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SUMMARY

In two-dimensional (2D) and three-dimensional (3D) environments, magnetotelluric (MT) data is sensitive not
only to the geoelectric structure below the site but also to any lateral anomalies around the measuring site.
The lateral resolution of data inversion is related to the spacing of the site, while the depth resolution is related
to the frequency. However, the existing theory does not provide a specific quantitative relationship between
resolution and these variables. The sensitivity matrix provides a quantitative description of the impact of varying
each model parameter on the data, thereby offering a valuable tool for analysing the resolution of data to the
model. We developed a synthetic model to analyse the sensitivity of MT transfer function (impedance Z and
vertical magnetic transfer function T) and horizontal magnetic interstation transfer function (M) in different
geoelectric structures. The results demonstrate that: (1) M is sensitive to the conductor and almost unaffected
by low resistance shielding effects; (2) M has an approximate sensitivity amplitude to T (much smaller than
that of Z), but the inclusion of the reference station makes the range of influence of M on lateral geoelectric
structures much larger than that of T'. In general, we believe that the resolution of anomalies beneath conductor
and shallow geoelectric structures could probably be greatly improved if M were added to the inversion.
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INTRODUCTION

Except for remote reference (Gamble et al, 1979),
traditional MT data processing and inversion meth-
ods assume that each station operates indepen-
dently. Campanya et al (2016) conducted a syn-
thetic 2D model test for the joint inversion of the
impedance tensor Z, the vertical magnetic trans-
fer function T, and the horizontal magnetic intersta-
tion transfer function M under 3D conditions. They
concluded that incorporating the interstation trans-
fer function significantly enhances the recovery of
anomalous bodies below and outside the profile and
improves the resolution of the bottom and lateral
boundaries of conductors.

Building on this, Kruglyakov and Kuvshinov
(2019) developed a 3D inversion program for the
impedance tensor and interstation transfer functions
to test the 3D model. They argued that the joint in-
version of Z and other interstation transfer functions
does not significantly improve the inversion results,
and the single inversion of the horizontal electric in-
terstation transfer function (H) and M is markedly

less effective than the inversion of Z. However, there
are some issues with the above simulations, such
as only one model being tested and potential inade-
quacies in the model and observation system setup.
Previous studies have used only one reference point
in the model. Does the position of the reference
point affect the resolution of the model?

The sensitivity matrix (J) is the partial derivative ma-
trix of the data vector d with respect to the model
vector m. It is a crucial tool for assessing whether
the observation system is sensitive to the preferred
model. Rodi (1976) first applied the reciprocity the-
orem to calculate the sensitivity matrix of the two-
dimensional MT response using the finite element
method. Since then, this approach has been em-
ployed in numerous electromagnetic inversion algo-
rithms (Kelbert et al, 2014).

To better understand the characteristics and physi-
cal significance of interstation transfer functions, we
developed a 3D model to calculate the sensitivity
matrix of Z, T, and M using a modular system
for electromagnetic inversion (ModEM, (Egbert and
Kelbert, 2012; Kelbert et al, 2014)). We also ana-
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lyzed the influence of different reference points on
the sensitivity of M and examined the sensitivity re-
sponses of M, Z, and T in various geoelectrical
structures.

EXPERIMENTAL DESIGN

The numerical experiment involved calculating the
sensitivity matrix of a defined synthetic model with
embedded 3D anomalies. These responses were
used for a sensitivity test, which evaluated the ef-
fects of each anomaly on the different types of data:
Z, M, and T. The sensitivity of stations located
above a conductor (C1) and a resistor (R1) was
evaluated, respectively.

We set the synthetic model with one cubic conduc-
tor (C1) having a resistivity of 1 2 - m and one cu-
bic resistor (R1) with a resistivity of 10* €2 - m, each
measuring 5.6x5.6 km, embedded in a 100 2 - m
half-space. The depth extension of these anomalies
ranges from 0.16 to 12 km, separated by 7.2 km.
We discretized the model core area with a lateral
grid size of 0.8x0.8 km, and the layer thicknesses
increase exponentially with depth, extending from 0
m to 49 km. The total number of grids in the syn-
thetic model is 31x31x16. The model includes 961
MT sites, with a distance of 0.8 km between them.
The frequency range spans from 1000 Hz to 0.001
Hz, encompassing 24 frequency points.
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Figure 1: Map of 7 km depth slices for a combined
R1 and C1 prismatic cylinder model.The resis-
tivity of the dark red prismatic cylinde(C1) is 1
Q - m and the dark blue prismatic cylinde(R1)
is 10* Q2 - m. The white circles are MT sites,
located in the center of the grid.

For the MT transfer functions, we computed the fol-
lowing three types: (1) the MT impedance tensor
Z = E'/H'; (2) the vertical magnetic transfer func-
tion T = H./H'; and (3) the interstation horizon-
tal magnetic transfer function M = H'/H". Here,
H' and H" are two-component vectors comprising
the horizontal magnetic components at the local site
and the reference site, respectively. E! is a two-
component vector comprising the horizontal electric
components at the local site, and H! is the vertical
component of the magnetic field recorded at the lo-
cal site.

