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1. Introduction
Cratonic regions are areas characterized by long-term lithospheric stability that often persists through a signifi-
cant amount of earth history. However, many studies have shown that cratons can be modified by later tectonic 
events and in some cases destroyed (e.g., Abdelsalam et al., 2002; Liu et al., 2021; Tang et al., 2013). The study 
of the deep lithosphere beneath and along craton margins offers the opportunity to understand the processes that 
can modify and potentially destroy cratons, and to connect these processes with evolution of the lithosphere on 
the regional scale. This type of study can also offer constraints on volatile fluxes and storage, rheology, and long-
term survivability of the subcontinental lithosphere mantle (SCLM), as well as the formation of economically 
significant mineral deposits within the cratonic lithosphere (Aulbach, 2018; S. F. Foley & Fischer, 2017; Frezzotti 
& Ferrando, 2018; Griffin et al., 2013; O’Reilly & Griffin, 2013; Selway, 2018).

The southern midcontinent of the United States is located on the margin of the Laurentian craton. This region 
records geologic events that extend from the initial assembly of Laurentia to its breakup from Pangea. Many of 

Abstract Magnetotelluric data were used to study the lithosphere structure of the Southern Oklahoma 
Aulacogen (SOA). Inversion of the data revealed two low resistivity anomalies beneath the SOA. The first 
is located in the depth range 0–90 km in the crust and upper lithospheric mantle. The second extends from a 
depth 100 km to the base of the lithospheric mantle and extends away from the SOA to the ends of the profile. 
The cause of low resistivity anomalies is discussed in relation to the tectonic evolution of the region and recent 
laboratory experiments on rock conductivity. The first anomaly is attributed to the combination of (a) water 
present in mantle minerals and (b) the formation of hydrous mineral phases by interactions between a plume 
and the lithosphere during rifting. Grain size reduction and fabric alignment from deformation during the 
Ancestral Rocky Mountain (ARM) orogeny may have also contributed to the low resistivity. This enrichment 
phase may have mechanically weakened the lithosphere and allowed deformation to occur during the ARM 
orogeny. The low resistivity of the deeper anomaly is attributed to a fluorine-enriched phlogopite layer that is 
also coincident with an observed seismic mid-lithosphere discontinuity (MLD). A lithosphere keel of mantle 
minerals enriched in water underlies this layer and may have formed by accretion of the plume head to the lower 
lithosphere after rifting, which also rethickened the lithosphere to its present-day depths. The MLD may then 
reflect a melt layer along a paleo lithosphere-asthenosphere boundary entombed during the accretion.

Plain Language Summary Earth's tectonic plates result from modification by past and present 
tectonic processes such as rifting and plumes. Processes that occurred in the past can be understood by present 
day studies of these processes that are active today. Geophysical imaging is a key part of these investigations 
as it provides information about subsurface structure. One method that is widely used is magnetotellurics (MT) 
which provides information about electrical resistivity. This parameter is sensitive to the presence of fluids and 
past metamorphism. The Southern Oklahoma Aulacogen is a failed rift located in the central USA. After the 
rifting occurred, compression formed the Ancestral Rocky Mountains (ARMs). This study uses MT data to 
understand how past tectonic events modified the North American Plate in this region. The results show that the 
lithosphere beneath the rift has a low electrical resistivity relative to the surrounding region. This suggests that 
metamorphism changed the composition of lithosphere and made it weaker. When later tectonic events caused 
compression, this weakening allowed the ARM to form. These results help us to understand how rifts and 
plumes modify plates at the present.
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these features have escaped later tectonic reworking, offering a valuable window into the evolution of the conti-
nent. Since the breakup of Pangea, regional tectonic activity has ceased, and Phanerozoic sedimentary rocks up 
to 12 km thick have covered most of the region. This has complicated investigation of regional basement rocks 
critical for tectonic studies, making geophysical imaging necessary. Notably, the EarthScope seismic array has 
defined variations in seismic velocity, Moho depths, lithosphere structure, and the lithosphere-asthenosphere 
boundary (LAB), offering valuable insights into regional terrane assembly and tectonic evolution, as well as how 
these processes modified and are preserved in the lithosphere (e.g., Kumar et al., 2012; Nyamwandha et al., 2016; 
Shen et al., 2013). The complimentary EarthScope magnetotellurics (MT) array has offered additional insights 
by defining regions of lithosphere enrichment and modification resulting from regional tectonic processes (e.g., 
Bedrosian, 2016; DeLucia et al., 2019; Yang et al., 2015).

This paper presents an investigation of the Southern Oklahoma Aulacogen (SOA), which is a failed, structurally 
inverted rift located in Oklahoma and Texas (Figure 1). The SOA was involved in two episodes of Laurentian 
evolution. The first was as a failed rift arm during the Cambrian breakup of Rodinia, and the second was as an 
uplift in the Pennsylvanian-Permian Ancestral Rocky Mountain (ARM) orogeny during the assembly of Pangea 
(Kluth & Coney, 1981; Leary et al., 2017; Whitmeyer & Karlstrom, 2007). Study of the SOA provides the oppor-
tunity to understand (a) how Cambrian rifting modified the lithosphere, (b) if this modification is still preserved, 
and (c) how this modification may have influenced the evolution of the SOA during the ARM orogeny. Relative 
to the much of the regional basement the SOA is buried at shallow depths (100s of meters to <1 km) which has 
allowed it to be subjected to a wide variety of geochemical, geophysical, and structural studies (e.g., Brewer 
et al., 1983; Chase et al., 2022; Hanson et al., 2013). However, geophysical imaging of sufficient resolution at 
depths greater than the mid-crust is lacking. Further, while the EarthScope seismic array extended over the region 
the resolution is limited due to the large 70 km site spacing (Evanzia et al., 2014). The EarthScope MT array did 
not extend to the region.

In this paper, the first modern MT study of the SOA itself is described. The only other MT data in the region was 
a study of the adjacent Anadarko basin (Vozoff, 1972). A profile of 13 long period MT stations was collected 
from 2018 to 2019 and inverted to give a two-dimensional (2D) lithosphere-scale resistivity model. Details of 
the resistivity model are discussed to investigate the cause of the low resistivity zones observed and relate them 
to past tectonic processes. The implications of the electrical resistivity structure in relation to the evolution of 
Laurentia, particularly how they may relate to ARM tectonics and Rodinian rifting are discussed. It should be 
noted that the terms resistivity and conductivity, mathematical inverses of each other, are both used in this paper.

2. Geologic and Tectonic Framework
2.1. Geologic and Tectonic History
The SOA is located on the inferred terrane boundary between the Mazatzal and Granite-Rhyolite provinces 
(Whitmeyer & Karlstrom, 2007) (inset, Figure 1). Following terrane collision in the mid-Proterozoic, widespread 
granitoid intrusion occurred across both terranes around ∼1.4 Ga (Whitmeyer & Karlstrom, 2007). After this, 
there is no recorded activity until the early Cambrian during the breakup of Rodinia when the region rifted as the 
failed arm of a plume-driven rift-rift-rift triple junction centered near the present-day Oklahoma-Texas border 
(Hoffman et al., 1974; inset Figure 1). The original suture between the two terranes may have been a region of 
pre-existing weakness that aided rifting localization and development (Budnik, 1986; Keller & Stephenson, 2007; 
Yuan et al., 2014). An alternate interpretation was proposed by Thomas (2011, 2014), who suggested that the 
SOA was a leaky transform fault that is associated with pronounced lateral offset. This interpretation and rifting 
are not mutually exclusive (Hanson et al., 2013), but generally leaky transforms do not exhibit the extensive 
magmatism and produce magmas of different composition that are observed in the SOA (Brueseke et al., 2016; 
Skulski et al., 1991, 1992). Based on this analysis, the SOA is referred to as a rift in this paper.

Initial volcanism during rifting was mafic, of largely subalkaline tholeiitic affinity with another, smaller compo-
nent of alkaline-transitional affinity, and produced the extensive Glen Mountain Layered Complex, gabbros, and 
ultramafic rocks at depth (Brueseke et al., 2016; Powell & Phelps, 1977). A later felsic stage emplaced mostly 
fluorine-rich, water-poor A-type magmas between and on top of the mafic units (Hanson et al., 2013; Hogan & 
Gilbert, 1998; Price, 2014). Numerous diabase dikes and sills intruding all other units were emplaced throughout 
rifting and mark the final stage of volcanism (Gilbert, 1983; Hanson et al., 2013). Some intermediate igneous 
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rocks occur in the subsurface, with these units often intercalated with the rhyolitic units (Hanson et al., 2013). 
No calderas or volcanic centers have been reported, and feeder dikes are inferred to have produced most of 
the volcanism (McConnell & Gilbert, 1990), which can be defined in aeromagnetic data (Chase et al., 2022). 
Volcanism lasted from 539 to 529 Mya, was largely bimodal with limited breaks between phases, and most of the 
magmatism occurred in a ∼2 My timeframe from 532 to 530 Mya (Hogan & Gilbert, 1998; Wall et al., 2021). 
Geochemistry results point to (a) the derivation of felsic magmas by the partial melting of plume-derived mafic 
units or of a mafic underplate, (b) the derivation of mafic units from a plume of ocean island basalt (OIB) affinity, 
and (c) most units appear to have been generated with limited interaction and partial melting of the existing lith-
osphere (Brueseke et al., 2016; Hanson et al., 2013; Price, 2014; Wall et al., 2021). The total volume of igneous 
rock emplaced by the SOA was estimated by Hanson et al. (2013) to be at >250,000 km 3, which led the authors 
to argue the SOA was a Large Igneous Province, the only one reported along the southern margin of Rodinia 
during the Cambrian.

