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Abstract we present electrical resistivity models, derived from magnetotelluric data, of the crust
beneath the Bulnay region, Mongolia. They reveal that the lower crust contains a pattern of discrete

zones (width of ~25 km) of low resistivity (<30 Qm). Such features may be an effect of unaccounted-for
electrical anisotropy. However, when anisotropy is considered in the modeling, the features remain.

We investigate an alternative explanation, based on a conceptual model of fluid localization and stagnation
by thermally activated compaction, and demonstrate it is compatible with the observed low-resistivity
zones. The model explains the location, shape, and size of the zones, with plausible values of the activation
energy for lower crustal creep (270-360 kJ/mol), and a viscous compaction length on the order of 10 km. The
results imply tectonic deformation and compaction processes, rather than lithological-structural
heterogeneity, control the regional lower crustal fluid flow.

Plain Language Summary We collected magnetotelluric data in the Bulnay region, Mongolia,
which is a compressive intracontinental region, by measuring electric and magnetic fields at the surface.
Using these data, we generated high-resolution electrical resistivity models. The models image the

lower crust and show that it contains discrete zones of low resistivity that have a distinct pattern. Other
studies have shown that such a pattern may be an effect of ignoring electrically anisotropy. But when
anisotropy is considered in the modeling the features remain nearly the same. Because of this, we investigate
whether an alternative explanation can cause these features. We find that a conceptual model of fluid
localization and stagnation by hydromechanical compaction is compatible with the observed pattern of the
low-resistivity zones. In fact, it can explain their location, shape, and size. In addition, we use the
conceptual model to determine which viscous rheology is consistent with the data. Finally, we find that
estimates for hydraulic and rheological properties of the region are consistent with this explanation. This
conceptual model has implications for fluid flow in the lower crust, showing that it is controlled by tectonic
deformation and compaction processes, rather than lithological or structural features.

1. Introduction

Fluids play an important role in the geodynamic evolution of the continental crust. At shallow depths, much
is known about their properties and presence; less is known about fluids in deep crustal settings. In the lower
crust, evidence for the presence of fluids comes from both exhumed rocks and geophysical observations.
Direct evidence for active metamorphism and devolitalization reactions producing a fluid phase come from
fluid inclusions trapped in metamorphic minerals (e.g., Manning, 2018). Geophysical imaging can also be
used to image fluids in situ. However, questions remain as to the behavior of fluids in the lower crust and
mechanisms that control their motion (Connolly, 2010). For example, is fluid flow controlled by preexisting
lithological-structural heterogeneities in the crust, or by stresses due to tectonic deformation?

In this study, we examine the Bulnay region of north central Mongolia, at the northern margin of the Hangai
Mountains and along the eastern segments of the Bulnay fault zone. Central Mongolia, part of the Central
Asian Orogenic Belt (e.g., Yin, 2010), is composed of an intracontinental plateau dominated by the
Hangai block, a Precambrian microcontinent (Badarch et al., 2002; Cunningham, 2001). It is bounded by
large, seismically active, strike-slip faults (Walker et al., 2007). Notably, the northern Bulnay fault has
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Figure 1. (a) Map of the study area in Mongolia. Magnetotelluric measurement sites (gray circles) and profiles (blue lines) are marked. The locations of the
Bulnay fault segments are indicated (black lines; Walker et al., 2007). (b) The Hangai block, bounded by large faults (black; north, Bulnay; south, Gobi-Altai),
is situated between the Siberian craton and the North China and Tarim cratons (dashed lines). The compressive tectonic setting is illustrated by velocity
vectors (purple; Calais et al., 2003). Within the survey region (box) eastward motion is dominant. Ub = Ulaanbaataar; Mu = Murun; Ts = Tsetserleg.

experienced intracontinental earthquakes larger than magnitude 8 within the last century, despite the large
distance from active tectonic margins (Calais et al., 2003; Rizza et al., 2015). Additionally, low-volume,
alkali-basaltic volcanism, with little crustal assimilation, has occurred since the Cenozoic throughout the
region (Barry et al., 2003).

