton, the North China
craton and Tarim craton, and the Pacific plate are marked.
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attempted to locate the remnants of the ancient subducted slab of ocean lithosphere from the closure of the
Mongol-Okhotsk ocean, and determined it was farther west in the lower mantle and stagnating in a slab graveyard.

1.2.4. Adjacent Metallogenic Zones

This region contains economically important mining zones. At the northern end of the study area the Erdenet
copper-molybdenum mine (age of ~230 Ma; 2,370 Mt; 0.7% Cu, 0.013% Mo; <0.07 g/t Au) (Singer et al., 2008)
is located. Nearby are the Zaamar, Boroo, and Eroo gold belts, part of the North Hentei gold belt. This region is
part of the Haraa terrane (Badarch et al., 2002), which is bounded by large faults that extend for hundreds of
kilometers north-east into the Transbaikal region, with the Yeroogol fault to the south and to the north the
Bayangol fault and edge of the Bayangol terrane. Boroo is a hard rock intrusion-related gold deposit hosted in
strongly altered quartz veins (with sulphide) controlled by the Boroo thrust fault (Dejidmaa, 1996). Khishgee and
Akasaka (2015) classified it as orogenic type, determined an age of 210-185 Ma, and estimated grades of 1-10 g/
t Au.

At the southern end of the study area, several large porphyry copper-gold-(molybdenum) deposits exist, including
Oyu Tolgoi (age of ~367 Ma; 3,107 Mt; 0.7% Cu, 0.24 g/t Au), Kharmagtai (age of ~330 Ma; 228 Mt; 0.4% Cu,
0.3-2.5 g/t Au), and Tsagaan Survaga (age of ~370 Ma; 240 Mt; 0.5% Cu, 0.018% Mo; 0.084-2.6 g/t Au) (Singer
et al., 2008). Dejidmaa (1996) classified these as intrusion related deposits in an active continental margin, and
Sillitoe et al. (1996) noted that these deposits are associated with magmatic complexes of elevated alkalinity (e.g.,
total alkali oxide content, Na,O + K,O, near 9%).

2. Methods
2.1. Magnetotelluric Data Acquisition

The MT method is an electromagnetic geophysical technique used to image the subsurface electrical resistivity
distribution (e.g., Cagniard, 1953). It makes use of natural-source electromagnetic signals that are generated in the
atmosphere and ionosphere (e.g., Simpson & Bahr, 2005; Unsworth & Rondenay, 2012). The electric and
magnetic field variations at the Earth's surface are measured over a broad range of periods. This gives sensitivity
to multiple spatial scales: long-period data are sensitive to great depths and short-period data are sensitive to
shallow depths. However, because the MT method is a volume sounding method, data at measurement locations
are influenced by both structures beneath the site and around the site (e.g., Simpson & Bahr, 2005). The electric
and magnetic field variations are related by a (complex-valued) impedance tensor (Z), or transfer function, from
which the apparent resistivity (p), as well as the impedance phase (), can be determined. In addition, the ratio of
the horizontal and vertical magnetic fields, known as the tipper, gives complementary information and can be
included in analysis and modeling.

MT data are especially sensitive to the quantity and composition of low-resistivity materials in the subsurface,
such as fluids, when they are interconnected (rather than isolated). The MT technique is well-suited to image the
structure of fault zones, as well as suture zones and tectonic boundaries, which are regions of deformed and/or
weakened and fractured crust due to past tectonic activity (with implications for rheology), in addition to other
lithospheric structures (e.g., Heinson et al., 2005; Sheng et al., 2021; Tiirkoglu et al., 2008; Wang et al., 2022;
Wannamaker et al., 2002, 2008).

In summer 2022, from the 15th of June to the 8th of July, a profile of MT measurements was acquired across
central Mongolia (named profile —4000). The profile contains 34 measurement sites and has a typical spacing of
~25 km between sites. The profile extends a total of ~810 km, north to south, approximately along a longitude of
105.5°E (the northern-most site had coordinates of 106.26°E, 50.17°N; the southern-most site had coordinates of
104.76°E, 43.03°N). The profile is shown on the map in Figure 1. It is located 300—400 km east of a profile across
the Hangai Dome described by Comeau et al. (2018) (named profile +2000) and more than 250 km east of an
array across west-central Mongolia described by Kéufl, Grayver, Comeau, et al. (2020). Newly acquired data
across central Mongolia fills the gaps between the above-mentioned profiles (Rigaud, Comeau, Becken,
et al., 2023; Rigaud, Comeau, Kuvshinov, et al., 2023).

The perpendicular horizontal components of electric and magnetic fields (which were aligned along the north-
south and east-west directions), were continuously recorded with a 500 Hz sampling frequency. In addition, at
most locations, the vertical magnetic field was measured; however it is not considered in this study. This study
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(blue dots) as well as the best fit line (blue). To highlight differences, the profile is divided into three segments: north (sites 4000-4275), central (sites 4300—4575), and

south (sites 4600—4800).

used the following equipment: LEMI-423 wideband magnetotelluric data logger in combination with LEMI-120
broadband induction coil magnetometers and LEMI-701 non-polarizing porous-pot electrodes with a copper-
copper sulfate (Cu—CuSOQ,) electrolyte. Whenever possible, an electric dipole length of 60 m was used.

Measurement site occupation times were typically 3—4 days (2-3 nights). At most sites, reliable data were
recorded up to a period of 4,096-5,793 s (six sites achieved up to 8,192 s). In general, the data had a very low noise
level and were good quality, attributed to the remote measurement location and lack of dense infrastructure and
man-made electromagnetic signals.

2.2. Magnetotelluric Data Analysis
2.2.1. Examining Apparent Resistivity and Phase

Careful processing of the MT data was undertaken, including converting the raw time series (field observations)
into the frequency domain and computing robust estimates of the impedance tensor as a function of frequency for
each measurement location (Becken et al., 2014). For each individual measurement site, the processing param-
eters were manually selected, including the time window, the bi-coherence threshold values, and whether remote
reference processing was required to minimize noise. This was done to ensure high quality and to maximize the
period range of the computed transfer functions.

A cursory look at the data, plotted in terms of apparent resistivity and phase curves (against period or frequency, a
proxy for depth), revealed differences along the profile. In order to gain insights into the data they were divided
into three segments: north (sites 4000—4275; note that the three last digits in the site name indicate the distance in
kilometers from the northern-most site), central (sites 4300—4575), and south (sites 4600—4800). For each of the
MT sites the SSQ impedance was computed (which is the square root of the sum of the squared elements of the
impedance tensor; Rung-Arunwan et al., 2016). Examining the apparent resistivity curves, large static shifts are
observed (Figure 2). These are up to 1-2 orders of magnitude in the central region. Static shifts are constant
(period-independent) shifts of the apparent resistivity that are caused by the near-surface and small features (e.g.,
Simpson & Bahr, 2005). The geometric mean was calculated for each segment (which averages out the effect of
static shifts) and a best fit line was computed.

The analysis clearly shows that the character of the electrical resistivity is distinct in the southern region. Looking
at the shape of the phase curves (i.e., phase against period), which were fairly consistent, one notices that in the
northern segment the phase curves are 10-30° at a period of 0.01 s, increase to 70° at 10 s, and decrease to 60° at
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Figure 3. A 1-D electrical resistivity model, for each segment of the profile. The model was generated from the geometric
mean of the SSQ impedances in each segment with the algorithm of Grayver and Kuvshinov (2016). The differences between
the models for each segment are clear, with the southern part being quite distinct.