After rifting, the SOA experienced subsidence, with tectonic activity limited to pulses of broad crustal flexure 
from the Ordovician to the Devonian, occurring at the same time as the deposition of ∼4–5 km of sedimentary 
rock (Amsden, 1982; Gilbert, 1983). During the assembly of Pangea in the Pennsylvanian, the SOA was the 
first block to be uplifted as part of the larger ARM orogeny that occurred from Oklahoma to Colorado and 
New Mexico (Leary et al., 2017). Deformation in the SOA occurred in two phases. The first saw compressional 
NE-SW-directed stresses and a small amount of sinistral strike-slip movement, leading to structural inversion 
via thrust faulting. The first phase and thrust faulting ceased by the Atokan (∼311–308 Ma). A second phase, 
dominated by sinistral strike-slip movement, continued until sometime into the Permian (Brewer et al., 1983; 
Chase et al., 2022; Granath, 1989; Turko & Mitra, 2021). Overall, transpressional tectonics was the primary 
mechanism for SOA ARM deformation which resulted in ∼12–15 km of vertical uplift, ∼15 ± 5 km of crustal 
shortening, and sinistral strike slip deformation ranging from <1 km to as much as 40 km (Chase et al., 2022; 

Figure 1. Map of the Southern Oklahoma Aulacogen in Oklahoma and Texas, where it breaks down into locally named 
uplifts (see inset). The station, station 8, with the black X was ultimately removed from the final inversion model. See text for 
details. Major faults from Marsh and Holland (2016). Aeromagnetic faults and lineaments from Chase et al. (2022). Tectonic 
terranes in the inset are from Whitmeyer and Karlstrom (2007).
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Granath, 1989; Keller & Stephenson, 2007; McConnell, 1989; Perry, 1989; Turko & Mitra, 2021). Continued 
sedimentary deposition would occur in the newly created basins yielding the 12–15  km deep Anadarko and 
2–4 km deep Holis-Hardeman basins to the north and south of the SOA, respectively. The SOA has been tectoni-
cally inactive since the ARM but is a notable intraplate-seismic hazard capable of producing earthquake up to Mw 
7.0 (Hornsby et al., 2020 and references therein).

2.2. Prior Geophysical Studies
Several geophysical surveys have studied the SOA, revealing that the upper to mid crust contains an exten-
sive, high-density volcanic package (e.g., Chang et al., 1989; Keller & Baldridge, 2006). However, few surveys 
have imaged to depths greater than 15–25 km. The EarthScope seismic array is the only exception and revealed 
several seismic anomalies in the SCLM. These include a 2%–4% slow shear wave velocity anomaly at depths 
>75 km (Evanzia et al., 2014), a seismic mid-lithosphere discontinuity (MLD) at depths of 100–120 km (Kumar 
et al., 2012), and a southwest-dipping, high-angle slow seismic anomaly extending deep into the upper mantle 
(Netto & Pulliam, 2020). Other anomalies present are as follow. The first is a lithosphere-scale negative radial 
anisotropy anomaly interpreted as a terrain boundary (Yuan et al., 2014). The next is a velocity anomaly inter-
preted similarly as evidence of a paleo-suture terrane boundary zone (Porritt et al., 2014). There is a final seismic 
anisotropy anomaly with the fast direction parallel to the SOA that was interpreted as relict lithosphere fabrics 
or dikes (Comiskey, 2013; Refayee et al., 2014). In the crust, the products of SOA magmatism have been studied 
by the analysis of gravity data, which detected both a dense core of mafic units that extend downward into the 
mid-crust and the Moho at a depth of 40–45 km, deepening beneath the rift itself (Keller & Stephenson, 2007; 
Tave, 2013). Aeromagnetic data have revealed that the SOA is heavily deformed, with numerous NW to EW 
oriented faults (Chase et al., 2022). Additional geophysical data that is sensitive to the entire lithosphere and has 
closer site spacing to improve resolution are necessary to improve upon these prior observations and constrain 
the lithospheric structure of the SOA. Long-period MT data are suitable for this given their sensitivity to the 
entire lithosphere and to the presence of various electrically conductive mantle phases associated with tectonic 
modification (e.g., Bedrosian, 2016; DeLucia et al., 2019).

3. Data Analysis
3.1. Magnetotelluric Data Collection
From 2017 to 2019 long-period MT stations were collected at 13 stations along a NE-SW striking profile oriented 
perpendicular to the N60°W strike of the SOA (Figure 1). Stations were spaced ∼20 km within the SOA and 
recorded data for 2–3 weeks. The three stations outside of the rift were spaced at ∼50 km and recorded data 
for 6 weeks (Figure 1). Data were collected with LEMI-417M instruments using a fluxgate magnetometer and 
non-polarizable silver chloride electrodes. Reliable transfer functions were obtained at 26 periods in the range of 
4–25,000 s using the bounded influence code, BIRRP (Chave & Thomson, 2004). Time series data at each site 
were remote referenced to other synchronously recording sites to remove noise and improve data quality. The 
resulting apparent resistivity and phase curves for all sites are included in Figure S1 in Supporting Information S1 
and show low resistivity values at short periods, high resistivity values at mid periods, and a final trend toward 
low resistivity values at long periods.

3.2. Dimensionality of Data
The dimensionality of the data was evaluated using the induction vectors and phase tensors. Induction vectors 
are computed from the vertical and horizontal components of the magnetic field and in the convention of 
Parkinson  (1959) point to concentrations of currents (i.e., conductive zones). The phase tensor displays the 
azimuthal variation of the impedance and gives a graphical way to determine if the subsurface has a 1-D, 2-D, or 
3-D resistivity structure (Caldwell et al., 2004). The direction of the major axis is either parallel or perpendicular 
to the geoelectric strike. A parameter called the skew angle is also calculated and indicates the dimensionality 
(Booker, 2014). A circular phase tensor with zero skew reflects 1-D resistivity structure, an elliptical tensor with 
zero skew indicates 2-D resistivity structure, and an elliptical tensor with non-zero skew indicates 3-D resistivity 
structure (Booker, 2014; Caldwell et al., 2004). An important aspect of the phase tensor is that it is not affected 
by near surface galvanic distortions (Booker, 2014).
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Information about dimensionality comes from both the induction vectors and phase tensors. The phase tensors 
exhibit significantly 3-D behavior at the three periods less than 10 s with (a) skew angles ranging from 5° to −5° 
and (b) scattered ellipse orientations (Figure 2b). This is likely due to the complexity of the conductivity structure 
associated with the Anadarko and Holis-Hardeman sedimentary basins. Deeper resistivity structure is sensed by 
longer periods. At periods greater than 400 s, the phase tensor axes align in a direction ∼N60°W, roughly parallel 
to the strike of the SOA, and exhibit more 2-D behavior with skew values ranging from −3° to 2° (Figure 2). This 
suggests a conductive feature is located beneath the SOA. The induction vectors at the same period as Figure 2
are shown in Figure S2 in Supporting Information S1 and also indicate a geoelectric strike parallel to the SOA.

Since this study is focused on the deep lithosphere structure of the SOA the first three periods were removed 
to simplify the inversion. This left the data at 23 periods over a range of 12–25,000 s for inversion. The longest 
three periods also show the possible influence of 3-D effects. An inversion was undertaken with these periods 
excluded and the resulting model was very similar to the one shown in Figure 4a. The N60°W orientation of the 
phase tensor provides an estimate of the geoelectric strike direction necessary for 2-D inversion, so the data was 
rotated to this orientation. The pseudosections in Figure 3a display the transverse electric (TE) and transverse 
magnetic (TM) modes for the data and inversion model. The TE mode is computed from electric currents flowing 
along strike of the SOA and the physics is dominated by inductive effects, making it good at detecting conduc-
tors. The TM mode is computed from currents flowing across strike and includes both inductive and galvanic 
effects, making it capable of detecting more moderate conductors and resistors. At the shortest periods along the 
entire profile low apparent resistivity values are observed in both modes, reflecting the presence of low resistivity 
sedimentary rocks at the surface. At periods greater than 100 s the apparent resistivity and phase vary along the 
profile in both modes, indicating a 2-D structure for the crystalline basement. There is a marked change in both 
the TE and TM modes at ∼200 km along the profile, coincident with the SOA. Here, the TM mode detects the 
SOA as a region of slightly higher apparent resistivity values relative to the low resistivity of the surrounding 
region. The TE mode has a similar apparent resistivity response, but the phase data at the SOA is slightly elevated 
at mid periods, indicating the presence of a conductor in the region.