The region occupies a unique position in central Asia between the rigid Siberian craton to the north and the
North China craton to the south, which has a compressional regime due to the collision of the Indian and
Eurasian plates. GPS measurements indicate northward directed movement of >10 mm/yr in northern
China, whereas along the Bulnay fault eastward motion of ~3 mm/yr is detected (Calais et al., 2003).

Seismic studies suggest that the lithosphere below central Mongolia is anomalously thin (60-80 km), com-
pared to its surroundings (150-225 km), and, in combination with a thick crust (~50 km), imply an unu-
sually thin subcrustal lithosphere (Petit et al., 2008; Priestley et al., 2006; Welkey et al., 2018).
Electromagnetic studies imaged an asthenospheric upwelling that is expected to have brought mantle mate-
rial to depths of ~70 km, where it underwent decompression melting (Comeau et al., 2018; K4ufl et al., 2020).
This is supported by analysis of erupted xenoliths (Barry et al., 2003; Ionov, 2002) and high temperatures in
the lower crust (Ionov et al., 1998).

2. Magnetotelluric Data and Electrical Resistivity Models

We analyze magnetotelluric (MT) data in the Bulnay region collected as part of a large regional array
(Comeau et al., 2018, 2019, 2020; K&ufl et al., 2020). Measurement sites have a spacing of <10 km along
~200 km long parallel profile segments, separated by ~50 and ~150 km (Figure 1). Broadband data were
recorded with a sampling frequency of 512 Hz for several days (Figure S1 in the supporting information),
providing good resolution within the crust, and allowing penetration to upper mantle depths. The MT data
are high quality and have a low noise level, due to the remote measurement location.

The regional geoelectric strike was computed for all sites (Becken & Burkhardt, 2004) and a well-defined
direction of N104°E was observed (Figure S2), which is approximately aligned with the trend of the
Bulnay fault zone and the Hangai Mountains. Average phase tensor skew values, an indication of three
dimensionality (Booker, 2014; Caldwell et al., 2004), were generally low, except regions around the fault
zone, which may indicate local three-dimensional (3-D) structure (Figure S2). This analysis established that
a two-dimensional (2-D) model is largely valid.
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Figure 2. Electrical resistivity models obtained from the inversion of magnetotelluric data. Measurement locations are
white triangles. In the lower crust, localized low-resistivity zones, with a distinct pattern of approximately equal

width and separation, are observed. Near-surface features appear coincident with the diffuse Bulnay fault system (black
lines; see Figure 1).

Using the MARE2DEM inversion algorithm (Key, 2016), 2-D electrical resistivity models were created by
inverting both modes of the impedance tensor (Transverse Electric, TE, and Transverse Magnetic, TM),
for periods in the range of 0.06-4,200 s. Topography was not included; for further inversion details, see
Figure S3. Both isotropic and anisotropic models were created. For the inversion, the data were rotated to
the geoelectric strike direction and projected along a perpendicular profile.

To ensure a close fit to the data, both TE and TM mode phase components were assigned an error floor of 2°
and the TM mode apparent resistivity was assigned an error floor of 10%. The TE mode apparent resistivity
was assigned a high error floor of 100% to reduce the influence of the static shift effect (e.g., Chave &
Jones, 2012). In addition, following Becken et al. (2011), data errors were adjusted such that departures from
the 2-D condition were indistinguishable within the errors, which corresponds to the downweighting of 3-D
effects.

For each inversion model, the algorithm smoothly converged and the total root-mean-square (RMS) misfit
was reduced to 1.00, indicating that the models fit the MT data (Table S1). Furthermore, many combinations
of inversion model parameters were thoroughly investigated, and, although minor variations were observed,
it was found that the main features of the model did not greatly depend on any specific choice of parameters
(e.g., variations in strike angle, starting model, or mesh). In addition, model resolution and sensitivity were
explored using synthetic inversions (e.g., Figure S4), which indicated the robustness of the main model
features.

