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Characteristics of Static Shift in 3-D MT Inversion
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Abstract : Characteristics of the static shift are discussed by comparing the three-dimensional MT inversion with/without
static shift parameterization. The galvanic distortion by small-scale shallow feature often leads severe distortion in inverted
resistivity structures. The new inversion algorithm is applied to four numerical data sets contaminated by different amount
of static shift. In real field data interpretations, we generally do not have any a-priori information about how much the
data contains the static shift. In this study, we developed an algorithm for finding both Lagrangian multiplier for
smoothness and the trade-off parameter for static shift, simultaneously in 3-D MT inversion. Applications of this inversion
routine for the numerical data sets showed quite reasonable estimation of static shift parameters without any a-priori
information. The inversion scheme is successfully applied to all the four data sets, even when the static shift does not
obey the Gaussian distribution. Allowing the static shift parameters have non-zero degree of freedom to the inversion,
we could get more accurate block resistivities as well as static shifts in the data. When inversion does not consider the
static shift as inversion parameters (conventional MT inversion), the block resistivities on the surface are modified
considerably to match possible static shift. The inhomogeneous blocks on the surface can generate the static shift at low
frequencies. By those mechanisms, the conventional 3-D MT inversion can reconstruct the resistivity structures to some
extent in the deeper parts even when moderate static shifts are in the data. As frequency increased, however, the galvanic
distortion is not frequency independent any more, and thus the conventional inversion failed to fit the apparent resistivity
and phase, especially when strong static shift is added. Even in such case, however, reasonable estimation of block
resistivity as well as static shift parameters were obtained by 3-D MT inversion with static shift parameterization.
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Introduction

Magnetotelluric (MT) have found frequent applications in
geological studies of the upper and lower crust, and in min-
eral, hydrocarbon, and geothermal resources explorations
(Kurtz et al., 1993; Romo et al., 1997; Uchida et al., 2000,
2001), due to its good depth penetration. Galvanic distortion
(Groom and Bailey, 1989), however, prevents more wide
spread acceptance and application of the method. It is usu-
ally caused by the presence of charges on local, small scale,
shallow, lateral inhomogenities. The charge built up at the
interfaces of small scale near-surface inhomogenities com-
pared to the penetration depth of the EM field produces fre-
quency-independent distortion of electric fields (see, for
example, deGroot-Hedlin, 1991). The distortion affects on
the electric field only, so that it appears as parallel shifts in
MT sounding curves when plotted in log (apparent resistiv-
ity) vs. log (period) scale. The phenomenon is called “static
shift” and often ranges over three orders of magnitude,
which is frequently observed in resistive crystalline terrains
(Kurtz et al., 1993). Because the entire data is affected by
small-scale shallow feature, the static shift will lead severe
distortion in inverted resistivity structures. Removing static
shift is a critical problem and will vastly improve interpre-
tation of MT data.

Various methods for static shift removal have been devel-
oped as is summarized in Stermnberg et al. (1988). They can
be loosely divided into three categories: 1) spatial filtering
by closely spaced MT sites, ie., Electro-Magnetic Array
Profiling (EMAP: Torres-Verdin, 1991, Bostick, 1986), 2)
theoretical calculations of the static shift from buried near-
surface inhomogeneities or surface topographic effects (Wan-
namaker ef al., 1984; Jones, 1988), 3) use of auxiliary data
from known geology or independent measurement such as
TEM coincident sounding (Sternberg et al, 1988). All of
these techniques have successively applied to static shift
compensation. They, however, may be prohibitively costly to
acquire the extra-data at the necessary number of sites, par-
ticularly in large regional surveys.

Alternative method, which does not require additional
information, was suggested by DeGroot-Hedlin (1991). It
solves simultaneously for static shift parameters as well as
block resistivities as inversion parameters. This method
assumes that total sum of static shift parameters, for all sites
and modes, is close to zero. Ogawa and Uchida (1996)
improved it to take into account two types of constraint on

the nature of static shift. A regularized inversion is per-
formed to solve simultaneously for the block resistivities and
static shifts at each receiving points, which produces the
smoothest model. By allowing static shifts to be free param-
eters, smooth inversion ensures that structures appearing in
the models are not simply due to the incorrect removal of
static shift. Sasaki (2001) applied the static shift parameter-
ization to 3-D MT inversion using finite difference forward
calculation (Sasaki, 1999).