3.3. Inversion of MT Data
The data were inverted using the 2-D isotropic non-linear conjugate gradient code of Rodi and Mackie (2001) 
to produce a 2-D resistivity model. A 3-D modeling approach was not used due to the 2-D survey geometry and 
because preliminary 3-D inversions showed they were biased to the initial starting model. Error floors of 20% 
and 5% were applied to the apparent resistivity and phase data, respectively. To account for static shifts in the 

Figure 2. (a) Phase tensors and induction vector map of the stations over the Southern Oklahoma Aulacogen (SOA) (red and gray polygons) at 4,000 s, where the 
geoelectic strike of the SOA is most obvious. The rose diagram in the lower right show the orientations of the phase tensors in gray. (b) Phase tensors plot showing the 
dimensionality of the data as a function of period.

 21699356, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026555, W
iley O

nline L
ibrary on [25/06/2023]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

CHASE ET AL.

10.1029/2023JB026555

6 of 24

data, the inversion routine was allowed to invert for them using a 20% error floor. The tipper data was not used 
in the inversion as the induction vectors showed sensitivity to either the adjacent basins or features SSE of the 
study area. Station 8 had large static shifts and was ultimately excluded from the inversion (site with a black x in 
Figure 1). Given that relatively few MT sites were collected for this study, the model obtained with an inversion 
that included station 8 is included in Supporting Information S1 for completeness (Figure S3b in Supporting 
Information S1). Additional attempts to correct for the static shift at Station 8 before inverting the data involved 
both manually estimating the static shift and only allowing the inversion algorithm to correct for static shifts at 
Station 8 (Figure S3 in Supporting Information S1). Both attempts resulted in increases in RMS misfit (Figure 
S3 in Supporting Information S1). Further, manually estimating the static shift for Station 8 is difficult due to 
the nearest sites being located 20 km away, a distance over which the structure could change considerably given 
the area is within the SOA. The inversion used a grid with a horizontal cell size of 5 km, which provided a 

Figure 3. (a) Pseudosections comparing the apparent resistivity and phase for the transverse magnetic (TM) and transverse electric (TE) modes between the data and 
the inversion model in Figure 4. (b) Pseudosections of the error residuals for the apparent resistivity and phase for the TM and TE modes after inversion.
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suitable  tradeoff between computation time and imaging of interstation resistivity features. In the vertical direc-
tion, the first layer had a spacing of 500 m and the thickness of rows increased geometrically downward with a 
factor of 1.1. The inversion algorithm seeks the smoothest resistivity model that fits the measured MT data within 
a specific tolerance, and a range of models can be found depending on the degree of smoothing applied. The 
degree of spatial smoothing can be varied with the trade-off parameter . A range of inversions were undertaken
using values of  ranging from 0.01 to 300. The RMS misfit and roughness results are plotted as an L-curve in
Figure S4 in Supporting Information S1, and the smoothing factor was set to 10 based on L-curve search criteria.

An initial inversion started from a model that was a 100 Ωm half-space. The RMS misfit started at 3.75 and 
the inversion converged to an RMS misfit of 1.49 after 96 iterations. The data fit is illustrated in Figures S5 
and S6 in Supporting Information S1, and shows a good fit to the measured data, but a general overestimation 
of apparent resistivity values at short periods. The resulting model (Figure S7a in Supporting Information S1) 
shows a low resistivity surface layer that can be identified as the sedimentary basins. However, they extend to 
unrealistic depths in excess of 10–20 km, which is greater than the known sedimentary basin structure and depths 
(Perry, 1989). This is due to the smoothing imposed by the 2-D inversion on the resistivity model. This problem 
can be overcome by using knowledge of basin depth to impose constraints on the inversion. A second inversion 
allowed the resistivity model to have a discontinuity at the base of the sedimentary basin where the requirement 
for resistivity model smoothness was not imposed that is, a tear. Smoothness was imposed on the remainder of 
the resistivity model. This starting model incorporated the sedimentary basin as a 4 Ωm layer with a 100 Ωm 
basement layer below. The resistivity of both layers was permitted to vary as the inversion proceeded (Figure S7b 
in Supporting Information S1). The basin depths were taken from seismic, drilling and isopach data from Laske 
et al. (2013), Perry (1989), Davis et al. (1988), and Brewer et al. (1983). The resulting inversion model is shown 
in Figure 4. It started with an RMS misfit of 3.75 which was reduced to 1.19 after 102 iterations. The fit between 
the measured MT data and inversion model response is shown in Figure 3 and Figure S8 in Supporting Informa-
tion S1. Comparison of the residual errors in pseudosection format in Figure 3b and Figure S8b in Supporting 
Information S1 shows that allowing the tear gives a better fit particularly in the shorter periods. A reference model 
was not used in the inversion, and the sensitivity of the model was instead evaluated using the process outlined 
in Section 3.4.

The final model (Figure 4) contains the following resistivity features:

•  A 1–10 Ωm conductor extending from the surface to a depth of 3–12 km, corresponding to the Holis-Hardeman 
and Anadarko sedimentary basins, respectively. This low resistivity is due to the presence of sedimentary 
rocks and associated pore fluids found in these basins.

Figure 4. (a) Preferred inversion model of the remaining 12 stations. Various drawn lines are as follows. (a) Moho and rift pillow beneath the Southern 
Oklahoma Aulacogen (SOA) (Tave, 2013); (b) mid-lithosphere discontinuity (MLD) (Kumar et al., 2012); and (c) Lithosphere-Asthenosphere Boundary (Yuan & 
Romanowicz, 2010). (b) Schematic summary cross section of interpretations for the SOA beneath the profile. The analysis leading up to this model will be done in 
Section 4. Blue shapes represent hydrogen enrichment, green-brown shapes represent the frozen melt phlogopite-MLD layer. Seismic MLD from Kumar et al. (2012). 
Proterozoic basin is from Brewer et al. (1983) and Pratt et al. (1992). Sense of strike-slip movement during Ancestral Rocky Mountain deformation is from Chase 
et al. (2022). Note that the boundary between the Granite-Rhyolite and Mazatzal province is speculative and should not be taken as a definitive marker.
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•  An underlying 200–400 Ωm resistive layer stretching over most of the study area in the depth range 5–100 km. 
Given the relative insensitivity of MT to high resistivity regions, and possible downward smoothing of over-
lying conductors, the resistivity values of this layer may be underestimated.

•  An interruption of this resistive region below the SOA is observed where resistivity values decrease to 
40–60 Ω-m. This feature is referred to as the SOA Conductor (SOAC).

•  Below a depth of 100 km, the resistivity again decreases to 20–30 Ω-m over a broad region, which continues 
through the bottom of the model and is referred to as the Lower Lithosphere Conductor (LLC).

Both conductors (SOAC and LLC) are significant because they have resistivity values much lower than the high 
values (100–10,000 Ωm) typically observed in basement rocks found within the crust and mantle of stable litho-
sphere (Selway, 2014).

3.4. Sensitivity Analysis
To evaluate the sensitivity of the measured MT data to the features present in the preferred model, a variety of 
tests were performed. This included both synthetic inversions and forward modeling.

A synthetic inversion approach was investigated and is illustrated in Supporting Information S1. A model was 
developed with a low resistivity feature to represent the LLC (Figure S9a in Supporting Information S1), SOAC 
(Figure S9b in Supporting Information S1), and the more resistive basement region (Figure S9c in Supporting 
Information S1). Resistivity values were selected so that they matched those observed in Figure 4a. The LLC was 
modeled as a 20 Ω-m main block that extended to a depth of 300 km with a 50 Ω-m layer above. Both features 
extended flat to the edge of the space. A forward calculation was used to generate synthetic MT data, and noise 
at 5% was then added. These data were then inverted using the same approach as for the field data. The synthetic 
inversion model obtained showed that this layer could be imaged (Figure S9a in Supporting Information S1). It 
also showed that the resistivity of this layer was lowest beneath the center of the profile. The true model had a 
flat geometry, but the inversion produced a model where the layer deepens at the ends of the profile (Figure S9a 
in Supporting Information S1). The SOAC was represented as a 50 Ω-m block, and the synthetic inversion model 
shows that this feature can be imaged within the surrounding 100 Ω-m half-space (Figure S9b in Supporting 
Information S1). Finally, the resistive basement was included as a 275 Ω-m halfspace. This value was chosen as 
a median value of this layer below MT sites located away from the SOAC. Including the resistive feature further 
centralizes the lowest resistivity values in the LLC beneath the center of the profile (Figure S9c in Supporting 
Information S1). It also has the effect of making the deepening of the LLC on the flanks of the profile more 
pronounced. A further test evaluated how the model in Figure S9c in Supporting Information S1 varied with 
the amount of added noise and error floors applied to the inversion. To simulate the measured MT data, 20% 
and 5% noise were added to the apparent resistivity and phase, respectively. The error floors in the inversion 
were assigned similar values and the resulting inversion model is shown in Figure S9d in Supporting Informa-
tion S1, and here the SOAC anomaly is not recovered by the inversion. This suggests that the 20% noise added to 
the  apparent resistivity is greater than the subtle response of the SOAC anomaly. This suggests that a noise level 
of 20% was likely an overestimation of the noise level in the measured MT data at period ranges sensitive to the 
SOAC anomaly. Additional tests not included in this paper showed that the extent of this deepening on either 
side of the SOA were heavily influenced by the depth extent and geometry of the tear region used to model the 
Anadarko and Holis-Hardeman basins.