1,000 s. There is one exception to this trend, which is the northern-most site (site 4000). The apparent resistivity
curves decrease (more than one order of magnitude) from a peak at a period of 0.1-1 s. In contrast, in the southern
segment the phase curves, which were very tightly clustered, are 40-50° at a period of 0.01 s, decrease to 10-30°
at 1 s, and increase to 60° at 1,000 s. The apparent resistivity curves are, in comparison, somewhat flat (decreasing
only half an order of magnitude) and the peak is shifted toward a period of 10-100 s. In the central region the
phase curves had much variability, but the general shapes were transitioning between those described above for
the northern and southern regions. Some sites had very high phases for one mode, typically from 1-10 s, up to 80—
90° (sites 4350 and 4475) or greater than 90° (i.e., leaving the quadrant; sites 4300 and 4425).

A similar difference was noted in west-central Mongolia across the Hangai Dome and Gobi-Altai, for a profile
located 300—400 km to the west (see Comeau, Becken, Kaufl, et al., 2020; Comeau et al., 2018). There, in the
northern and central areas the phase curves typically range from 20 to 40° at a period of 0.01-0.1 s, increase to 70—
80° at 10 s, and decrease to 50-60° at 1,000 s; the apparent resistivity curves decrease (more than one order of
magnitude) rapidly from a peak at 0.1-1 s (corresponding to a decrease in the middle-lower crust). Whereas in
southern Mongolia near the Gobi-Altai the phase curves are typically about 45° at a period of 0.01 s, decrease to
10—40° at 0.1-1 s, and increase to 50-60° at 100 s; the apparent resistivity curves are fairly flat, decreasing less
than half an order of magnitude from a peak near a period of 10 s. This similarity is an indication that the regional
tectonic structure in the north of both regions (west-central and central Mongolia) is consistent and distinct from
the regional tectonic structure in the south of both regions.

2.2.2. One-Dimensional Modeling and Penetration Depth Estimates

For each profile segment (north, central, and south), a simple one-dimensional (1-D) electrical resistivity model
was computed from the geometric mean of the SSQ impedances (Figure 3), using the algorithm of Grayver and
Kuvshinov (2016). It clearly shows that the character of the electrical resistivity is distinct in the southern region.
In the northern region, the upper crust (0-25 km) is highly resistive, up to 10,000 Qm, and the lower crust (25—
45 km) is about 300-1,000 Qm. The central region is similar (about 2,000 Qm in the upper crust and 200 Qm in
the lower crust). In the southern region the entire crust is about 800—1,000 Qm and is much more homogenous.
The character of the northern region is similar to that described by Comeau et al. (2018) below the Hangai Dome,
300-400 km to the west: a strong and sharp contrast (~1.5 orders of magnitude) between the upper and the lower
crust, although the very low resistivity observed throughout the lower crust (30-100 m) below the Hangai Dome
is not observed here.

To gain an idea about what depths the electromagnetic data are sensitive to, the average penetration depth was
estimated from the real part of the C-response (from the geometric mean of the SSQ impedances), as discussed by
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Figure 4. Estimate of the electromagnetic penetration depth. The real part of the C-response is computed for each segment of
the profile (north, central, and south; solid blue lines), based on the geometric mean of the data in each segment. Simple
penetration depth estimates based on the skin depth for a (homogenous) halfspace of 10 and 1,000 Qm are shown (dotted red
lines).

Weidelt (1972). Note that this approach is less accurate for non 1-D parts of the profile (e.g., Jones, 2006). The
analysis (Figure 4) shows that the data have good sensitivity to crustal depths and to upper mantle depths. For
example, in general, periods of less than 0.1 s penetrate to depths of less than 3 km, periods of 1 s penetrate to
depths of 3-20 km (upper crust), periods of 30 s penetrate to depths of 40-50 km (the crust-mantle boundary), and
periods greater than 1,000 s penetrate to depths of 150-200 km (into the upper mantle and possibly the
asthenosphere). The penetration depth is deeper in the northern region than in the southern region for short pe-
riods, for example, at 1 s a 20 km penetration compared to a 3 km penetration, which is reflective of the very high
resistivity in the upper crust of the northern region. All regions show similar penetration depths for long periods,
for example, above 30 s.

2.3. Magnetotelluric Directionality and Dimensionality Analysis
2.3.1. Tensor Decomposition

Careful analysis of the data is required to determine if a two-dimensional (2-D) electrical resistivity model is
generally suitable or if a three-dimensional (3-D) model is needed. The tensor decomposition method of Groom
and Bailey (1989) was used by applying the algorithm of McNeice and Jones (2001). Because the electric field
can be perturbed by local charge distributions, quantifying the distortion is useful. The shear and twist are two
parameters (sub-tensors) that (partially) describe the effects of telluric distortion. In the data presented here,
they mostly ranged between +30° and +20°, respectively. Estimates for the geo-electric strike direction at each
site were binned into a circular histogram (rose diagram) to given an idea of the overall distribution. For a broad
range of periods, 1-4,096 s, a clearly defined geo-electric strike direction is observed (Figure 5a), with a
dominant angle of N9O°E-N100°E (note that an inherent 90° ambiguity exists) and a secondary peak of ~N40°
E-N60°E.

Looking a smaller period bands reveals interesting results. At periods less than 1 s (upper crust), a clear direction
of N9O°E-N100°E is observed; periods of 1-10 s (e.g., upper to lower crust) show a significant amount of scatter,
possibly indicating a transition in the strike angle upon entering the (heterogeneous) lower crust, but a direction of
N90°E-N100°E still dominates; periods of 10-100 s (e.g., middle crust to upper mantle) show a primary peak of
N90°E-N100°E and a secondary peak of ~N40°E-N60°E; periods of 100-1,000 s (e.g., upper mantle) show a
primary peak of N9O°E-N100°E and a secondary peak of NSO°E-N70°E.

These determined geo-electric strike angles are not unexpected; they are consistent with the general trend of
tectonic features in this part of Mongolia (see map in Figure 1). Generally speaking, west of the profile tec-
tonic/geological domains are oriented west-east or north-west to south-east, and east of the profile they are
oriented south-west to north-east. The angles are consistent with the range determined for MT data in west-
central Mongolia (N90°E-N120°E; Comeau, Becken, Kiufl, et al., 2020; Comeau et al., 2018). Further
analysis was carried out to pick one single strike angle that best satisfies all the data (by examining the misfit of
each site and all sites as the data are rotated through various angles; following Comeau et al. (2016)), which
gives a preferred angle of N93°E. In addition, the misfit at each site and each period of the measured impedance
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Figure 5. Directionality analysis of the data. (a) The geo-electric strike direction is estimated from the tensor decomposition
method (Groom & Bailey, 1989; McNeice & Jones, 2001) and is shown with circular histograms. Periods of 1-4,096 s show
an overall geo-electric strike direction of N9O°E-N100°E. In some individual period bands a secondary peak is revealed.
Radial bins are counts of five. (b) Phase tensor ellipses are shown in map view. Increasing periods correspond to increasing
depths. For 1-D geo-electric structure, the phase tensors are expected to be circular in shape. For 2-D structure, the axes of the
phase tensors are expected to align with the along and across geo-electric strike directions The profile is divided into three
segments (dashed gray lines).

to the values predicted by the tensor decomposition method for the chosen strike angle are examined (Figure S1
in Supporting Information S1) and reveal that the strike angle does not fit well between N46°E-N46.5°E
(profile distance of 400-450 km) and at short periods near N45°E (profile distance of 550-600 km), associated
with the location of the ophiolite and a significant terrane boundary (see map in Figure 1), but that the strike

angle does fit well overall.
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Figure 6. Dimensionality analysis of the data. (a) Phase tensor skew values are shown in pseudo-section format, plotted along
the profile with period. Orientation is north to south (site 4000 on the left and site 4800 on the right). Low absolute skew
values (<3°) indicate relatively 2-D data. The profile is divided into three segments (dashed gray lines, at about distances of
~300 and ~600 km). (b) The distribution of (absolute) skew values across selected periods (e.g., 0.25, 1, 4, 16, 64, 256 s,
etc.). The number of skew values in each bin (total is 34 for each period) is shown with a proportionally sized circle (radius).
The majority of points have absolute skew values <3°. For the longest periods, lower-quality data can cause the skew values
to be higher.