Based on Sasaki’s code, in this paper, some modifications
are made to the code and characteristics of static shift are
considered using a numerical model with varying static shift
contents in the data. The modifications are mainly in two
categories; one is to add weighting based on the errors in
the data, and the other is to add a routine for searching best
trade-off parameter for static shift. At first in this paper, we
will discuss about a little detail about static shifts, and the
theory of smooth inversion scheme will be followed. And
then numerical examples will be demonstrated.

Static shift

Figure 1 shows a typical apparent resistivity curves for 21
sites of MT data collected for crustal sounding over a crys-
talline basement (Kurtz et al., 1993). Three orders of mag-
nitude of static shift is manifest in that all the profiles are
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Fig. 1. Typical apparent resistivity -curves for 21 sites of MT data
collected for crustal sounding over a crystalline basement (from
Kurtz et al., 1993). All the resistivity curves are roughly parallel
but show vertical displacement from each other.
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roughly parallel, but show vertical displacement from each
other.

The secondary clectric field set up by the boundary
charges (LeMouel and Menvielle, 1982)
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where A, is the secondary magnetic vector potential result-
ing from the boundary charges and ¢ is the electrostatic
potential. If the inhomogeneity is small compared to the
penetration depth of the EM field, the first term in equation
(1) is negligible so that by Coulomb’s law (deGroot-Hedlin,
1991)

jﬂz—rodv )

From equation (2) it can be seen that the secondary electric
field is proportional to the primary field, and that the two
are in phase. Note that the secondary electric field is inde-
pendent of frequency. The effect of near surface inhomoge-
neities is thus to scale the electric field by a multiplicative
factor. For frequencies that are sufficiently low, the size of
the inhomogeneity is small with respect to the wavelength
within the inhomogeneity, it can be shown that the magnetic
field is unaffected by the buildup of boundary charges (Wan-
namaker et al., 1984). Thus,
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where p,” is undistorted apparent resistivity, which repre-
sents the real structure. The boundary charges accumulation
depends not only on the conductivity of the anomaly but
also the direction of electric field (TE or TM mode). The
static shift is thus a function of site location and its mode.
But at high frequencies, when the skin depth is less than the
scale size of the inhomogeneity, the first term in equation
(1) is not negligible and the effect is no longer frequency
independent.
Finally, taking logarithm in both side of equation (3),

log pg’” =logp,’ +g @)

This means that the static shift appears as up/down shift of
MT sounding curves in log-log plot.

Parameterization of static shift

By the analogy of equation (4), the MT data in the pres-

ence of static shift s can be described as
d=F(m)+Gs, 3

where d is the calculated data, F is a non-linear function
describing forward MT problem for a given model m, and
G is a matrix relating the static shift values to the data. The
rows of G corresponding to phase or tipper data, which will
not be affected by static shift, are identically zero: and the
rows corresponding to the apparent resistivitics have unity at
the appropriate locations. The MT problem is non-linear in
that we need to solve it iteratively as follows,

obs (k)
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m(k+ 1)=m(k)+Am(k) (7)

where A is the Jacobian matrix. On Occam’s inversion
scheme, the objective function to be minimized is defined as

v=lwiad - Aam® - sl +2%Jlem®* Vl+ o jam|+Bsl)
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where the first term represents data misfit, the second repre-
sents the constraints to control the smoothness of the solu-
tion, the term with o represents the Marquadt constraint,
and the last constraints on the static shift. The minimization
of the objective function is equivalent to solve the following
matrix equations,
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where W is weights related to the observation errors, d is
observed apparent resistivity and phase, m is desired 3-D
resistivity model, F is a non-linear function for forward MT
problem, C is a roughening matrix, s is a vector represent-
ing the static shift at each site (TE and TM), and A and f
are tradeoff parameters for roughness and static shift, respec-
tively. Here, it is applied a constraint that the static shift s
statistically has a Gaussian distribution (Ogawa and Uchida,
1996). The modified Gram-Schmidt method is used to solve
equation (9). Starting from the starting model my,, iteration
is continued until desired level of misfit is achieved. The
rms misfit is given by

rms=+Ad W WAAL/N (10)