To evaluate if the SOAC and LLC are robust and required by the MT data, the preferred inversion model in 
Figure 4a was modified to remove these resistivity features. This modified model was then used as the starting 
model for a new inversion. This was done as follows:

•  The SOAC was modified by replacing it with a 275 Ω-m resistivity. A forward calculation was performed 
for this model, and it was found that the editing increased the RMS misfit from 1.19 to 2.426. The inversion 
was then allowed to run, and it converged to 1.262 after 88 iterations which was close to the original misfit 
(Figures S10 and S12 in Supporting Information S1).

•  The LLC was modified by replacing it with a 100 Ω-m resistive feature in the depth range from 100 to 300 km. 
A forward calculation was performed, and it was found that editing the model increased the RMS misfit from 
1.19 to 2.587. The inversion converged to an RMS misfit of 1.440 after 112 iterations (Figures S11 and S12 
in Supporting Information S1).
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The significant increase in RMS misfit for both the edited models shows that the SOAC and LLC are well 
resolved by the measured MT data.

4. Resistivity Model Interpretation
Zones of low resistivity have been frequently reported in regions of stable lithosphere globally (Aulbach, 2018; 
Selway, 2014, 2018). These anomalies may be due to several factors that include elevated temperature condi-
tions, lithosphere grain boundary alignments alongside grainsize reduction, enrichment of nominally anhydrous 
minerals (NAMs) in water as OH − ions dissolved in the mineral lattice, and the presence of fluids, melts, exotic 
minerals such as sulphides and graphite, or hydrous minerals such as phlogopite and amphibole. It is important 
to determine the cause of these low resistivity anomalies because they can address important questions about 
tectonic assembly, lithospheric evolution and survival, and mineral exploration. This section will explore the 
causes of the low resistivity features observed in Figure 4a in relation to the mechanisms listed above. The inter-
pretations will build into the final schematic summary presented in Figure 4b.

4.1. Temperature, Fluid, and Melt Conditions
The temperature at depth is a key parameter controlling mantle resistivity and can determine if certain conduc-
tion mechanisms can occur. A geotherm was constructed using the surface heat flow and temperature esti-
mates from xenoliths. A key challenge in this task is that heat flow represents present day conditions, while 
xenoliths represent temperature conditions in the past. Garnet xenocrysts from kimberlite pipes with an age of 
106 Ma in nearby Arkansas support a relatively cool geotherm, consistent with a heat flow of 35–40 mW/m 2 
(Griffin et  al.,  2004,  2011). This region of Arkansas has experienced the same tectonic history as the SOA 
making the Arkansas geotherm a useful analog, and available xenocrysts postdate the major heat-producing 
tectonic episodes. While earlier rifting or orogenesis could have perturbed and increased temperatures, the rift-
ing occurred too far into the past for perturbations to remain today (Kaminski & Jaupart, 2000). Further, the 
temperature effects of orogenesis would have rapidly re-equilibrated due to the narrowness (∼100 km) of the 
SOA (Gaudemer et al., 1988). As a result, we use the geotherm consistent with a heat flow of 40 mW/m 2 from 
Hasterok and Chapman (2011) for modeling. Other geotherm estimates in the region are derived from boreholes 
drilled into the sedimentary basins and may overestimate the subsurface temperatures as a result of the lower 
thermal conductivity of the sedimentary units (Blackwell et al., 2006). Figures 5a and 6a show temperatures that 
are far below the dry peridotite solidus with this geotherm. Sections 4.2.1 and 4.3.2 below examine the possibility 
of peridotite being enriched in water content due to tectonism. This enrichment would lower the peridotite soli-
dus curve, potentially resulting in melt generation. However, this melt would have to somehow survive past the 
post-tectonic thermal re-equilibration previously mentioned and well as remain in the lithosphere far longer than 
estimated residence times (McKenzie, 1985). Further, if melt were present, we would expect seismic velocity 
reductions far greater than those observed beneath the SOA today (Evanzia et al., 2014). Given this, it is unlikely 
that the anomalies present in the resistivity model (Figure 4) reflect relict high temperatures related to either past 
tectonic episodes or the presence of partial melt. It is also unlikely that these anomalies reflect the presence of 
relict aqueous fluids since porosity is very low at these depths and fluids will have migrated out of the system 
since the cessation of tectonic activity (Selway, 2014, and references therein). Given that neither melt or aqueous 
fluids phases are unlikely explanation, assessing the viability of additional conductivity phases for explaining the 
SOAC and LLC will be done independently.

4.2. Origin of Southern Oklahoma Aulacogen Conductor (SOAC)
The MATE program of Özaydın and Selway (2020) integrates decades of mantle mineral physics experiments 
in order to interpret MT data and was used here to determine which conductivity phases could explain the 
40–60 Ω-m resistivity of the SOAC anomaly. Given the lack of xenolith constraints for the composition of the 
SOA SCLM, the generic composition model for Proterozoic aged lithosphere of Griffin et al. (2004, 2011) was 
used. MATE also requires estimates of additional parameters such as mineral solubility limits, water partition-
ing, Al2O3 content in orthopyroxene, and mineral conductivity models. Most parameter choices have a minimal 
impact on conductivity results, and the choices for these parameters and justifications are provided in Supporting 
Information S1. The final bulk resistivity value for each model produced by MATE was calculated using the 
multi-phase Archie's Law of Glover (2010).
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Figure 5.
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4.2.1. Water Enrichment in Nominally Anhydrous Minerals (NAMs)
The enrichment of nominally anhydrous mantle minerals (NAMs) with water has been proposed as an explana-
tion for low resistivity in the depth range from the mid-crust to the base of the lithosphere (see Selway (2014), 
and references therein). Since olivine is the dominant, most interconnected mineral phase in the SCLM it exerts 
a primary control on the bulk resistivity. As a result, MATE parameters related to its solubility limit and enrich-
ment conductivity model are among the most important to define. Here, the olivine conductivity model of Gardés
et al. (2014) was used as it incorporates the errors and uncertainties of previous laboratory studies. The solubility 
limit of Padrón-Navarta and Hermann (2017) was used as it avoids super solidus temperatures, supercritical fluid 
phase condition issues, and used a multi-grained natural peridotite.

Figure 5. (a) Red line, 40 mW/m 2 geotherm from Hasterok and Chapman (2011) used for the region; green line, Dry Peridotite Solidus from Hirschmann et al. (2009). 
Note that the temperature does not cross the solidus, suggesting melt is not found in the region. (b–d) Results of MATE analysis for the Southern Oklahoma Aulacogen 
Conductor (SOAC). The thick red line in each image is the resistivity profile central to the SOAC station. The outer thinner red lines are the resistivity values within the 
error range of the data. (b) Analysis of resistivity as a function of different ppm bulk water content in peridotite (black dashed lines). The green line is resistivity at the 
solubility limit for peridotite from Padrón-Navarta and Hermann (2017). Note that black lines left of the green line are over the storage capacities of the minerals. (c) 
Resistivity as a function of different percentages of the matrix being made up of amphibole (blue) or phlogopite with 2 wt % fluorine (pink). (d) Resistivity as a function 
of moderately well connected (m = 2) ppm graphite in the matrix (black dashed lines). The pink lines are calculations of resistivity as a function of graphite content with 
different cementation factors and ppm.