2.3.2. Phase Tensor Analysis

A second method, phase tensor analysis, was used to verify the directionality of the MT data (Figure 5b). The
phase tensor is commonly represented with an ellipse (Booker, 2014; Caldwell et al., 2004) with the axes parallel
to the directions of greatest and least inductive response (which is equivalent to along and across the electric strike
direction when assuming 2-D models, and a skew angle of 0°; Bibby et al., 2005). The phase tensor is not affected
by galvanic distortions, including static shifts. Looking at the ellipses in map view shows that the majority are
near-circular but some regions do display a strong direction. This is particularly true at ~NN46°E-N47°E and near
N45°E (profile distances of ~400-500 and 600 km, respectively) for the period range of 4-64 s (e.g., approxi-
mately 20-50 km depths). Interestingly, it is exactly these locations that have significant tectonic boundaries (see
map in Figure 1). The directions vary, with south-west to north-east, west-east, and north-west to south-east
directions observed (e.g., N60°E-N120°E). This is consistent with the tensor decomposition method. It is
interesting to consider the different ways in which the tensor decomposition method and the phase tensors are
responding to the data.

In addition, the skew angle of the phase tensor can help to indicate 3-D effects (Caldwell et al., 2004); large-
magnitude skew values, such as greater than 6°, indicate significant 3-D effects, whereas low-magnitude
values, such as 3° or less, imply that a 2-D assumption of the Earth may be reasonable. A pseudosection of
the phase tensor skew for all data is presented in Figure 6a and a summary of the distribution of skew values across
periods is shown in Figure 6b. Along the profile examined in this study, most absolute skew values are low (32%
are 1° or less, 62% are 3° or less, and 82% are 5° or less), with large values (approximately 11% are above 6° for
periods less than 1,000 s). However, some regions do display higher magnitude values, due to distortion and/or
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local (3-D) structure. This is particularly true between ~N45°E-N47°E (profile distances of ~400-600 km; see
map in Figure 1 and note these correspond to major tectonic boundaries) for the period range of 4-128 s, where
simple 2-D structures may struggle to fit the data.

Overall, the phase tensor analysis supports the assumption of a 2-D model. Of course this assumption (that the
electrical resistivity structure does not vary at all perpendicular to the profile but only along it) is a simplifica-
tion; thus it is possible that some aspects of the final 2-D model may be affected by distortion effects. Following
these results, the data were mathematically rotated to the preferred electric strike direction (N93°E) and were then
projected onto a perpendicular profile (N3°E) for 2-D modeling. Note that the orientation of the actual collected
profile was N7.7°E.

2.4. 2-Dimensional Modeling

A 2-D electrical resistivity model was generated with the MARE2DEM (Key, 2016) inversion algorithm from the
MT data along the profile. We used 39 periods, logarithmically spaced from 0.0078 to 4,096 s, and 34 mea-
surement locations. Both modes of the impedance tensor were inverted (the off-diagonal components). This
consists of the transverse magnetic (TM) mode with electric currents flowing in the profile direction and the
transverse electric (TE) mode with electric currents flowing in the geo-electric strike direction (i.e.,
perpendicular).

The starting model was chosen to be a homogenous halfspace with a resistivity of 100 Qm. The modeling mesh
(Figure 7), which consisted of triangular elements, was created so that the elements increased in size downwards,
as follows: from the surface to 2 km depth, the elements had dimensions of 1.5 km, from 2 to 10 km depth the
mesh elements had dimensions of 2 km, from 10 to 45 km depth they had dimensions of 3 km, from 45 to 90 km
they had dimensions of 5 km, from 90 to 200 km they had dimensions of 10 km, and from 200 to 1,000 km their
dimensions increased smoothly to a maximum dimension of 150 km. Similarly, for the horizontal direction, the
mesh was kept fine along the profile and 20 km from its edges, but then expanded with mesh elements reaching a
maximum dimension of 150 km at a distance of 1,000 km.

Errors in the measured data are typically very small, thus it is common practice to assign an error floor. The phase
components (both TE and TM modes) were assigned an error of 1.43° (which is equivalent to 5% error on
apparent resistivity). This ensures a close fit to the phase data (which are reliable and consistent between sites).
The TM mode apparent resistivity was assigned an error floor of 10%, and, to account for the static shift effect, the
TE mode apparent resistivity was assigned a high error floor of 100% in the first stage (adjusted to 10% in the third
stage, see below for details). This allows the TE mode apparent resistivity curve to be shifted, within error, for all
periods by a constant factor, but maintains the curve shape because of the closely fitted phase component.
Effectively it is a down-weighting of the TE mode apparent resistivity component. Static shifts in the TM mode
apparent resistivity can be partly accommodated by the inversion model, as described by Becken et al. (2008). The
effects of 3-D conductive features will be strongest in the TE apparent resistivity response. This approach was
used successfully for 2-D modeling in adjacent regions of Mongolia by Comeau et al. (2018) and Comeau,
Becken, Kiufl, et al. (2020).

Different inversion strategies were thoroughly tested, and the preferred strategy uses the following three stage
scheme. In the first stage, the inversion algorithm is allowed to converge. Then, in the second stage, the target
misfit is adjusted to the final misfit so that the inversion algorithm carries out the smoothing phase of the Occam
algorithm, in which the model with the smallest roughness norm is sought. Typically, these two stages are
sufficient. However, in addition, we carry out a third stage where a frequency-independent shift factor is
computed (for each apparent resistivity curve) and where the TE mode apparent resistivity is re-assigned a 10%
error floor (i.e., equal to the TM mode apparent resistivity error floor and thus no down-weighting). The static
shifts are computed in MARE2DEM with a simple static shift solver that uses the mean residual from the model fit
to estimate, at each site, an appropriate shift in the apparent resistivity curves.

In the first stage, the inversion algorithm converged after 10 iterations. In this stage, the total root-mean-square
(RMS) misfit was reduced from 12.9 to 2.51. In the second stage (smoothing), the inversion algorithm was run for
seven iterations. And finally, in the third stage, the inversion algorithm was run for two iterations until it stopped
with a final RMS of 2.64 (recall that this stage had equal weight on the apparent resistivity errors). This is the final
2-D model.
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Figure 7. The modeling mesh. (a) The whole modeling area is shown. The vertical exaggeration is a factor of 2. (b) Only the
core model area is shown. The vertical exaggeration is a factor of 4. Orientation is north (left) to south (right). Depth is below
surface. Distance is along the projected profile (see Figure 1).

Different combinations of inversion model parameters were tested. These included adjusting the starting model
halfspace (e.g., 100 or 300 Qm), reducing the period range inverted (e.g., excluding very short periods or very
long periods), modifying the data subset inverted (e.g., removing complicated data from some sites), varying the
strike (e.g., £30°), etc. Overall, the major structures and interpretable anomalies observed in the resistivity model
did not significantly depend on specific parameters (for an example of varying strike angles see Figure S3 in
Supporting Information S1). Thus the final model can be considered representative of those cases. Such tests can
help ensure that the interpreted model features are required and robust.

In particular, two sites, one at ~300 km distance (4300) and one at ~525 km distance (4425), had out of quadrant
phases, that is, phases above 90°, for periods of 1-100 s and had large magnitudes for the diagonal components.
We carefully removed the data points with out of quadrant phases and used this subset in the inversion, as the 2-D
inversion algorithm struggles to fit such data. For comparison, when the two measurement sites were removed
completely the RMS misfit dropped (by 5%—-10%) but the main model features did not substantially change.
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Figure 8. Data and model response, as pseudo-sections. (a) The measured phase data are shown against period (a proxy for
depth) for both modes (TE and TM; Zyx and Zxy correspondingly). (b) The model responses are shown. Orientation is north
(left) to south (right) and the horizontal axes show the profile distance.