The sensitivity matrix J is the partial derivative ma-
trix of the data vector d with respect to the model
vector m. It is a tool to assess whether the obser-
vation system is sensitive to the target. The basic
formula is:

94,
ke aO'k

Ji

The change in conductivity of the k-th model block
affects the data observed at the i-th observation
site. Therefore, by examining the magnitude of J,
it is possible to determine whether the observation
system is sensitive to the target.

SENSITIVITY ANALYSIS

In this section, we discuss the sensitivity of three re-
sponse types Z, M, and T above the sites of R1
and C1. The sensitivity calculation module in Mo-
dEM (Egbert and Kelbert, 2012; Kelbert et al, 2014)
is used to directly calculate the sensitivity matrix of
the synthetic model. The sensitivity matrices of the
actual parts of the components are then mapped
onto the grid of the synthetic model. The value of
each grid cell indicates the magnitude of the elec-
tromagnetic field change induced at the station by a
change in its conductivity. To visualize the change
in sensitivity, a logarithmic scale with a base of 10
is used to represent the sensitivity amplitude. Since
the sensitivity of the model can change in both pos-
itive and negative directions, we use a color scale
with warm and cool hues to represent the different
modifications of the model, respectively.
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Conductor

We first analyse the characteristics of the synthetic
model, when the MT station is above the C1, under
4.5 Hz single-frequency time-harmonic vertically in-
cident planar electromagnetic wave excitation. As
shown in Figure 2, the inclusion of a reference sta-
tion results in M exhibiting a broader range of sensi-
tivity to the surrounding structure than T. The sen-
sitivity amplitudes of M and T are comparable, al-
though the difference in amplitude between M and
Z is considerable. The maximum magnitude of M is
nearly equal to the minimum magnitude of Z. Mean-
while, we also observe that the sensitivity amplitude
and the range of influence of C1 are greatly reduced
compared to those of the stations above R1 (Figure
3), due to the shielding effect of the conductor, which
absorbs the electromagnetic wave energy as it prop-
agates subsurface. Therefore, we believe that the
inclusion of M and T in the inversion can improve
the resolution of the conductor, and the inclusion
of the reference station of M will also improve the
resolving power of the geoelectric structure around
the reference station.

Resistor

As illustrated in Figure. 3, when the sensitivity sta-
tions are situated on R1, the sensitive areas of Z
and T are considerably larger than those on C1.
The off-diagonal elements of M exhibit a compara-
ble change in sensitivity to the diagonal elements of
Z, and the diagonal elements of M exhibit a com-
parable change in sensitivity to the off-diagonal el-
ements of Z. The preceding characterization al-
lows us to conduct a cursory analysis of the phys-
ical mechanism of M. The magnetic field com-
ponent H? of the x-direction polarized vibration of
the local station induces an electric field £} around
it, which in turn generates the y-direction vibration.
The x-square magnetic field component H? is in-
duced at the reference station as a result of the
x-direction polarized vibration of the local station.
Consequently, the response of M, is characterised
similarly to Z,, due to a clear physical connection
between them. The same can be said of the other
components. M,, and M,, retain the capacity to
discriminate against conductor, even when the ref-
erence station of M is situated within a half-space.

However, it can be observed that the positive and
negative modifications of the model are reversed
when the locations of the reference stations are dif-

ferent. It remains to be seen whether this feature is
determined by the resistivity value below the refer-
ence station or the relative position of the reference
station to the local station, with further models re-
quired to verify this. The amplitude distribution of T
is considerably simpler than that of M and Z. The
modeled modification of T is concentrated mainly
along the direction of the denominator H;, and T is
similarly unresponsive to conductor. The sensitivity
response characteristic of T is relatively straightfor-
ward, exhibiting only a slight variation in the direc-
tion of the horizontal component.
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Figure 2: Depth slice (760 m) of the sensitivity am-
plitude response (M, Z, and T) for C1 in the
synthetic model. The frequency of MT plane
wave field source is 4.5 Hz. The red and blue
dashed lines delineate the boundaries of C1
and L2 in the model, the black point represents
the sensitivity analysis site, and the white point
represents the reference site.
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Figure 3: Depth slice (760 m) of the sensitivity am-
plitude response (M, Z, and T) for R1 in the
synthetic model. The frequency of MT plane
wave field source is 4.5 Hz. The red and blue
dashed lines delineate the boundaries of L1
and L2 in the model, the black point represents
the sensitivity analysis site, and the white point
represents the reference site.

CONCLUSIONS

We quantified the sensitivity response characteris-
tics of the three transformation functions (Z, M, and
T) in a synthetic model through the sensitivity cal-
culation module of ModEM. The results of our anal-
ysis indicate that M attenuates the shielding effect
of electromagnetic waves in conductor, rendering it
more sensitive than Z and T in conductor. The re-
sponse exhibited by M, is analogous to that ob-
served in Z,,, due to the clear physical connection
of them (M,, is the same as M,,). The sensitivity

response characteristic of T exhibited only a slight
variation in the direction of the horizontal compo-
nent. Consequently, it is postulated that the addition
of Z, M, and T to the inversion will result in a no-
table enhancement of the model resolution during
the inversion.
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