Figure 6. (a) The same geotherm from Figure 5a. (b, c) Results of MATE analysis for the Lower Lithosphere Conductor and the lines are structured the same 
as Figure 5. (b) Resistivity as a function of different percentages of the matrix being made up of phlogopite with 2 wt % fluorine. The various color-coded lines 
are the resistivity profiles for a fluorine enriched phlogopite-mid-lithosphere discontinuity with different wt % of fluorine. The yellow box denotes the combined 
minimum-maximum resistivity values that are 1 standard deviation from these main profiles. (c) Resistivity as a function of different ppm bulk water content. The blue 
line is the resistivity profile that can be made though only water incorporation in peridotite while respecting the solubility limit. It shows that for a site central to the 
Southern Oklahoma Aulacogen water incorporation can explain the resistivity anomaly at depths >150 km.
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Figure 5a displays the variation of bulk resistivity as a function of water content in NAMs using MATE. It shows 
that the observed resistivity of 40–60 Ω-m would require a concentration of 3,000–10,000 ppm of bulk water (i.e., 
total water content in clinopyroxene, orthopyroxene, garnet, and olivine), or 600–1,300 ppm in olivine, decreasing 
with depth. This far exceeds the saturation limit of NAMs at these depths (Padrón-Navarta & Hermann, 2017), 
which range from 0 to 100 ppm of bulk water, with 0–30 ppm in olivine (Figure 5b). To explain the resistivity of 
the SOAC anomaly in terms of water enrichment would require a combination of water in the NAMS in addition 
to some free fluids. As mentioned above, the significant time since tectonism makes it is unlikely that free fluid 
phases are still present.

While water enrichment in NAMs is not capable of explaining the entire anomaly of the SOAC it may still partially 
contribute to it, particularly in lithosphere mantle regions. The viability of water as a conductivity enhancing 
mechanism in the context of the tectonic history of the SOA then deserves consideration. Water enrichment 
occurs when tectonothermal events such as rifting introduce metasomatic fluid fluxes into the lithosphere (Bell & 
Rossman, 1992; Hofmann, 1997; Martin, 2006). Since water is incompatible during partial melting (Arth, 1976; 
Aubaud et al., 2004; Salters et al., 2002), to avoid depletion requires either limited partial melting or enrichment 
during the final stages of tectonism. At all stages of SOA rifting the genesis of magmatic products appears 
to have produced limited or no partial melting of the lithosphere (Brueseke et al., 2016; Hanson et al., 2013; 
Lidiak et al., 2014; Price, 2014; Wall et al., 2021), allowing any enrichment to escape subsequent depletion. The 
abundant A-type felsic and tholeiitic subalkaline mafic units in the SOA argue that the water content of magmas 
were 2–5  wt  %  (Bonin,  2007; Brueseke et  al.,  2016; Clemens et  al.,  1986; Dall-Agnol et  al.,  1999; Forst & 
Lindsley, 1992; Hanson et al., 2013; Hogan & Gilbert, 1995; Klimm et al., 2003; Martin, 2006).

While the low resistivity of the SOAC anomaly cannot be explained by water enrichment alone, the chemistry 
and evolution of the SOA during rifting argues that water content likely contributes to the lower resistivity values.

4.2.2. Hydrous Minerals
Metasomatic processes in the lithosphere often produce hydrous mineral phases such as phlogopite and amphibole 
(O’Reilly and Griffin, 2013). These minerals often have lower resistivity values than surrounding mantle peridot-
ite (Selway, 2014, 2018). Both amphibole and phlogopite are often deposited as veins or dikes (S. Foley, 1992; S. 
F. Foley & Fischer, 2017) which means that they are likely to form well-connected systems in the mantle and can 
have a large effect on bulk resistivity at small volumes. The conductivity of phlogopite can be further enhanced 
through enrichment in the primary charge carrier fluorine (Li et al., 2016, 2017). In the SOA, fluorine could have 
been supplied by the same phases that ultimately produced the fluorine-rich A-type magmatism during rifting 
(Bonin, 2007; Hanson et al., 2013; Hogan & Gilbert, 1995; Martin, 2006; Price et al., 1999).

The effect of phlogopite on resistivity was modeled in MATE and is shown in Figure 5c. We modeled both amphi-
bole and phlogopite with cementation factors of m = 1.3, reflecting a well-connected system. No xenolith data 
were available to constrain the fluorine content, so a value of 2 wt % was used. No xenolith data were available to 
constrain the fluorine content, so a value of 2 wt % were used. The upper value is an approximate average value 
for phlogopite xenoliths collected by Li et al. (2016). The results in Figure 5c show that phlogopite concentrations 
in the range 10%–50% can explain the bulk resistivity of the SOAC.

Phlogopite is often produced by metasomatic processes associated with alkaline fluids (Grégoire et al., 2002; 
O’Reilly & Griffin, 2013; Safonov et al., 2019). These fluid species are associated with the genesis of A-type 
felsic rock (Martin, 2006) common to the SOA (Brueseke et al., 2016; Hanson et al., 2013). Hydrous miner-
als are also seismically slower than surrounding lithosphere, and so seismic data can be used to confirm their 
presence. The minimum concentration of phlogopite required by the resistivity is 10% and would produce a 
corresponding ∼4% reduction in seismic shear wave velocities (Rader et al., 2015). The larger amounts of amphi-
bole necessary would produce considerably higher seismic anomalies. At 75 km beneath the SOA a reduction 
in shear wave velocities on the order of 2%–4% has been reported (Evanzia et al., 2014), requiring a 5%–10% 
concentration of phlogopite (Rader et al., 2015). These values are generally below the percentages necessary 
to produce the observed resistivity of the SOAC (Figure 5c). As a result, while phlogopite is not capable of 
explaining  the  observed resistivity values alone, it may contribute to both the resistivity and seismic anomalies, 
and its presence is possible based on the tectonic history.

Amphibole cannot explain the bulk resistivity of the SOAC, even if the rock was composed of pure amphibole 
(Figure 5c). However, it has been proposed that amphibole is also a main carrier of fluorine in the mantle (Aiuppa 
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et al., 2009; Smith, 1981). This could enhance the conductivity of amphibole by a similar mechanism to that 
which occurs in phlogopite (Li et al., 2017). Evidence from xenolith data shows that amphibole occurrences 
are widespread at pressures <3 GPa (∼100 km) (Selway et al., 2015 and references therein) making it a viable 
conduction mechanism in the upper lithospheric mantle. However, the mineral physics experiments critical in 
evaluating the fluorine and amphibole conductivity relationship have not yet been performed. This data is needed 
in order to accurately evaluate the role of amphibole in producing low resistivity anomalies in the mantle.

4.2.3. Graphite
Graphite films are stable in the lithosphere and are often invoked to explain low resistivity features. Exper-
iments show that if the films are thick enough, they will be interconnected up to a temperature of 1000°C 
(∼130 km beneath the SOA) (Yoshino & Noritake, 2011; Zhang & Yoshino, 2017). However, xenoliths have 
only shown graphite film stability to ∼600–900°C (∼65–115 km) (Mathez, 1987; Mathez et al., 1984; Pineau & 
Mathez, 1990). Additionally, even at lower temperatures graphite film stability may be transient feature, becom-
ing disconnected over just a few tens of thousands of years (Yoshino & Noritake, 2011). With this background, 
the MATE software was used to investigate if the bulk conductivity of the SOAC could be explained by graphite 
films. The results show that with a cementation factor of m = 2, graphite concentrations of 300–500 ppm can 
produce the observed resistivity of the SOAC (Figure 5d). The amount of graphite required is highly sensitive to 
the cementation factor. For example, producing SOAC resistivity values can require as much as 1,750 ppm when 
m = 2.5 or as little as 35 ppm if m = 1.5 (Figure 5d).

What would be the source of the carbon? The enriched OIB source for SOA rift magmatism can have carbon 
concentration for 50–500 ppm (Dasgupta & Hirschmann, 2010), meeting the ∼100 ppm concentrations necessary 
for lowering mantle resistivity (Duba & Shankland, 1982). The reducing conditions responsible for SOA tholei-
itic magmatism also promote graphite stability (Forst & Lindsley, 1992; Stagno & Frost, 2010). Graphite forma-
tion and deposition could have been accomplished by a reduction of a CO2 fluid phase common for rift zones 
(Brune et al., 2017; S. F. Foley & Fischer, 2017) and in the genesis of A-type granitic magmas (Martin, 2006). 
However, the nephelinitic and carbonatitic volcanic units associated with this phase (Martin, 2006) have not 
been reported in the SOA. Further, chemical reduction of CO2 appears incapable of wetting silicate grain bound-
aries, producing graphite that would be isolated and poorly conducting (Watson & Brenan, 1987; Yoshino & 
Noritake, 2011; Zhang & Yoshino, 2017). Oxidation of CH4-rich fluid species could also result in the formation 
of graphite films (Stachel & Luth, 2015), but the SOA magmatic units leave the role of this fluid species unclear 
and argue for reducing conditions. As a result, the viability and stability of graphite films produced by fluids in a 
rifting environment appears unlikely for the part of the SOAC located in the SCLM. Previous authors have argued 
this conduction mechanism system could be stable in the crust (e.g., Murphy et al., 2022), but few laboratory 
observations have been made for this type of system.