Additionally, when we omitted all data above a period of 4,096 s, because they were often very scattered (noisy)
although data were recorded up to a period of 8,192 s, the RMS misfit (by >10%) but the main model features did
not change.

Tests were also carried out using different modeling meshes (e.g., a coarser grid, finer in shallow area only, finer
everywhere, etc.). Additionally, tests were run to include topography in the model. Along the profile, the elevation
varies from a minimum of 630 m above sea level (north) to a maximum of 1,900 m above sea level (south), with
an average elevation of 1,300 m above sea level. This may be considered a shallow gradient, overall. However, in
parts, the terrain is somewhat rugged and changes in elevation between adjacent sites can be large. The resultant
models from tests that included topography showed little regional difference from those that used the approxi-
mation of no topography; furthermore, they took much longer to converge or, in some cases, did not converge.
Therefore, the final model did not include topography.

Comparing the model response and the measured data demonstrates that the model responses fit the data. This is
shown as pseudo-section plots for the phase in Figure 8 (the apparent resistivity data are shown in Figure S2 of the
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Figure 9. Data and model response from the final model, as apparent resistivity and phase curves. Selected sites equally
spaced across the profile (spacing of ~100 km) are shown. The measured data are points; the model responses are lines. The
model responses fit the measured data. Colors identify the two modes (blue is TE and red is TM; Zyx and Zxy
correspondingly).
Supporting Information S1), and as apparent resistivity and phase curves in Figure 9. It is observed that the fit is
fairly equal across all periods and across all components, which implies that the model is not more strongly
influenced by certain data subsets. However, the fit of the data in the central segment of the profile was poorer
(e.g., the RMS misfit ranged from 1 to 4), compared to the southern segment (range from ~1 to 2), which was the
COMEAU ET AL. 14 of 28
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most consistent, and the northern segment (range of ~1 to 2.5) (shown in Figure S4 of the Supporting
Information S1).

3. Results
3.1. Electrical Resistivity Model

The final 2-D electrical resistivity model, which extends ~810 km approximately north-south, is shown in
Figure 10. As observed in the MT data (Figure 2) and in the 1-D models (Figure 3), the resistivity structure is
distinct in each of the three segments. In the northern region, the upper crust (from surface to a depth of ~25 km) is
highly resistive, up to 10,000 Qm. The near-surface layer (<2,000 m) has parts that are ~1,000 Qm. The lower
crust (depths of approximately 25-45 km) is in parts also highly resistive and in other parts moderately resistive,
300-1,000 Qm. Previous MT studies identified a sharp transition in electrical resistivity in the mid-crust, an
abrupt step-like feature that has a reduction of several orders of magnitude, which was consistent with estimates
for the brittle to ductile transition depth in this region (Comeau, Becken, Connolly, et al., 2020; Kiufl, Grayver,
Comeau, et al., 2020). There are a few isolated regions of lower resistivity, 30—100 Qm, centered near a depth of
approximately 40 km (with an imaged width on the order of 10-30 km). At depths of 50-80 km, within the
lithospheric mantle, there is a moderate resistivity of 100—1,000 Qm. Below this, possibly in the asthenosphere,
the resistivity becomes more homogenous (e.g., on the order of ~100 Qm).

Some pathways of 30—1,000 m may connect from the lithospheric mantle or lower crust through the upper crust
to the surface. Although some of the model features are subtle, they can be identified in the data (Figure 8; Figure
S2 in Supporting Information S1). These features are spatially associated with the proposed boundaries of tectonic
domains (see Section 4.1). Additionally, some of the anomalies are directly beneath the surface locations of large
mineral provinces (copper and gold) and the projected location of the Erdenet mine (located ~100 km west of the
profile) (see Section 4.2). Measurements with a much denser spacing would be required to ensure the features are
well constrained and to confirm this conclusively.

The central region shows many anomalous features. The crust has a background resistivity of 1,000-10,000 Qm
but many low-resistivity features are observed (1-100 Qm). These features are vertically extended. The locations
appear to be consistent with the proposed locations of the suture zones and ophiolite belt in this region, as well as
with other fault zones (see Section 4.1). At depths of 40-80 km, within the lithospheric mantle, there is a large
anomalous feature with a low resistivity of 1-10 m (with an imaged width of approximately 50 km). It extends
to depths greater than ~120 km, with a resistivity of 1-30 Qm. It must be considered that the vertical extent of the
conductive features to great depths (e.g., 120-160 km) may be due to the model regularization (i.e., smoothing)
rather than data constraints. In addition, the imaged horizontal connections between several anomalies may not be
well resolved, and thus should be interpreted with caution.

In the southern region the entire crust is, overall, much less resistive; it ranges from about 300 to 10,000 Qm. A
sharp boundary from a more resistive upper crust to a less resistive lower crust is not observed (mirroring what
was observed in the 1-D models). A couple strong (3—-30 Qm), vertically extended anomalies are observed that
stretch through the lithosphere (0-80 km; the depth extent beyond this is not well-constrained). It is important to
note that these strong anomalies can be identified directly in the data (Figure 8; Figure S2 in Supporting Infor-
mation S1). The locations appear to be consistent with the proposed locations of important tectonic boundaries in
this region (see Section 4.1). To the south, a similar feature exists, although weaker (~100 Qm). It is located
below a proposed tectonic boundary and appears to be below the projected location of a large mineral zone
(Kharmagtai copper and gold deposit, ~50 km east of the profile).

3.2. Seismic Velocity Models

A temporary seismic array consisting of 69 stations was installed between 102°E—-113°E and 42°N-50°N (be-
tween the Hangai Dome and the Hentei Mountains) from August 2011 to August 2013, as reported by He
et al. (2016) and Zhang et al. (2017). He et al. (2016) used these measurements to carry out a receiver function
analysis. Receiver functions are used to detect interfaces, such as the crust-mantle boundary, directly below a
measurement by analyzing the converted phases (e.g., P-wave to S-wave conversions). Along, or close to, the MT
profile discussed in this study, He et al. (2016) determined that the crust-mantle boundary was at a depth of 43—
45 km. Zhao et al. (2021) estimated a slightly greater depth, ~50 km, for central Mongolia. He et al. (2016)
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Figure 10. Electrical resistivity model along the profile. The model was generated with the MARE2DEM inversion algorithm (Key, 2016). The locations of 34 MT
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approximate depth of the electrical lithosphere-asthenosphere boundary. The proposed locations of the Mongol-Okhotsk suture zone are marked with red lines (see
Figure 1) and the location of the Adaatsag ophiolite is shown with an orange box (see Figure 1). Proposed tectonic boundaries, including lithotectonic units such as
accreted terranes and an interpreted accretionary wedge, are indicated with pink lines (see Figure 1), and the Hustai fault is marked with a black line (see Figure 1).
Additionally, the (projected) boundaries of important mineral deposits and belts are marked with gray boxes, including the Eroo, Boroo, and Zaamar gold belts and the
Erdenet copper deposit near the northern part of the profile, and the Kharmagtai and Oyu Tolgoi copper and gold deposits near the southern part. Anomalous features in
the lithosphere coincide with the surface position of the Mongol-Okhotsk suture zone and the Adaatsag ophiolite, as well as the Hustai fault zone, in addition to other

tectonic boundaries.

obtained Vp/Vs ratios of 1.72—-1.78, which are quite high, and concluded that the lower crust of central Mongolia
has a high density of ~3,000 kg/m> (up to 3,150 kg/m?) and a composition of mafic granulite. This is consistent
with global models, such as LITHO1.0 (Pasyanos et al., 2014), which estimates densities of ~2,800 kg/m? for the
upper and middle crust of the study area and ~3,000 kg/m3 for the lower-most crust. Furthermore, LITHO1.0
(Pasyanos et al., 2014), which is derived from surface-wave dispersion models, indicates that the lithosphere-
asthenosphere boundary varies over depths of 67-94 km across the study area.