Simultaneous searching for the best tradeoff parameter A
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and f3, in this study, is done to find the best model and
static shift parameters based on the rms misfit at each iter-
ation. The two parameters are closely related to each other
as in equation (8). The parameter A controls the smoothness
of the inverted model as well as the amount of static shift
in the form of Ax

The forward computation F(m) for a given model m is
done by staggered grid finite difference method (FDM)
(Sasaki, 1999). And the Jacobian calculated from analytic
solutions for a homogeneous half-space (initial model) is
used to reduce the computational burden.

Finally, the block resistivity for inversion is taken loga-
rithm. Thus the sensitivities should be modified as bellows

’
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where p, and o,, is the resistivity and the conductivity of
the model block, respectively.

Numerical data

Figure 2 shows a model configuration for the test model,
which has a conductor of 10 ohm-m and a resistor of 1000
ohm-m in a homogeneous background of 100 ohm-m. The
two bodies have the same size of 1.0x1.5x1.0 km. Sixty
three measurement points with 500 m spacing in x and y
directions are located on the surface. Six frequencies from
0.3 Hz to 100 Hz are used. At each measuring point, appar-
ent resistivity and phase for TE (x-y) and TM (y-x) mode
are gathered, which makes 1512 known data. 3% of random
noise is added to both the log-resistivity and phase in
radian.

Four data sets are prepared depending on the amount of
static shift contamination; 1) without static shift (Dataset0),
2) random Gaussian static shift of zero mean, standard devi-
ation of 0.3 (Datasetl), and 0.9 (Dataset2), 3) non-Gaussian
static shift (Dataset3), respectively. In Dataset 1, static shift
ranges from -0.75 to 0.64, which correspond to 0.47 and
1.90 times, respectively in apparent resistivity. And in
Dataset 2, from -2.25 to 1.92, which correspond to 0.1 and
6.8 times in apparent resistivity, respectively. For the inver-
sion, the earth is discretized into 891 (11x9x9) blocks as
shown with bold lines in Figure 2. The starting model for
the inversion is 100 ohm-m half-space for all the Datasets.

In general cases, we do not have any a-priori information
about how much the data contain the static shift and it is
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Fig. 2. A plan view and section view for the test model in this
study. Two anomalous bodies with the same size of 1 km * 1.5
km * 1 km are located in the same depth of 1 km in homogeneous
bedrock of its resistivity 100 ohm-m. The resistivity of a conduc-
tor is 10 ohm-m and the other body have 1000 ohm-m, respec-
tively. Three percent of random Gaussian noise is added to the
forward data.

controlled by the trade-off parameter for static shift § in the
inversion. Appropriate value for B is, thus, needed for the 3-
D inversion with static shift parameterization. In this study,
we first compare the errors in static shift parameters with
two different method of searching the trade-off parameters A
and f: 1) searching only for A with fixing 8 fixed to a con-
stant values and 2) simultaneous searching for A and B in
each iteration. The results are summarized in Table 1. The
errors in estimation of static shift parameters are calculated
by

Nsite Nsite 2
i

3 i (sS—siSj)z/ DY (sg)zx 100(%) (12)
j=1 i=1j=1
where s denotes the static shift in logarithm, the superscript
E and G represents “estimated” and “given”, respectively.
In Datasetl, the best estimation for the static shift in fixed
B mode is made at f=2. It shows bigger errors in both S=1
and f=4. From the result we can estimate the best choice of
B will be around 2 and the 2-D search resulted in §=1.82



Characteristics of Static Shift in 3-D MT Inversion 203

Table 1. Comparison of rms errors in estimation of static shift
parameters with fixed static shift parameter 8 and the simultaneous
searching for A and f at the final iteration

2-D search for
Aand B8

B 1 2 4 8 rms B
Datasetl | 2.27% | 1.71% | 2.41% | 3.08% | 1.79% 1.82
Dataset2 | 2.09% | 3.85% | 7.96% | 12.0% | 1.92% 0.94