Another factor relevant to the discussion of graphite is the secondary deformation and shearing that occurred 
during the later-stage ARM (Chase et al., 2022; Granath, 1989). This could have potentially mobilized, smeared, 
and interconnected previously deposited and isolated graphite (Glover & Ádám, 2008; Puelles et al., 2014). This 
is similar to interpretations of graphite-related low-resistivity anomalies in both orogenic and shear zones systems 
(e.g., DeLucia et al., 2019; A. G. Jones et al., 2005). The caveat to this interpretation is that grain boundary 
films could still become disconnected over time, as observed in typical mantle olivine aggregates (e.g., Zhang 
& Yoshino, 2017). However, if interconnection was accomplished along zones of structure weakness like those 
created during rifting, these can be longstanding features that are resistant to healing (Bercovici & Ricard, 2012), 
which may provide for long-term graphite film stability.

Despite the difficulty to initially establish grain boundary graphite films, the tectonic, and magmatic history of 
the SOA appears favorable for both introducing graphite and establishing interconnection sufficient to produce 
the resistivity values observed in the SOAC. However, the volcanic history of the SOA does not suggest the 
prominence of carbon-bearing fluids or the conditions necessary to form graphite. Additionally, the long-term 
stability of these films appears tenuous (Yoshino & Noritake, 2011). Given that it is a prominent phase to explain 
low resistivity anomalies elsewhere we do not rule it out, but suggest it is unlikely to explain the SOAC.

4.2.4. Sulfide Minerals
Sulfides minerals are another viable candidate to explain low resistivity and are stable throughout the mantle lith-
osphere (Selway, 2018). Sulfides have conductivity values similar to graphite (Saxena et al., 2021), and resistivity 
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calculations give results similar to those for graphite. Prior studies have suggested that large igneous provinces 
such as the SOA can host significant amounts of sulfide minerals (M. J. Jones et al., 2016), and layered complexes 
such as the Glen Mountain Layered Complex of the SOA can host large quantities of sulfides phases (Godel 
et al., 2006; Zientek, 2012). However, occurrences of sulfides in drill core from the SOA are few, and largely 
limited to the diabase dikes (Brueseke et al., 2016; Ham et al., 1964; Hanson et al., 2013; Lidiak et al., 2014; 
Puckett et al., 2014). The sulfide concentrations necessary to significantly reduce resistivity are high, >6 vol.% 
(Saxena et al., 2021), and at these concentrations we would expect to see the presence of sulfides noted far more 
often in geologic studies of SOA rock units. Given these constraints, it is unlikely the low resistivity of the entire 
SOAC can be explained by the presence of sulfides minerals. However, if present, sulfides may be a plausible 
mechanism in the shallow to mid crust, particularly along volcanic conduits.

It should be noted that this study uses long-period MT data, which has generally poor sensitivity to the upper 
crust. As a result, resistivity values in the upper crustal portion of the SOAC are likely to be poorly constrained.

4.2.5. Grain Size Reduction
The conductivity of olivine in the upper mantle can be enhanced by a reduction of average grain size and the 
alignment of grain boundaries, which provide better pathways and more surface area per unit volume for conduc-
tion (Pommier et al., 2018; Ten Grotenhuis et al., 2004). With increasing shear strain from 1.3 to 7.3 and temper-
atures from 800 to 1200°C, resistivity values of olivine can range from 1,000 to 10 Ωm (Pommier et al., 2018).

Given the pronounced vertical uplift, crustal shortening and strike-slip deformation that occurred along the SOA 
during the ARM, a corresponding reduction in the olivine grain size is plausible. However, post-tectonic anneal-
ing would have increased the grain size and lowered the conductivity over time (Pommier et al., 2018). However, 
in a polycrystalline lithosphere assemblage, this process is suggested to have a timescale of hundreds of millions 
of years (Bercovici & Ricard, 2012). Deformation in the SOA occurred ∼300 million years ago, which supports 
the idea that deformation effects could persist to the present day.

Strain related to the ARM is estimated to be approximately 3.6 from the analysis of sedimentary basins located 
near the SOA (Craddock et al., 1993). If these estimates are also representative of the conditions experienced by 
the SOA lithosphere, this could produce resistivity anomalies in the range 900–1,100 Ωm in the SOAC SCLM 
(Pommier et al., 2018). These resistivity values are far higher than those observed in the SOAC. As a result, while 
grain size reduction and boundary alignment cannot explain the SOAC alone, based on the tectonic history it 
could still contribute to the observed resistivity anomaly.

4.2.6. Summary of SOAC Conductivity Mechanisms
Given the tectonic and magmatic history of the SOA it is proposed that the low resistivity of the SOAC is due to 
a combination of mechanisms that includes the presence of hydrous minerals such as (a) phlogopite, (b) elevated 
water content in NAMs, and (c) a reduction of olivine grain size. Graphite and sulfide films are also capable of 
explaining the low resistivity of the anomaly, but are unlikely candidates given the reasons above.

However, in the crust at depths less than 30 km, many of the mechanisms listed above will have minimal impact 
on resistivity values with the exception of graphite and sulfides. While we discount these conductive phases due 
to their paucity in regional geologic data, we acknowledge that the low resistivity of the crustal portion of the 
SOAC is likely to be better explained by them. Additional study of the shallow subsurface in the SOA would be 
useful in evaluating these mechanisms.

4.3. Origin of Lower Lithosphere Conductor (LLC)
The LLC begins at a depth of around 100 km as a 20–30 Ω-m horizontal layer that extends laterally and down-
ward over the profile. At 100 km depth temperatures exceed 800°C (Figure 6a) and pressures are greater than 
3 GPa. Under these mantle conditions graphite films cannot explain the low resistivity of the LLC anomaly due 
to film instability over geologic timescales (Yoshino & Noritake, 2011; Zhang & Yoshino, 2017). Similarly, 
sulfides cannot explain the LLC anomaly as they are unlikely to be present over such a large area (Selway, 2018). 
The remaining phases viable to explain the low resistivity of the LLC are either hydrous mineral phases such as 
phlogopite (Li et al., 2016, 2017), or enrichment of NAMs in water. The viability of each of these mechanisms 
is examined below.
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4.3.1. Hydrous Mineral Phases
Due to its stability in the lower lithosphere, phlogopite is the hydrous mineral most likely responsible for the 
low resistivity of the LLC (Frost,  2006; Safonov et  al.,  2019). Extending the modeling of phlogopite from 
Section 4.2.2 shows that a phlogopite concentration in the range 1%–15%, and which decreases with depth, could 
produce the resistivity values observed (Figure 6b). These would produce a corresponding reduction in seismic
velocity in the range from 0.5% to 7% (Rader et al., 2015). Coincident with the start of the LLC at 100 km, a MLD 
is observed in receiver function data as a 5%–7% reduction in shear wave velocities (Kumar et al., 2012). More 
regionally, seismic tomography data show a 2%–4% reduction in shear wave velocities in the lower lithosphere 
beneath the SOA (Evanzia et al., 2014).

Explanations for MLDs at this depth suggest they may form as a result of metasomatic fluids/melts becoming 
frozen and crystallizing phlogopite upon encountering an increase in the solidus of peridotite found at depths less 
than 80–100 km, perhaps reflecting a paleo LAB (Hansen et al., 2015; Rader et al., 2015; Selway, 2018). Nota-
bly, phlogopite rich xenoliths are also often extracted from this depth (Aulbach, 2018; and references therein). 
The MATE software was used to model an MLD as a 10 km thick layer from 100 to 110 km with 10% phlogo-
pite, in line with MLD thickness estimates by Rychert et al. (2010), and to match the observed seismic velocity 
reductions (Rader et al., 2015). As with the SOAC, a fluorine concentration of 2 wt % fluorine was used for the 
phlogopite. The results show that resistivity values at the top of the LLC can be fit by this layer (Figure 6b). The 
difference in resistivity between MT stations can be explained by varying the fluorine concentration from 0.5 to 
2 wt %, which spans the range of values observed in the bulk of xenolith samples compiled by Li et al. (2016) 
(Figure 6b).

Amphibole, as pargasite, stability extends up to a pressure of ∼3 GPa, which corresponds to a depth of 100 km, 
and is coincident with the top of the LLC and MLD. This led Selway et al. (2015) to suggest that MLDs may be 
explained by significant amounts of amphibole that could have formed along a crystallization front at the maxi-
mum pressure stability. The authors show that 11%–25% amphibole could produce a velocity reduction >5%, 
similar to what is observed beneath the SOA (Figure 11 in Selway et al. (2015)). The modeling performed in 
Figure 5c shows that these percentages of amphibole cannot explain the resistivity values observed in the LLC. In 
fertile peridotite, pargasite stability can extend up to a pressure of 3.5 GPa (∼115 km) (Mandler & Grove, 2016). 
The amphibole concentration of 11%–25% in Figure 5c at a depth of 115 km would still produce resistivity values 
far higher than the LLC. As with the explanation for the resistivity of the SOAC, it is possible that fluorine will 
enhance the conductivity of amphibole. However, the mineral physics experiments to support this hypothesis 
have not yet been performed.