The upper crust (<25 km depth) appears generally very resistive (~10,000 Qm), reflecting the cratonic setting
of the Hangai microcontinent (Cunningham, 2001). Several near-surface reduced-resistivity features are
coincident with the diffuse Bulnay fault system and with surface expressions of hydrothermal activity and
volcanism (Comeau et al., 2018; see Hunt et al., 2012). In contrast, in the lower crust (25-50 km depth) dis-
crete zones of low resistivity (3-30 Qm) embedded in a moderate resistivity background (200-300 Qm) are
imaged at a depth of approximately 30-40 km (Figure 2). These oblate, elliptical features are larger than
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Figure 3. Anistropic electrical resistivity model along the (a) x direction and (b) y direction (Line-6000). The model
shows a distinct pattern of localized low-resistivity zones, similar to the isotropic model. Comparable resistivities for
both directions implies very weak electrical anisotropy. The model allows (c) axis-aligned triaxial anisotropy, anisotropy
aligned with the coordinate system, rather than (d) arbitrary anisotropy, where rotations about z give an anisotropic
strike (crg), about x give a dip (ap), and about y give a slant (ay; not shown).

the MT site spacing. The approximate width of each zone is ~25 km, and their separation is also ~25 km. Their
true vertical extent is difficult to establish because the MT method is sensitive to the top of a conductive zone
and to its conductance, which can be satisfied by an equivalent combination of thickness and conductivity,
indistinguishable in the data (e.g., Unsworth & Rondenay, 2012). Furthermore, their thicknesses vary,
both along and across the profiles. Based on the inversion images, we estimate their thickness to be
<10 km. However, they are possibly thinner features that are smeared downward by the inversion.

On each profile the low-resistivity zones appear remarkably similar, and, if the assumption of a 2-D Earth is
true, they may be connected between the profiles. In fact, recent 3-D modeling results from Kiufl et al. (2020)
of MT array data across central Mongolia revealed laterally extended conductive structures quasi-parallel to
the Bulnay fault zone (Figure S5).

An alternating sequence of resistive and conductive dykes (macroanisotropy) in 2-D isotropic resistivity
models may be an effect of unaccounted-for electrical anisotropy (Heise & Pous, 2001), which can be recov-
ered from the properties of the imaged dykes (Eisel & Haak, 1999). However, the models in this study do not
show a strictly regular pattern—there are some variations in the anomalous features' widths and resistivities.
Furthermore, we observed no uniform split in the phases nor regions with out-of-quadrant phases, often
diagnostic of anisotropy in the data (Liddell et al., 2016; Pek & Verner, 1997) (Figure S6). Other evidence,
including from seismic data, is not conclusive for crustal anisotropy. Nevertheless, we investigated whether
electrical anisotropy can explain the anomalous features.

We generated electrical resistivity models that allowed axis-aligned triaxial anisotropy, that is, different
resistivities in perpendicular directions aligned with the coordinate system: along and across geoelectric
strike, as well as vertically. The resulting models (Figure 3) showed a very similar result to the isotropic
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models—they revealed a pattern of resistive and conductive features. The ratio of horizontal resistivities
(oy/px) Was generally less than 1.3, and no more than 2 within the conductors, signifying very low anisotropy
(o, was similar to p,; Figure S7). The result implies that, although weak electrical anisotropy may exist, the
observed resistivity pattern is not merely an artifact, and thus, axis-aligned triaxial electrical anisotropy is
not a sufficient explanation for the pattern. Note that we do not consider arbitrary anisotropy, that is, aniso-
tropy oriented at an angle to the coordinate system (e.g., Marti, 2014).

3. Results and Discussion
3.1. Fluid Content

Low resistivity in the crust can have several causes, and common explanations invoke graphite films, par-
tial melts, or aqueous fluids (e.g., Unsworth & Rondenay, 2012). If graphite films exist beneath the Bulnay
region, they would be widespread (Hyndman et al., 1993), and hence, it would be difficult to explain the
observed pattern. Crustal melt is often interpreted in volcanic environments (e.g., Comeau et al., 2016;
Pritchard et al., 2018). However, considering partial melt in this setting would typically have a resistivity
of >3 Om (Comeau, 2015, and references therein; Pommier & Le Trong, 2011; Table S2), a large porosity
(>10%) would be required to explain the observed conductive features. In view of these complications, we
favor aqueous fluids as the simplest explanation for the origin of the anomalous low resistivity, because
they do not require large porosities and are thus a more plausible match to the conceptual model dis-
cussed below.