Fixed B, searching for A only

at the final iteration. Dataset2 contains bigger amount of
static shift than Dataset] and shows best estimate of static
shift when B=1 in fixed S mode. Overall trend of the esti-
mation error shows that the best choice of 8 will be less
than 1 in this case and the 2-D search showed 0.94 at the
final iteration. In general, the greater the data carry the static
shift components the smaller 3 is needed to estimate the
static shift parameter properly. And the simultaneous search
for the A and B at each iteration can help us to figure out
the amount of static shift contamination in the data.

Dataset(
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Fig. 3. Reconstructed images for the dataset0, no static shift is
added. The inversion with (a) and without (b) static shift param-
eters shows reasonable estimation of block resistivities.
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Fig. 4. Estimated static shift parameters for the dataset0, no static
shift is added. The estimated values of static shift in each site
show close to the given value of zero.

Dataset] contains only 3% random noise and is not con-
taminated by static shift. However for the sake of checking
the robustness of the algorithm, inversions including/exclud-
ing the static shift parameter are performed. Figure 3 shows
the results that solve for both block resistivity with static
shift parameters (a) and for the block resistivity only (b).
The true models are superimposed by white squares on the
figure. The initial A and f is given by 5.0 and 4.0, and the
final was 2.96 and 3.4, respectively after 6 iterations. The
rms misfit reduces from 5.22 to 0.887. Because no static
shift is added to the data, the block resistivities are well
defined in both of the image. Figure 4 shows estimated
static shift for xy and yx modes at each 63 site. Estimated
static shift is essentially zero for all the sites and note that
the estimated static shift parameters approach closely to
ZEer10.

Datasetl

The same experiment is performed for Datasetl. Figure 5
shows the block resistivities from the two inversion schemes,
and Figure 6 shows estimated static shift parameters for the
two modes at each site. As can be seen in Figure 6, the
inversion estimates static shift parameters quite well and the
block resistivity from the scheme separates the deep seated
conductor and the resistor quite well. Note that all the sur-
face blocks show almost homogeneous of 100 ohm-m.
Physically static shift mainly occurs by the inhomogeneities
on the surface. In that case the phase also should be
changed as frequency getting high. At high frequencies,
when the skin depth is less than the scale size of the inho-
mogeneity, the static effect is no longer frequency indepen-
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Fig. 5. Reconstructed images for the datasetl, 3% of Gaussian
static shifts are added. The inversion with static shift parameters
(a) shows reasonable estimation of block resistivities. But when
the static shift parameters are not allowed (b), the inversion tries
to generates static shift by modifying the resistivity of surface
blocks.

dent. In this study, however, the static shift are given to the
apparent resistivity only, which can be occurred when there
exists surface inhomogeneities with very small size, the
dimension is smaller than the skin depth at highest fre-
quency measured.

Conventional inversion result in Figure 5(b) shows very
complex surface inhomogeneities. It seems that the inversion
tried to generate static shifts by modifying the resistivity of
surface blocks. And by this, the inversion reconstructed the
deeper structures conductor and the resistor to some extent.

Figure 7 compares the simulated apparent resistivity and
phase data with the observed ones for the result shown in
Figure 5(b). One can find typical static shift effect at low
frequencies from both of the figure. The calculated and
observed apparent resistivity shows parallel up/down move-
ment independent of the frequency, while the phase shows
very good match. Though the inversion tried to remove the
static shift by changing the resistivity of the surface block,
the static shift still remains. Note that the inversion fails to

1.0
xy-mode

static shift

measurement site

Fig. 6. Estimated static shift parameters for the datasetl, 3% ran-
dom Gaussian static shifts are added. Note that the estimated static
shift closely approaches to the given values.
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Fig. 7. Comparison between observed and calculated responses at
stations 29 and 35 for the inversion driven the result in Figure
5(b). The conventional inversion tried to generate the static shift
by changing the resistivity of the surface blocks. It however fails
to fit the phase data at high frequencies above 30 Hz in both sta-
tions.

fit the phase data at high frequencies above 30 Hz. Chang-
ing the block resistivity on the surface causes the distortion
of phase at high frequency.