Below the MLD we note that the resistivity values of the LLC show limited variation. This could indicate a loss 
of data sensitivity due to depth and the combined effects of the overlying low resistivity layers (i.e., MLD layer 
and the sedimentary basins). To test this, we created a forward model that modifies the resistivity structure in 
Figure 4a with an MLD and a 100 Ω-m halfspace below it. The resulting inversion recovers the lower halfspace 
(Figure S13 in Supporting Information S1) showing the data is sensitive to the lithosphere below the MLD. As 
a result, the low resistivity values in this region could reflect the presence of widely disseminated phlogopite. 
To match the 2%–4% shear wave velocity reductions (Evanzia et al., 2014) would require 4%–8% phlogopite 
throughout the lithosphere. However, below 120 km this amount of phlogopite would produce resistivity values 
lower than observed (Figure 6b), making phlogopite a less viable explanation.

The top of the LLC that corresponds to an observed seismic MLD is well explained by a ∼10 km thick phlo-
gopite layer that is potentially enriched in plume-derived fluorine acting as the primary charge carrier (Li 
et al., 2016, 2017). Amphibole offers a possible alternative interpretation (i.e., Selway et al., 2015), however, 
the mineral physics experiments needed to evaluate this have not yet been performed. Below 110 km phlogopite 
becomes a less likely explanation for the low resistivity, as the amount necessary to match observed seismic 
anomalies would produce resistivity values lower than observed.

4.3.2. Hydrogen in Nominally Anhydrous Minerals (NAMs)
The remaining most viable conductivity mechanism for the LLC is from the enrichment of NAMs in water. 
Extending the modeling in Section  4.2.2. It can be shown that a concentration of hydrogen in the range 
500–3,000 ppm bulk hydrogen, 280–1,000 ppm in olivine, could produce the resistivity values observed in the 
LLC (Figure 6c). In the depth range 100–150 km the amount of water required is above the solubility limit of the 
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minerals. However, below 150 km the solubility limit is large enough that water can produce the resistivity values 
with 300–1,000 ppm bulk water, or 200–450 ppm in olivine, being sufficient (Figure 6c).
As with the SOAC, metasomatic enrichment of the lithosphere in water likely occurred during rifting while also 
escaping late-stage partial melt depletion. Additionally, this type of lithosphere keel enrichment would be in 
line with similar SCLM keel enrichment observed in other plume impacted regions (e.g., Aulbach et al., 2017; 
Bedrosian, 2016; S. F. Foley, 2008; S. F. Foley & Fischer, 2017; Özaydın & Selway, 2022). Further, the composi-
tional changes associated with keel enrichment can produce the small reductions in shear wave velocity observed 
in the region (Deen et al., 2006; Evanzia et al., 2014; Griffin et al., 2009). As a result, we find that hydrogen 
enrichment is a good candidate to explain LLC resistivity values in the lowermost lithosphere.

4.3.3. Summary of LLC Conductivity Mechanisms
Knowledge of the tectonic and magmatic history of the SOA, combined with constraints from regional seismic 
data, suggest that the low resistivity of the LLC is due to a combination of conduction mechanisms. The first is 
the presence of a phlogopite layer from in the depth range 100–110 km that is possibly enriched in fluorine and 
which is coincident with a seismic MLD (Kumar et al., 2012). At greater depths, it is more difficult to explain 
the low resistivity with phlogopite. Conduction due to water enrichment of NAMs is the preferred explanation.

5. Implications
The MT data provide a new geophysical image of the lithosphere beneath the SOA. A summary of the interpre-
tations for the resistivity anomalies can be found in Figure 4b. The newly imaged structure allows new insights in 
the tectonic history of the SOA and wider Midcontinent, which are discussed below.

5.1. The SOAC and Involvement in the ARM
The ARM orogeny remains an enigmatic tectonic episode in the geological history of North Laurentia. The 
associated basement uplifts are discrete, widely separated, spread across a wide region of Laurentia, and are 
often far removed from the various plate boundaries invoked in tectonic models to explain the ARM (see Leary 
et al. (2017)). Conversely, basement deformation and regional metamorphism along the suggested plate bound-
aries themselves is limited or nonexistent, suggesting weak collisional forces along the boundaries (Keller & 
Stephenson, 2007; Keller et al., 1989). This suggests that beneath the uplifts the lithosphere was uniquely rela-
tively weak and prone to deformation.
What could have caused localized zones of weakness in the continental lithosphere? The strength of the conti-
nental lithosphere is thought to decrease with increasing lithosphere enrichment introducing hydrous (i.e., water) 
or Ti (as titanoclinohumite) point defects in Si vacancies of olivine (Faul et al., 2016; Fei et al., 2013; O’Reilly & 
Griffin, 2013; Peslier et al., 2010). Ti and water enrichment accompany each other, and both follow the enrich-
ment state of the mantle, and Ti values are often high in rock impacted by plumes (Berry et al., 2005, 2007; 
De Hoog et al., 2010; Padrón-Navarta & Hermann, 2017; Rehfeldt et al., 2008). Given the sensitivity of MT data 
to water content (e.g., Özaydın & Selway, 2022) resistivity anomalies can be used as a proxy for determining the 
location of associated rheological weakening.
The resistivity structure beneath the SOAC has been interpreted to reflect metasomatic enrichment of water during 
Cambrian rifting. As a result, the Cambrian metasomatism could have rheologically weakened the lithosphere, 
making the area susceptible to reactivation during the ARM. Previous research has suggested that the ARM 
uplifts were localized along preexisting weaknesses (e.g., Kluth & Coney, 1981; Leary et al., 2017), particularly 
along paleo-rifts (Marshak et al., 2003). While the xenolith data necessary to confirm this interpretation is absent, 
it provides a possible mechanism for SOA participation in the ARM orogeny. Further study beneath other ARM 
uplifts unmodified by later tectonism (e.g., the Diablo Uplift and Central Basin Platform) will be useful to inves-
tigate the regional extent of this mechanism.

5.2. The LLC and SOA Lithosphere
5.2.1. Plume Head Accretion
The LLC resistivity anomaly suggests that the lower lithosphere was metasomatically enriched below 100 km 
during rifting. This type of keel enrichment has been observed elsewhere and is thought to be prevalent in regions 

 21699356, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026555, W
iley O

nline L
ibrary on [25/06/2023]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

CHASE ET AL.

10.1029/2023JB026555

17 of 24

impacted by plumes (Aulbach et al., 2017; S. F. Foley, 2008; H. Hu et al., 2018; J. Hu et al., 2018; O’Reilly & 
Griffin, 2013) and is often observed in MT data (e.g., Bedrosian, 2016; Bettac et al., 2023; Özaydın et al., 2022). 
Additionally, in nearby Arkansas to the east the region has experienced the same tectonic events as the SOA, 
and here the lithosphere shows strong metasomatic enrichment, with a major component related to SOA rift-
ing (Griffin et al., 2004, 2011). However, the depths at which melts were generated to produce the olivine and 
quartz tholeiitic magmatic units in the SOA required a lithosphere no thicker than ∼60–80 km during rifting 
(D. H. Green & Ringwood, 1967). The lithosphere today is 180–200 km thick (Priestley et al., 2018), implying 
that it has re-thickened since the Cambrian. Thickening by lithosphere stacking or orogenic compression (Lee 
et al., 2011) during the ARM orogeny (Lee et al., 2011) do not seem possible due to subduction polarity dipping 
to the southeast and the weak collisional forces likely limited the amount of lithosphere deformation (Keller & 
Stephenson, 2007; Kluth & Coney, 1981). Further, progressive cooling since rifting cannot rethicken the litho-
sphere to these depths (Chen, 2017).

The most viable remaining mechanism for lithosphere rethickening would be accretion of the plume head to the 
lower lithosphere. In this model, the plume may have been localized beneath the SOA due to the presence of (a) 
the thin lithosphere beneath the SOA and (b) a depleted lithosphere to the east beneath Arkansas related to the 
Archean Sabine microcontinent (Griffin et al., 2004, 2011). This depleted layer may have shielded the Arkan-
sas lithosphere from extensive modification, similar to plume and rift interactions occurring today beneath the 
Tanzanian craton (Adams et al., 2018; Nyblade & Brazier, 2002). The plume head may have been channeled into 
the region of thin lithosphere beneath the SOA, similar to the model proposed by Liu et al. (2021) for the rethick-
ening of lithosphere beneath the Slave craton. However, this type of accretion typically produces depleted and 
dehydrated mantle residua (Lee et al., 2011; Pearson & Wittig, 2014), which would be electrically resistive. This 
appears to be the case beneath the plume-drive Midcontinent Rift (MCR) further north where the lithosphere is 
highly resistive (Bedrosian, 2016). The difference in resistivity structure may reflect the following: (a) the short 
duration of SOA magmatism (∼10 My) versus the MCR (∼30 My) resulting in less depletion of the plume source 
(Miller et al., 2013; Wall et al., 2021); (b) and the SOA plume sources being up to an order of magnitude  more 
enriched than the MCR (Brueseke et al., 2016; Lidiak et al., 2014; Shirey et al., 1994), and by extension contain-
ing more water. As a result, the difference in the resistivity structure could reflect the accretion of more enriched, 
less dehydrated plume residual material beneath the SOA compared to the MCR. A more enriched plume compo-
sition alongside seismically slow hydrous mineral phases could also explain the 2%–4% seismic velocity reduc-
tion beneath the SOA (Deen et al., 2006; Rader et al., 2015).