Using measurements from the temporary seismic array, Zhang et al. (2017) generated 3-D models of the seismic
velocity structure for both P-waves and S-waves. They chose P-wave and S-wave arrivals for earthquake events
with a magnitude greater than 5.0 and within an epicentral distance of 30-90° and corrected the travel-time
residuals with the CRUST1.0 model and with the crustal thickness determined from the local receiver function
study of He et al. (2016). The tomography models were interpolated onto a fine grid of 0.1° by 0.1° and 10 km
depth. For comparison with the electrical resistivity model, vertical sections of the velocity models along
longitude 105.5° that are nearly coincident with the MT profile and resistivity model are presented in Figures 11a
and 12a. These are described below and discussed in the following section. In addition, horizontal slices at
selected depths in map view across the study area are presented.

Perturbations of 1%-3% are observed for both the S-wave and P-wave velocity models, with complex and het-
erogeneous structures. One cannot evaluate the model on a pixel-by-pixel basis but rather on a region-by-region
basis (e.g., north, central, south), and clear differences are obvious. However, the very fine structure is not very
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Figure 11. Seismic tomography model showing relative P-wave velocity anomalies. The original model is from Zhang et al. (2017). (a) Vertical sections of the model
(latitude against depth) along longitude 105.5°E, nearly coincident with the MT profile. The inferred depth of the crust-mantle boundary is approximately 45-50 km; the
lithosphere—asthenosphere boundary varies across the study area, with depths of approximately 70-100 km. The velocity perturbation scale is shown: +2.0.

(b) Horizontal slices in map view (longitude against latitude) for the study area for different depths from 0 to 200 km.

well resolved, particularly in the crust, which may be due in part to the survey design and the underlying physics
of the method. Broadly speaking, the central region contains numerous strong anomalies, and, in contrast, the
southern region (e.g., south of 45-44°N) has less extreme variations.

The P-wave velocity model shows a strong decrease in the velocity (to —2%) in the central area near 46°N (over 1°
wide). In contrast, it shows a general increase in the velocity (1%—2%) north of 47°N and south of 44°N. The
anomaly at 46°N appears to be approximately vertically oriented and extends down to greater than 200 km depth.
A careful examination of the southern margin of this anomaly shows that it may provide evidence for a southern
dipping feature (e.g., from 46.5°N to 45°N, from surface to 100 km depth). Additionally, there are small near-
vertical negative anomalies at 49-50°N, 48°N, and 44°N.
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(b) Horizontal slices in map view (longitude against latitude) for the study area for different depths from 0 to 200 km.

The S-wave velocity model shows a strong decrease in the velocity (to —3%) in the central area near 46°N. This
anomaly appears to be vertically oriented and extends from about 50 km depth to greater than 200 km depth. To
the south, a strong contrast is observed at 44°N, with a strong increase in the velocity (3%) between 44°N and 45°
N that is near-vertical, extending from nearly O to 200 km depth. In addition, there are several small positive
anomalies (2%-3%), for example, at 46.5°N at 50-100 km depth, 47-48°N near 100 km depth, and at 49°N at
100 km depth, and small near-vertical negative anomalies at 49-50°N, 47°N, and 44°N, from 0 to 200 km depth.
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3.2.1. Comparison of Resistivity and Velocity Models

Seismic velocity and electrical resistivity are two independent but complementary physical parameters that can
help to distinguish subsurface structures and properties. There is no global relation between resistivity and ve-
locity. Despite this, there is often a spatial correlation between the two parameters (Bedrosian et al., 2004, 2007;
Bertrand et al., 2012; Comeau, Becken, & Kuvshinov, 2022; Comeau et al., 2016).

For example, Bedrosian et al. (2007) used a joint interpretation of magnetotelluric and seismic models to infer
crustal structure and lithology. One link is through the amount of fluid present (see Bedrosian et al., 2007
Unsworth & Rondenay, 2012): as the amount of fluid increases, resistivity and velocity decrease. The fluid
distribution (both aqueous fluids and partial melts) in tectonic zones (subduction or collision), where the cir-
culation of fluids is related to metasomatism, has been investigated with this approach (Unsworth & Ronde-
nay, 2012). However, some variations in rock composition (e.g., chemistry) may influence only one parameter.
For example, an increase in the sodium content of a partial melt (e.g., Comeau et al., 2016), miniscule amounts of
saline fluids in the crust (e.g., Sheng et al., 2023), or magmatic-hydrothermal fluid flow that causes hydrothermal
alteration and sulfide enrichment will strongly decrease the electrical resistivity but will not affect the velocity in a
measurable way (Unsworth & Rondenay, 2012).

Comparing multiple geophysical methods, each sensitive to different parameters, can reduce uncertainty when
interpreting subsurface models. However, the differences in physics and in resolution between the methods must
be considered (e.g., Pritchard et al., 2018; Unsworth et al., 2023). Furthermore, large-scale, regional seismic
models may lack the fine resolution possible with a local survey. A joint inversion of both parameters (velocity
and resistivity) or a constrained inversion can be advantageous (e.g., Moorkamp et al., 2007), but is not considered
in the current study.

A simple qualitative comparison of the resistivity and velocity models from this area reveals some general
similarities: the central part has a low-resistivity anomaly and a low-velocity anomaly. This allows us to
confidently state that a regional difference exists from north to south across the study area. Furthermore, the
locations and patterns of strong S-wave velocity anomalies are strikingly similar to the electrical resistivity model,
which, for example, shows high resistivity (>1,000 Qm) at 44°N vertically oriented, near 47°N at 50-100 km
depth, 48°N below 80 km depth, and at 49-50°N below 80 km depth. A comparison of the specific features of the
models is continued in the discussion below (Section 4). Different data sets and independent modeling approaches
can provide more confidence in the results and interpretation. A properly aligned comparison of the resistivity
model and the velocity models is shown in Figure S5 of the Supporting Information S1.

In order to quantitatively compare the resistivity and velocity models in a simple way, a correlation analysis was
carried out, following Comeau, Becken, and Kuvshinov (2022). The model sections were divided into a coarse
grid, the physical parameters were binned into categories, and the number of occurrences for each combination of
parameter categories was counted to look for broad similarities and differences (Figure S6 in Supporting In-
formation S1). Furthermore, zones from the correlation diagram can be mapped to the model space to investigate
the spatial correlation. A clear trend, the low-resistivity regions correlate with low P-wave velocity regions and
low S-wave velocity regions and the high-resistivity regions correlate with high P-wave velocity regions and high
S-wave velocity regions, is observed for the vast majority of cases (85%-90% of the occurrences). A zone of low
resistivity and high S-wave velocity was observed, which corresponded spatially to the features between distances
of 600-650 km and 400-450 km, as well as 200-300 km. A zone of low P-wave velocity and not low resistivity
was observed, and which corresponded to features at distances of 500-600 km. The P-wave velocities and S-wave
velocities, which are generally correlated (83% of the occurrences), are not correlated between distances of 600—
700 km, and also for some parts between 150 and 400 km. Many reasons could account for the mis-match
described above, including small resistivity anomalies that were not observed in the (regional) velocity
models, smearing of the models, and resolution differences between techniques, or a physical cause that can
reduce the electrical resistivity but not the (S-wave) velocity.

4. Discussion

4.1. Evidence for Lithospheric-Scale Tectonic Boundaries

The Mongol-Okhotsk suture zone is associated with the closure of the Mongol-Okhotsk paleo-ocean. The exact
location of many parts of its ~3,000 km extent are only estimated and are often not agreed upon. However, in the
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study area, the exposed Adaatsag ophiolite helps to pinpoint the location of the surface trace. Its subsurface
structure and location have, previously, not been well studied. The electrical resistivity models reveal a strong
change in the lithospheric structure from the north to the south, and this contrast is indicative of a significant
feature related to the history and evolution of the region.