The imaged low-resistivity zones are notably located below the brittle-ductile transition zone (BDTZ), which
may be located at a depth of ~25 km in this region (Déverchére et al., 2001; Li et al., 2017; Welkey et al., 2018).
This is significant because it is hypothesized that the stress gradient becomes inverted beneath the BDTZ in
compressive tectonic settings, acting as a barrier to crustal fluids (Connolly & Podlachikov, 2004). Therefore,
we propose that the thermally perturbed lower crust undergoes metamorphic dehydration and devolatiza-
tion reactions that produce fluids, which are trapped in the lower crust, and that these fluids accumulate
in localized, fluid-rich domains—causing enhanced conductivity.

To estimate the porosity (fluid-filled volume fraction) required to explain the bulk resistivity obtained from
MT data, a two-phase configuration is used, considering the resistivity of the pore fluid and the rock matrix.
We use the Hashin-Shtrikman (upper) bound (Hashin & Shtrikman, 1962), which assumes isolated spheres
surrounded by a less resistive material, because it represents normal interconnection for lithospheric fluids
(Unsworth & Rondenay, 2012). Even a small amount of fluid can cause an order of magnitude reduction in
the bulk resistivity, and in the viscosity (e.g., Rosenberg & Handy, 2005), but corresponding changes in seis-
mic velocity are small—and may go undetected (Watanabe, 1993).

In lower crustal settings, there exists evidence for ionic saline fluids with conductivities on the order of
10 S/m (Manning, 2018; Sakuma & Ichiki, 2016). Using the experimentally derived numerical model from
Sinmyo and Keppler (2017), at 1 GPa (~35 km depth) and 730°C (suitable for this region) H,O-NacCl fluids
have conductivities ranging from 1.4-24 S/m, for salinities of 0.10-3.3 wt% (weight percent NaCl), which
are plausible based on deep geochemical data (e.g., Sinmyo & Keppler, 2017).

Assuming a fluid conductivity of 10 S/m (corresponding to a salinity of ~1 wt%), a bulk resistivity of 30 Qm,
representative of the low-resistivity zones imaged, requires a minimum fluid content of 0.45% to explain the
electrical resistivity data (Figure 4a). Whereas the background regions that are fluid poor, with an observed
bulk resistivity of ~250 Qm, require a fluid content of ~0.045%. The average bulk resistivity over the entire
lower crust from the resistivity model is 125 Qm, which can be explained by a porosity of 0.10%. Note that
if the fluids are less saline—and therefore less conductive—a higher porosity is required.

3.2. Constraint on Length Scales

The spatial distribution of the low-resistivity zones is remarkably consistent with the hypothesis that the
BDTZ acts as a barrier to compaction-driven expulsion of lower crustal fluids for both rheological and hydro-
dynamic reasons (Connolly & Podlachikov, 2004).

Thermal activation of viscous mechanisms has the consequence that the lower crust strengthens upward on
the length scale ¢, (Connolly & Podlachikov, 2004), which can be written as
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Figure 4. (a) The porosity (fluid fraction) required to explain the bulk resistivity measured from magnetotelluric data, for
fluid conductivities (black lines), computed with the Hashin-Shtrikman (upper) conductivity bound (Hashin &
Shtrikman, 1962). If fluid domains in the lower crust consist of saline fluids with a conductivity of 10 S/m, a measured
bulk resistivity of 30 Qm can be explained by a porosity of 0.45% (red), 250 Qm by 0.045% (blue), and 125 Qm by 0.10%
(green). (b) The viscous compaction length (lines) for varying grain size and effective viscosity with different porosities
(colors). The porosities (¢), computed from (a) for 125 Qm, correspond to different conductivities (¢), which are controlled
by the fluid salinity (S, wt% NaCl). Considering partial melt may have a conductivity <0.3 S/m (Table S2), low-salinity
fluids (<1 wt%) are the most plausible match for lower crustal properties (gray box), within the conceptual model.

2 1)

é’a = nTz/(ﬁ dz

where Q is the activation energy for the effective viscous mechanism, R is the gas constant, T is the tem-
perature at depth z, and n is the stress exponent for the viscous mechanism.