5.2.2. A Shallow Asthenosphere
An alterative model to plume accretion is that the regional lithosphere has remained thin (<150 km) since rifting 
and that the LLC represents an asthenosphere that has shallowed to a depth of 80–100 km beneath the SOA. To 
explain the low resistivity of the LLC observed in this study would require a damp asthenosphere containing up 
to a few hundred ppm of water (Naif, 2018). Modeling of seismic data led Evanzia et al. (2014) to suggest that the 
slow anomaly beneath the SOA may represent a conduit of asthenosphere flow from the Rio Grande Rift under 
the North American craton. In this scenario, the LLC would represent the electrical resistivity expression of this 
conduit, with the elevated water content causing the asthenosphere to be weakened and permit mantle flow (Hirth 
& Kohlstedt, 1996). However, seismic studies of LAB depth have shown that the lithosphere extends to a depth 
of 180–200 km in this region (Priestley et al., 2018; Yuan & Romanowicz, 2010). It is possible that resolving 
the shallowing of the asthenosphere near the SOA in these seismic studies is difficult due a combination of the
narrow width of the SOA and wide seismic station spacing (Evanzia et al., 2014). However, the top of the LLC is 
at a shallower depth than the seismic LAB estimates over the entire model space and the LLC has a lateral extent 
greater than the resolution scale of the seismic data (Figure 4a). Additionally, the forward modeling results in 
this study suggest that the shallowing of the LLC beneath the SOA could be an artifact of the inversion process 
(Figure S8 in Supporting Information S1). On this basis, the plume accretion model is the preferred mechanism 
to explain the low resistivity of the LLC.

5.3. Mid-Lithosphere Discontinuities
The MLD beneath the SOA appears to be spatially associated with the LLC low resistivity feature. However 
this type of association is not always the case for MLDs (Selway, 2018). Beneath the Great Plains further north, 
a MLD is located at a similar depth but is not coincident with a conductor (Kumar et al., 2012). Variations in 
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seismic radial anisotropy (Wirth & Long, 2014) or in the content of hydrous minerals like phlogopite (Hansen 
et al., 2015) have been invoked to explain the seismic anomaly associated with an MLD. Seismic anisotropy 
is not expected to produce substantial resistivity variations (Martí,  2014), whereas an increase in phlogopite 
concentration can increase conductivity. Unlike the SOA the seismic MLDs beneath the Great Plain lack a coin-
cident conductor (Bedrosian,  2016; Yang et  al.,  2015). If phlogopite is an acceptable explanation for MLDs 
(e.g., Hansen et al., 2015) the variation in electrical responses could reflect variations in fluorine content, which 
is moderately incompatible in the lithosphere and is expected to be extracted and depleted during lithosphere 
stabilization (Joachim et al., 2017; Rader et al., 2015). In this model the MLDs of the Great Plains could reflect 
a fluorine depleted layer. In contrast, the SOA MLD may be re-enriched in fluorine by the fluids that ultimately 
produced the significant amount of fluorine-rich A-type felsic magmatism during rifting (Bonin, 2007; Hanson 
et al., 2013; Hogan & Gilbert, 1995; Martin, 2006; Price, 2014). Interestingly, near the plume driven MCR the 
MLDs of the Great Plains still lack coincident conductors. Notably, the MCR was mafic-dominated and contains 
little magmatism of the felsic fluorine-rich A-type affinity prevalent in the SOA (J. C. Green & Fitz,  1993; 
Vervoort et al., 2007; and references therein). This may reflect differences in the chemistry or evolution of the 
plume sources between the SOA and MCR. Here, the MCR plume may have been depleted in fluorine content, or 
the tectonic evolution during rifting precluded introduction of fluorine into the lithosphere in the manner found 
in the SOA. The depletion hypothesis would be consistent with previous interpretations of a depleted lithosphere 
beneath the MCR (Bedrosian, 2016).

Prior work by Selway (2018) noted the variability in the resistivity signatures of MLDs. In regions of suspected 
phlogopite-related MLDs, enrichment in fluorine offers a potential explanation for these variations. It would also 
support the view of Li et al. (2016, 2017) that fluorine content is the critical parameter controlling phlogopite 
resistivity.

In the plume accretion model, the MLD could represent a layer of phlogopite-bearing metasomatic melts derived 
from the plume that froze to the base of the thinner lithosphere during rifting. This layer was then entombed 
during accretion of the plume head. This would be in line with suggestions that MLD represent paleo LABs 
(Hansen et al., 2015; Rader et al., 2015; Selway, 2018). We note that this model would be equally applicable to 
an amphibole layer (e.g., Selway et al., 2015) although mineral physics experiments required to show amphibole 
conductivity is enhanced by fluorine content have not been performed.

6. Conclusions
The south-central US provides valuable insights into the assembly and tectonic evolution of Laurentia. The 
area contains a variety of largely unmodified tectonic structures that are related to the breakup of Rodinia and 
assembly of Pangea. This study investigated one of these, the SOA, a Cambrian plume-driven failed-rift that 
was structurally inverted during the Paleozoic-Pennsylvanian ARM orogeny. Long-period MT data were used 
to produce a 2D resistivity model that was sensitive to the entire lithosphere. Two major low resistivity features 
are noted. The first is the SOAC, which is located in the crust and upper mantle lithosphere. The second is the 
LLC, which starts at a depth of 100 km and extends into the lower mantle lithosphere. The low resistivity of the 
SOAC is attributed to a combination of enrichment of NAMs with water and the formation of hydrous mineral 
phases like phlogopite via plume-lithosphere interactions during rifting metasomatism. Additional contributions 
to the low resistivity likely occurred during the ARM orogeny where deformation led to olivine diminution and 
grain boundary alignment. This deformation may have also interconnected graphite possibly precipitated by early 
rift fluids, however, based on mineral physics experiments and the magmatic evolution of the SOA, the stability 
and presence of graphite appears tenuous. The upper part of the LLC at a depth of ∼100 km is attributed to a 
fluorine-enriched phlogopite layer, which is coincident with an MLD imaged by seismic data. Below this region 
the remainder of the low resistivity of the LLC is attributed to a lower lithosphere of water enriched NAMs.

The rifting metasomatism would have likely resulted in the introduction of both water and Ti into the mantle peri-
dotites of the SOAC. These phases would have rheologically weakened the lithosphere beneath the SOA, which 
permitted it to localize deformation during the ARM orogeny. This metasomatic rheological weakening model 
provides a possible mechanism for explaining how ARM deformation occurred only along discrete and spread-
out features in the Laurentian intraplate that were far from the causative tectonic boundary forces. Evaluation of 
this mechanism via numerical modeling and additional geophysical sampling of the other tectonically unmodified 
ARM uplifts in the southern US would be useful.
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The fluorine enrichment of the phlogopite MLD beneath the SOA provides a possible mechanism for explaining 
the variability in the electrical responses of phlogopite-derived MLDs. The enriched lower mantle lithosphere in 
the region represents a lithosphere that has been rethickened since rifting during the Cambrian. This would have 
been most readily accomplished via accretion of the plume head to the lithosphere upon rifting failure. Due to 
the enriched nature of the plume source and the short duration of SOA rifting, the accreted material could have 
remained more enriched, and therefore more electrically conductive, than typical plume accretion residua. In this 
model, the phlogopite MLD may reflect a melt layer deposited along a paleo lithosphere-asthenosphere boundary 
that was entombed during plume accretion.

The role of sulfides and graphite in lowering resistivity and explaining the crustal extension of the SOAC does 
not appear favorable due to the paucity of these phases in the rock record in addition stability issues with graph-
ite films over geologic time. However, the other lithosphere conductivity mechanisms have limited impact on 
resistivity values in the crust. Further evaluation is needed to explain the shallower resistivity values of the SOA.

Data Availability Statement
The magnetotelluric data set used in this study is available from the University of Alberta Education and Research 
Archive at https://era.library.ualberta.ca/items/3b884b44-882f-48c8-aaa0-4ad64c69a9a7. The MATE software 
can be accessed through https://github.com/sinanozaydin/MATE.
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