At about 105.5°E and 46-46.5°N, the P-wave and the S-wave velocity models show a strong decrease in the
velocity (to —2% and —3%, respectively). The feature is vertically extended and stretches from nearly the surface
to depths greater than 200 km. At the same location, the electrical resistivity model shows a low-resistivity zone
that is sub-vertical and varies from 1 to 100 Qm for depths of 0—40 km (mainly the crust), 1-10 Qm for depths of
40-80 km (mainly in the lower crust and lithospheric mantle), and 1-30 ©m for depths from 80 km to more than
120 km (mainly in the asthenosphere; the vertical extent is not well resolved), extending slightly to the south.
Based on the available information, we interpret this anomaly to represent the Mongol-Okhotsk suture zone, and
the results reveal that it is a clear and significant lithospheric-scale boundary. In fact, the geophysical signature
likely extends into the upper parts of the asthenosphere.

The region contains various proposed tectonic boundaries that cross the geophysical profiles. For example, at
latitudes of ~49.5°N and ~49°N (profile distances of ~75 and ~125 km, respectively), tectonic boundaries,
according to Badarch et al. (2002), mark the edges of the Bayangol terrane (described as an island arc) with the
Bayangol fault along the southern boundary. Another proposed tectonic boundary at a latitude of 48°N (profile
distance of ~250 km) marks the southern edge of the Haraa terrane (described as a backarc/forearc basin) and the
location of the Yeroogol fault. As shown in Figure 1, these are large faults that extend for hundreds of kilometers
north-east into the Transbaikal region. Furthermore, these areas are important because there are significant
mineral zones here. The resistivity model shows narrow low-resistivity anomalies (30-1,000 m) that appear
directly below the proposed boundaries of the tectonic domains (at ~49.5°N, ~49°N, and 48°N; profile distances
of ~75, ~125, and ~250 km). Although these anomalies are not very conductive, they have a contrast to the
highly resistive background (10,000 Qm). From 49 to 50°N, the P-wave and S-wave models show a velocity
reduction (to —1% and —2%). We can conclude that the proposed locations of these tectonic boundaries are sound.

Near 47.5°N (distance ~300 km) a low-resistivity anomaly (1-100 Qm) stretches through the crust, with a strong
signature in the lower crust (depths of ~30—40 km). This feature can also be clearly identified in the data
(Figure 8; Figure S2 in Supporting Information S1). The anomaly is located directly below the location of the
Hustai fault zone. This provides remarkable insights into the structure of this zone and reveals it is a major crustal
feature. The Hustai fault, near the capital city of Ulaanbaatar, is thought to be capable of producing earthquakes
larger than magnitude 7 (Ferry et al., 2010), and is thus an important area for research into seismogenic hazards.
The electrical resistivity model shows an interesting Y-shaped anomaly (located at a profile distance of ~300 km;
size on the order of 10 km), possibly because the fault trace at this specific location is sinuous and passes both
north and south of the MT measurement site location 4300 (see Figure 1), thus giving two signatures along the
fault. At this location the seismic velocity models show an interesting gradient from low to high of ~2%.

Two tectonic boundaries are proposed near 45°N (profile distance of ~550-600 km). According to Badarch
etal. (2002), these are the edges of the Idermeg terrane, described as a passive continental margin, with the Middle
Gobi plutonic-volcanic belt to the north (and the Gobi-Altai and Mandalovoo terranes to the south, described as a
backarc/forearc basin and an island arc). The resistivity model shows two strong, vertically extended low-
resistivity (3-30 Qm) anomalies that extend over depths of 0-80 km (through the entire lithosphere; the verti-
cal extent beyond this is not well resolved). Between them the crust is ~1,000 Qm, to the north the crust is
~10,000 Qm, and to the south the upper crust is ~10,000 m. These anomalies are clearly observed in the data
(Figure 8; Figure S2 in Supporting Information S1). The observed locations of the two low-resistivity anomalies
are consistent with the proposed locations of the terrane edges. In fact, these are some of the strongest signatures
in the model and indicate that these are significant lithospheric-scale boundaries. Near 45°N, the S-wave model
shows a small velocity reduction (to —1%) from a depth of 0-100 km, and immediately south a sharp contrast to a
strong positive anomaly (+2%) is observed. This may represent the southern edge of this lithotectonic block, and
it appears to be a significant boundary.

Another tectonic boundary is proposed near 44°N (profile distance of ~700 km). According to Badarch
etal. (2002), the Gurvansayhan terrane lies to the south, described as an island arc (and the Mandalovoo and Gobi-
Altai terrane to the north). This is an important area because significant mineral zones are located near the edges
of this domain, including the Kharmagtai deposit and Shuteen district near the northern boundary and the Oyu
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Tolgoi and Tsagaan Survaga deposits near the southern boundary. Below the proposed location of the tectonic
boundary, the resistivity model shows a strong, vertically extended low-resistivity (10-100 Qm) anomaly that
stretches from a depth of 0—80 km (through the entire lithosphere). At 44°N, the P-wave model shows a small
velocity reduction (to —1%) from a depth of 0-200 km. Similarly, the S-wave model shows a velocity reduction
(to —1%) at 44°N from a depth of 0-200 km, but to the north between 44—45°N there is a strong velocity increase
(up to +3%). This contrast in geophysical properties gives evidence for a distinct lithotectonic unit.

We consider the above-discussed anomalies to represent tectonic boundaries. Confirming the location (and
number) of tectonic boundaries, as well as their contrasting geophysical properties, can help to understand the
history and development of the CAOB. The geophysical signatures likely indicate significantly different rheology
and chemical properties than the surroundings (indicative of the independent formation histories of the distinct
terranes). The tectonic boundaries and suture zone are likely weak zones, due to pervasive deformation
throughout their history, and, furthermore, the boundaries are often associated with mineralization, caused by past
fluid flow (e.g., Wannamaker et al., 2002). For the above reasons, the electrical resistivity is reduced in these
locations. In addition, there are possible contributions from (sheared) graphite (e.g., Heinson et al., 2005). In
particular, compared to the other tectonic boundaries in this study, the imaged lithospheric structure of the
Mongol-Okhotsk suture zone appears to be quite broad.

Rather than only a boundary, that is, the suture zone marked by ophiolite at the surface, an alternative explanation
is that this feature gives evidence for a downgoing oceanic plate in the lithosphere (cf. Xu et al., 2020). The
geophysical anomalies identified at this location, low P-wave velocity, low S-wave velocity, and low resistivity,
are observed near the surface at the location of the ophiolite and at depth (~100 km below and ~100 km south),
and are thus consistent with a southward dipping subduction, as proposed by Sheldrick et al. (2020), or possibly
doubly vergent subduction. In this scenario, interconnected conductive minerals, such as magnetite, that are
commonly found in serpentinite and in mafic and ultramafic rocks, and which are greatly enhanced by defor-
mation, can explain both the low electrical resistivity and the strong decrease in seismic velocity (Heinson
etal., 2005; Robertson et al., 2015, and references therein; Lebedev et al., 2021). Supporting this, Zhu et al. (2023)
determined extensive serpentinization (including dunites and harzburgites) around the Adaatsag ophiolite.

4.2. Link Between Deep Features and Mineral Deposit Locations

In the framework of a mineral system approach, a combination of components is required to develop a mineral
system, including the presence of sources of metals and fluids and a favorable architecture with fluid-flow
pathways (see Huston et al., 2016). To help understand the evolution of a mineral system and the locations of
mineral deposit emplacement, both of which help to advance new exploration strategies for the future, knowledge
of the whole-lithosphere structure is important.