Dataset2

Figure 8 and Figure 9 shows the block resistivity and esti-
mated static shift, respectively. Even when the data is con-
taminated by severe the static shift, the simultaneous
inversion scheme removes the static shift effect very well as
shown in Figure 9, and separates the conductor and resistor
quite reasonably (Figure 8a). Note that the surface blocks
forms no more a homogeneous layer. Though the inversion
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Fig. 8. Reconstructed images for the dataset2, 9% of Gaussian
static shifts are added. The inversion with static shift parameters
(a) shows reasonable estimation of block resistivities, while con-
ventional inversion (b) shows complex surface structures and
smeared image for the deep structures.

scheme estimated the static shift quite well, the residual in
static shift is still remain. The inversion tried to fit the resid-
ual by modifying the resistivity of surface blocks as the case
in Datasetl.

In this case, conventional inversion dealing with only the
block resistivity fails as shown in Figure 8(b). It does not
separate the two anomalous bodies. In this model, static
shift from 0.1 to 6.8 times in apparent resistivity is added.
Considering fact that it often ranges over three orders of
magnitude (Kurtz et al., 1993), static shift should be taken

into account to prevent misinterpretation of the deep struc-
tures.

Static shift with non-Gaussian distribution (Dataset3)

The inversion scheme is applied a constraint that the static
shift s statistically has a Gaussian distribution. Finally let us
see what happens when the static shift do not obey a Gaus-
sian distribution. Figure 10 shows the given and estimated
static shift when the static shift occurs only in yx-mode of
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0.0 —

[V]
-3.0 ——  given

static shift

measurement site

Fig. 9. Estimated static shift parameters for the dataset2, 9 % ran-
dom Gaussian static shifts are added. Note that the estimated static
shift closely approaches to the given values even in the case that
the data are affected by strong static shifts.
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Fig. 10. Estimated static shift parameters for the dataset3. The
static shifts are occurred only in yx-mode of Site 43 and the inver-
sion successfully estimates the static shift with non-Gaussian dis-
tribution.

site number 43. The given static shift is -2.3, which corre-
sponds to 0.1 times of its apparent resistivity. The estimated
static shift is -1.9, which corresponds to 0.14 times at site
43 and all others approach nearly zero. Though it shows
slightly bigger estimation of static shift in xy-mode of site

43, overall estimation is quite well matched with given ones.

Concluding remarks

Galvanic distortion by small-scale shallow feature will
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lead severe distortion in inverted resistivity structures. Remov-
ing static shift is a critical problem and will vastly improve
interpretation of MT data. In conventional MT survey we
usuaily do not have any additional information about static
shift. Simultaneous inversion of block resistivity and static
shift parameters is an alternative to deal with the problem.
In such case the determination of appropriate weighting for
static shift parameter and the smoothness constraint is
important. :

In this study, characteristics of static shift in 3-D MT
inversion are discussed using a model test with different
static shift contents. Simultaneous searching for appropriate
weighting for both static shift parameters and the model
smoothness based on the rms misfits at each iteration,
showed quite reasonable estimate of the amount of the static
shift components contained in the data. The 3-D inversion
with static shift parameterization efficiently separates the
Gaussian static shifts in the data, and even when the static
shift does not obey the Gaussian distribution. Allowing the
degree of freedom by the static shift parameters, the inver-
sion could get more accurate block resistivities as well as
given static shifts.

When the inversion does not consider the static shift as
inversion parameters, the block resistivities on the surface
are modified considerably to match possible static shift. By
those mechanisms, the conventional 3-D MT inversion can
reconstruct the resistivity structures in deeper parts, when
the static shift is not so strong (Datasetl). As frequency
increased, however, the galvanic distortion is not frequency
independent any more, and thus the conventional inversion
failed to fit the apparent resistivity and phase, especially
when strong static shift is added. Even in such case, how-
ever, reasonable estimation of block resistivity as well as
static shift parameters were obtained by 3-D MT inversion
with static shift parameterization.
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