Regardless of any hydrodynamic effects, upward strengthening impedes viscous compaction and tend to
cause transient accumulation of metamorphic fluids in the upper portions of the crust. It has been shown
numerically (Connolly, 1997; Connolly & Podladchikov, 1998) that in thermal regimes where ¢ is greater
than the viscous compaction length & (Scott & Stevenson, 1984), compaction processes localize fluid on
the local compaction length scale, which itself is an exponentially decreasing function of depth (Connolly
& Podladchikov, 1998, 2004). In contrast, if § is greater than ¢, the local compaction length dictates the hor-
izontal length scale for compaction processes, and €, controls the vertical length scale (i.e., in the direction of
the thermal gradient). On the basis of these considerations, we interpret the oblate geometry of the imaged
low-resistivity zones to indicate the latter regime, with § < 25 km. Given that the vertical extent of the
low-resistivity zones is a particularly uncertain aspect of the inversion model, this simple rheological argu-
mentation does not constrain £, precisely.
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A more precise constraint on ¢, follows from the more elaborate hydrodynamic mechanism posited by
Connolly and Podlachikov (2004), which explains the accumulation of fluids beneath the BDTZ as a quasi
steady state phenomenon in compressive tectonic settings related to the viscous relaxation of upper crustal
stress in the lower crust. A simple model of this mechanism (Connolly & Podlachikov, 2004) shows that the
depth from the BDTZ to the center of the fluid zones is

SOy
Az = €41 2
Tt n(eaApg) @

where oy is the yield strength of the crust at the BDTZ, s is a geometric constant taken to be %2 for the
observed near-equant geometry of the zones, Ap is the difference between the density of the fluid and
solid, and g is the gravitational constant. Using the Mohr-Coulomb criterion (see Connolly &
Podlachikov, 2004), the yield strength can be written as a function of the depth of the BDTZ (zpq4):

Oy = 2Apgznd 3

This model predicts that fluids released by lower crustal metamorphism will collect in zones <9.2 km below
the BDTZ (for z,q < 25 km). This is in agreement with the observations in the Bulnay region, where the cen-
ter of the fluid zones is imaged at a depth of ~35 km. For the case Az = 9.2 km, ¢, is equally 9.2 km. The cor-
responding activation energy (Equation 1; dT/dz ~ 10 K/km; Ionov et al., 1998) is 273 kJ/mol for stress
exponent n = 3 and 364 kJ/mol for n = 4 (i.e., non-Newtonian behavior), suggesting the viscous mechanism
is dislocation creep, characteristic of quartz-dominated rheology (Paterson & Luan, 1990), demonstrating
the consistency of the compaction model. As the inversion model provides no temporal resolution, the exis-
tence of the quasi steady state hypothesized in the stagnation mechanism is speculative, but the uniform
depth of the conductive zones supports the hypothesis.

3.3. Consistency With Crustal Hydromechanical Properties

The relation of the viscous compaction length to experimentally measured rock properties provides an addi-
tional test for the hypothesis that the Bulnay low-resistivity zones are consistent with compaction-induced
localization of metamorphic fluids.

From the governing compaction equations (Scott & Stevenson, 1984), the viscous compaction length, ignor-

ing order-one terms, can be generalized as
k
[k )
My

where {is the bulk viscosity, 7is the pore fluid viscosity, and k is the permeability. Assuming a dislocation
creep mechanism (Wilkinson & Ashby, 1975), a plausible rheology for this setting (e.g., Biirgmann &
Dresen, 2008),

= Dett
¢= o ©)

where 7). is the effective viscosity and ¢ is the porosity. Following the theoretical Carman-Kozeny poros-
ity-permeability relationship (Beard & Weyl, 1973; Carman, 1939),

2
k:¢3dg

(6)
Co

where d, is the grain size and c,, is a material constant estimated by Carman (1939) to be on the order of

10—an estimate that has been experimentally confirmed for geological materials (Connolly et al., 2009).

Using GPS measurements and models of postseismic deformation, Vergnolle et al. (2003) determined that
the viscosity of the lower crust in central Mongolia must be approximately 10'® to 10'® Pa-s, which is low
compared to other crustal settings (e.g., Blirgmann & Dresen, 2008). However, it is compatible with
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elevated temperatures, as inferred from petrological analysis (Ionov et al., 1998), and consistent with a weak,
fluid-rich lower crust. The average grain size in the lower crust is estimated to be on the order of 107* to
10> m, based on the crustal properties and setting (Biirgmann & Dresen, 2008; Karato, 2008), which is rea-
sonable considering petrological studies in Mongolia (e.g., Barry, 1999). Moreover, the grain size can be esti-
mated directly from Equation 6, using an inferred lower crustal permeability (e.g., Connolly &
Podladchikov, 2013) (Figure S8).