Ore-forming fluids may be generated from a lithospheric mantle that has been fertilized and metasomatized,
possibly by fluids and melts derived from subduction (e.g., Groves et al., 2020, and references therein). Some
studies suggest that initial enrichment of metals is an important step (related to fertility; e.g., Zheng et al., 2019).
In such a scenario, earlier subduction events or long-lived magmatism may have left (sulfide-bearing) metal-
enriched cumulates near the base of the crust that were later re-melted and which provide metal-rich fluids for
mineral deposit formation (Holwell et al., 2022; Xu et al., 2021, and references therein). Recent work has drawn
links between the surface locations of mineral deposits and narrow conductive features extending through the
crust that are attributed to the transport of fluid (e.g., Comeau, Becken, & Kuvshinov, 2022; Heinson et al., 2006,
2018; Sheng et al., 2022), as well as to large conductive features in the deep lithosphere attributed to the sources of
ore-forming fluids (e.g., Comeau, Becken, & Kuvshinov, 2022), therefore giving a translithospheric picture of the
system. Areas of intense metasomatism will typically have reduced electrical resistivity and reduced seismic
velocity (e.g., Jessell et al., 2016).

In the northern part of the study area, several narrow low-resistivity anomalies (30-300 Qm) are observed in the
middle and upper crust. Alone these would be unspectacular, but the contrast to the highly resistive background
(10,000 2m) is remarkable. A detailed follow-up study with dense measurements could elucidate more of the fine
structures and ensure that they are well constrained. Although some of the model features are quite subtle, it is
notable that they can be identified directly in the data (Figure 8; Figure S2 in Supporting Information S1). The first
(northern-most) anomaly is below the projected location of the Eroo gold belt (see Figures 1 and 10), the second
anomaly is below the Boroo gold belt and it is also below the projected location (~100 km west of profile) of the
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Erdenet copper-molybdenum mine, and the third anomaly (which may extend into the lithospheric mantle) is
below the projected location of the Zaamar gold belt. In the southern part of the study area a similar type of
anomaly, which extends into the lithospheric mantle, is below the projected location (<50 km east of profile) of
the Kharmagtai copper-gold mine. The fact that these anomalies appear to be spatially related to the surface
locations of large mineral zones and with the locations of proposed tectonic boundaries (see Section 4.1 above)
gives information for their interpretation.

One explanation for these small, vertical low-resistivity features is that they may represent the signatures of fossil
fluid pathways (possibly from hydrothermal alteration) and record the location of the ascent of ore-forming fluids
beneath the metal belt, likely along crustal weaknesses such as tectonic boundaries and faults (e.g., Comeau,
Becken, & Kuvshinov, 2022; Heinson et al., 2018; Robertson et al., 2015; Wannamaker et al., 2002). In the lower
lithosphere, the low-resistivity features may represent the source region of the ore-forming fluids. Sulfide phases
may play a role in causing the low resistivity, for example, if metal-rich (Cu—Au) sulfide melt exists in cumulates
near the base of the crust (see Comeau, Becken, & Kuvshinov, 2022, and references therein).

4.3. Are There Hydraulically Connected Lower-Crustal Channels?

MT measurements across the north-central Hangai, 250-400 km to the west, revealed a series of well-resolved,
low-resistivity (3—30 Qm) zones in the lower crust (depth of 30-50 km) beneath a highly resistive upper crust
(Comeau, Becken, Connolly, et al., 2020). These are organized into cylinders or tubes with a separation of
approximately 25 km, a width of 25 km, and an (east-west) extension of hundreds of kilometers (Kaufl, Grayver,
Comeau, et al., 2020), which is aligned with GPS measurements that show potential eastward motion of that part
of the Hangai block (Calais et al., 2003).

One explanation for these features, proposed by Comeau, Becken, Connolly, et al. (2020) and based on a con-
ceptual model of fluid localization and stagnation by thermally activated compaction (Connolly & Podladchi-
kov, 2004), is consistent with the location, shape, and size of the zones. This explanation hypothesizes that the
thermally perturbed lower crust underwent metamorphic dehydration and devolatilization reactions that produced
fluids that were subsequently localized in elevated-porosity, fluid-rich domains, and are trapped below the brittle-
ductile transition due to an inverted stress gradient. The pattern of fluid focusing is naturally superimposed on
large-scale tectonic deformation patterns (e.g., northward continental compression, eastward extrusion). There-
fore, it is expected that in three-dimensions these fluid zones form extended channels.

One question that we hoped to answer with the present work was: Do the tube-like lower crustal conductors
observed beneath the Hangai extend far to the east? However, the results are ambiguous. The northern segment
(northern-most 200 km) of the 2-D model, and the 1-D model, do show a highly resistive upper crust and a low
(er)-resistivity lower crust; but the models do not display extreme conductive features (e.g., <10 Qm). In the
southern segment of the profile such a pattern is not observed. It is notable that this is observed to the north of the
suture zone but not to the south, further illustrating the distinct regional tectonic domains. Furthermore, the 2-D
model might show a pattern of regularly spaced conductive features, but the 25 km measurement spacing in this
model, compared to 3—10 km for the Hangai study (Comeau, Becken, Connolly, et al., 2020), is not ideal to
determine this conclusively. In addition, a 3-D model from a larger array of data is necessary to image the
extension off-profile of any conductive features. Therefore, the model presented here is not inconsistent with the
lower crustal conductor observed beneath the Hangai, but the existence of a distinct tube-like pattern is not
conclusive.

4.4. Is There Evidence for Mantle Upwellings or Plumes?

What causes the extended, sub-vertical low-velocity structures? Zhang et al. (2017) hypothesized that these
features, which extend to depths of more than 300-500 km, represent plumes from the deep upper mantle, or
alternatively multiple upwellings of warm mantle, and that they may be responsible for the uplift and magmatism
observed in Mongolia. Furthermore, they speculated that the features may be related to deep subduction of the
Pacific and Indian plates, located far from Mongolia, with the descending edges of flat stagnant slabs responsible
for return flow.

Below central Mongolia, uplift (and magmatism) consistent with that observed was numerically modeled based
on an asthenospheric upwelling from a scenario of delamination (due to a thickened and eclogitized crust and a
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weak lower crust) or edge-driven convection (related to the substantial step and boundary from a thick lithosphere
below the Siberian craton to a thin lithosphere below Mongolia) (Comeau et al., 2021; Stein et al., 2022).

The global model LITHO1.0 (Pasyanos et al., 2014) shows that the thickness of the lithosphere in this region
(along longitude 105°E) varies from a maximum of ~94 km at the edges to a minimum of ~67 km in the center
(between 45.2°N and 47.1°N, or about 350 and 550 km along the resistivity model section). The region with
thinner lithosphere is located in the range where low-velocity structures are observed. The Siberian craton
boundary is at approximately 52°N, 200 km north of the end of the profile. The thickness of the lithosphere
beneath the Siberian craton reaches more than 250 km.

Is the electrical resistivity model consistent with a mantle upwelling? A strong, low-resistivity (<30 Qm) feature
is observed in the electrical resistivity model at 46°N that extends from a depth of about 40 km to more than
120 km, within a background of >300 Qm. Clearly there is a lateral change in the mantle at this location. The S-
wave velocity model shows a strong anomaly (—3%) spatially congruent with the low-resistivity feature. This
feature may represent an asthenospheric upwelling. The 2-D electrical resistivity model does not show a deep,
continuous layer with a decrease in resistivity that could be attributed to the lithosphere-asthenosphere boundary,
in comparison to other models in the region (e.g., Comeau et al., 2018; Kiufl, Grayver, Comeau, et al., 2020).
However, we note that an increase in the phase for long periods of more than 1,000 s at most sites in the central
region is indicative of the increase in conductivity associated with the asthenosphere (see Figure 2).

A recent preliminary regional 3-D model of central Mongolia presented by Rigaud, Comeau, Kuvshinov,
et al. (2023) and Rigaud et al. (2024) uses data from a newly acquired array (approximately 400 km by 700 km
with ~50 km spacing; including a subset of the data analyzed here) and thus offers the advantages of a larger
aperture and more long-period data, but provides lower resolution. It shows a clear decrease in resistivity between
50-100 km that can be interpreted as the lithosphere-asthenosphere boundary. Specifically, the 200 Qm contour
can be taken to indicate the lithosphere-asthenosphere boundary at a depth of 60—70 km in the center of the profile
at 46°N and at a depth of 80—100 km at the edges (see Figure 10) (i.e., a possible a doming shape). In fact, Kéufl,
Grayver, Comeau, et al. (2020) posited that an upwelling existed beneath the Hangai Dome and that a second
upwelling existed east of the Hangai Dome, at the edge of their modeling domain which included all available data
at that time.

Given the above, we conclude that the presented model is not inconsistent with the above hypotheses of a mantle
upwelling based on the velocity model and geodynamic modeling. In summary, we do not argue for mantle
plumes but note that an asthenospheric upwelling, much like the local one proposed below the central Hangai
Dome, can be directly reconciled with geodynamic models for delamination or slab break off that can explain the
magmatism and mineralization of the region (Comeau et al., 2021; Stein et al., 2022; Tomurtogoo et al., 2005).

An alternative explanation is offered by examining other intriguing regions of the CAOB. Far to the west, near the
Junggar Basin (approximately 80°E, 45°N; within the CAOB), Xu et al. (2020) examined evidence for a fossil
oceanic plate trapped and preserved in the lithospheric mantle. Whether the anomalies detected below the
Mongol-Okhotsk suture zone should be attributed to a broader slab, rather than to a narrow boundary or an altered
region, cannot now be answered, but a viable preservation mechanism is required for the former.

The resistivity anomaly observed in the mantle beneath the Mongol-Okhotsk suture zone at 105.5°E and 46°N is
very strong. Can partial melt in an upwelling alone explain the conductivity anomaly? Following the parameter
estimates and calculations of Comeau, Becken, Grayver, et al. (2022), the strong anomaly (1-10 m) at a depth of
60-80 km (in the lithospheric mantle) could be explained by a minimum of 10% partial melt. However, relations
between the relative change in the S-wave velocity and the volume fraction of a minor phase in a two phase
system (Chu et al., 2010; Comeau, Becken, Grayver, et al., 2022) indicate that a reduction of 3% in the S-wave
velocity implies a partial melt fraction of ~2.5%. Therefore, this interpretation does not adequately satisfy both
geophysical anomalies. However, the addition of a minuscule amount of saline fluids can reduce the amount of
partial melt required (e.g., Sheng et al., 2023; Unsworth & Rondenay, 2012).

There are several candidates for mantle minerals that can reduce the velocity and the electrical resistivity.
Following Comeau, Becken, Grayver, et al. (2022), we suggest that metasomatism of the lithospheric mantle by
subduction is the main cause of both geophysical anomalies. In the lithospheric mantle, the reduction in S-wave
velocity can be explained by a more fertile composition (including iron enrichment) (see Begg et al., 2009), and
the low electrical resistivity can be explained by the presence of (F-rich) phlogopite and metallic sulfides (both
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even in small quantities, e.g., ~0.1%) (see Li et al., 2016), possibly in addition to a network of garnet pyroxenites
(e.g., Ferrand & Chin, 2023). Correspondingly (F-rich) phlogopite is compatible with a low S-wave velocity and a
fertile mantle enriched in iron is compatible with a low electrical resistivity. Supporting the above explanations,
geochemical data analyzed by Sheldrick et al. (2020) indicate metasomatism of a hydrated lithospheric mantle
near the Mongol-Okhotsk suture zone and Hunt et al. (2012) determined that the lithospheric mantle below central
Mongolia contains phlogopite.

5. Summary and Conclusions

In this study we analyzed MT measurements along a profile (~810 km long) that crosses the Mongol-Okhotsk
suture zone and the Adaatsag ophiolite within the CAOB and central Mongolia. Using the SSQ impedances,
we examined the apparent resistivity and phase curves for three profile segments (the region north of the
suture zone, across the suture zone, and south of the suture zone), and we examined 1-D models of each
segment. This showed that the character of the electrical resistivity distribution with depth is distinct in the
southern segment. In comparison to the northern segment, where a sharp transition from a highly resistive (up
to 10,000 Qm) upper crust (0-25 km) to a moderately conductive (300—1,000 Qm) lower crust (25-45 km) is
observed, the southern segment has a moderately resistive (800-1,000 Qm) signature across the entire crust.
In the northern segment, the 2-D model shows a few isolated regions of lower resistivity (30-100 Qm).
Broadly speaking, similar lower crustal conductors were observed beneath the Hangai Dome (300—400 km to
the west), but with very low resistivities and a distinct tube-like pattern not seen here, that were taken as
evidence for hydraulically connected lower-crustal fluid channels oriented fault-parallel in the direction of
crustal motion.

Different inversion strategies were tested to generate a 2-D electrical resistivity model and the preferred strategy
used a three stage scheme: the algorithm converges in the first stage, enters the Occam smoothing phase in the
second stage, and static shifts are computed in the third stage with a reduced error floor. Comparisons of the data
and the model response indicated that the model fits the data. We compared the electrical resistivity distribution
beneath this region with congruent seismic velocity models for S-waves and P-waves from Zhang et al. (2017). At
the location of the Adaatsag ophiolite and the proposed Mongol-Okhotsk suture zone, an anomalous low-
resistivity zone (1-100 €m) is imaged in the crust and lithospheric mantle. Thus the model reveals a clear and
significant lithospheric-scale feature associated with the location of the closure of the Mongol-Okhotsk ocean.
The P-wave and S-wave velocity models show a strong decrease in the velocity (to —2% and —3%, respectively)
in this same location, with a vertically extended feature stretching from 0 km to greater than 200 km depth. One
explanation, satisfying the low resistivity, the significant decrease in seismic velocity, and the ophiolite at the
surface, is that this feature may be the signature of a downgoing oceanic plate in the lithosphere, due to extensive
serpentinization, and thus may be consistent with hypothesized southward dipping subduction or doubly vergent
subduction associated with the closure of the Mongol-Okhotsk ocean.

Across the profile, numerous vertical, narrow, low-resistivity anomalies (1-100 Qm), which are in contrast to the
high resistivity background, are spatially associated with the proposed boundaries of tectonic domains. Con-
firming the location of tectonic boundaries and geological domains provides insights that help to confirm ideas
about the development of the CAOB, which is not fully understood. For example, in the north, the edges of the
Haraa terrane, which is bounded by the Bayangol and Yeroogol faults, have prominent signatures. In the south,
the edges of the Idermeg terrane have very strong, conductive signatures, possibly of lithospheric-scale. Of
particular importance, one such feature (1-100 Qm) stretches through the crust directly below the location of the
Hustai fault zone, marking it as a major crustal feature. This is significant because the Hustai fault, near the capital
city of Ulaanbaatar, is thought to be capable of producing large magnitude earthquakes and considerable seis-
mogenic hazards.

The surface locations of large mineral zones hosted in volcanic-plutonic belts that flank the suture zone, spe-
cifically the Eroo, Boroo, and Zaamar gold belts, the Erdenet copper-molybdenum mine, and the Kharmagtai
copper-gold mine, correspond remarkably well with the vertical crustal electrical resistivity anomalies. These
may represent the signatures of fossil fluid pathways. This highlights that the ascent of the ore-forming fluids
beneath the metal belts is likely controlled by crustal weaknesses such as the tectonic boundaries and faults.

A doming or upwelling of the asthenosphere is presumed (with up to 30 km difference in height) near the suture
zone. This is much like the local one proposed below the central Hangai Dome. Such an asthenospheric upwelling
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is consistent with the observed magmatism and uplift as well as with geodynamic models for slab break-off and/or
delamination (due to thick and weak lower crust).
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