The initial uniform porosity, which existed prior to localization, is inferred to be 0.10%, based on the average
resistivity of the present-day lower crust. A higher porosity—for example if fluids are less saline—necessi-
tates a lower effective viscosity to explain the same viscous compaction length (Figure 4b). The pore fluid
viscosity is assumed to be 10™* Pa-s, based on experimental measurements of aqueous solutions of NaCl
and KCI over a range of relevant pressures and temperatures, which show little variation (Hack &
Thompson, 2011; Kestin et al., 1981).

Using a combination of the above parameters gives a viscous compaction length of § ~ 25 km (Figure 4b).
This is consistent with the geophysically imaged low-resistivity zones. Although uncertain, this analysis sug-
gests that the above estimates for crustal properties are not unreasonable and that the length scales discussed
here are consistent with basic assumptions and with independent geodynamic inferences.

3.4. Sealed Fault Zone and Compaction

In the absence of compaction, repeated deformation along large-scale fault zones is expected to create drai-
nage networks in the lower crust (Cox, 1999; Sibson, 1986). In this case, the fluids trapped beneath the BDTZ
in the Bulnay region would flow laterally toward the active fault zone. However, in the compacting case,
fault drainage is less effective due to decreasing fluid flow (Connolly, 2010). This is because the fault acts
as a drain faster than fluid is generated, causing porosity to collapse due to compaction and low fluid pres-
sure, and hence, hydraulic connectivity and permeability are drastically reduced. Effectively, compaction
processes act to seal the fault zone, thereby preventing fluid drainage, and the consequence is that lower
crustal fluid regions act independently of the fault (Connolly, 2010).

The resistivity models present an example of this effect. Although the survey area crosses a significant crustal
boundary, the eastern segments of the Bulnay fault zone, it is not imaged as a strong low-resistivity zone at
midcrustal depths, as expected from studies at other faults (e.g., Becken & Ritter, 2011). At near-surface
depths (<5 km), low-resistivity anomalies are coincident with the fault locations and can be attributed to
a crush zone and circulating meteoric fluids. However, at greater depths the fault system appears to have
been sealed by compaction processes, because no lower crustal fluid drainage is imaged, despite the fault sys-
tem's proximity to fluid-rich domains. Thus, in the midcrust the fault may be dry (e.g., Unsworth &
Rondenay, 2012), in agreement with the frequency of large slip events, which have occurred on timescales
of thousands of years (Rizza et al., 2015), although detailed microseismicity has not been reported.

Furthermore, patterns of compaction-induced localization are imposed on tectonic deformation and litholo-
gical structure (e.g., Connolly & Podladchikov, 2013). These effects may explain the elongation of the low-
resistivity domains orthogonal to the 2-D resistivity models and quasi-parallel to the adjacent fault zone
(see Kdufl et al., 2020; Figure S5).

4. Conclusions

Images of the electrical resistivity structure below the intracontinental Bulnay region, north central
Mongolia, reveal discrete low-resistivity zones (<30 Qm; ~25 km wide) in the lower crust that have a char-
acteristic pattern. These features are believed to be laterally extended structures that are quasi-parallel to the
adjacent fault zone and perpendicular to tectonic stress from northward directed compression. The
low-resistivity zones are determined to be compatible with a conceptual model of compaction-induced loca-
lization and stagnation of metamorphic fluids. The conceptual model predicts that fluids released in the
lower crust will collect in oblate zones ~9 km below the BDTZ, in agreement with the electrical resistivity
models. A further demonstration of the consistency of the compaction model comes from plausible values
of 270-360 kJ/mol for the activation energy, suggesting the viscous mechanism is dislocation creep. The elec-
trical resistivity models constrain the lower crustal viscous compaction length to be on the order of 10 km in
the Bulnay region. A compaction length of this magnitude is consistent with estimates for the relevant
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