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ABSTRACT

A simple scaling relationship is shown to facilitate comparison, correlation and inte-
gration of data recorded using the common experimental configurations in electrical
and electromagnetic depth sounding. Applications of the scheme to field data from
typical geological and landfill environments show that it is robust and, where transient
electromagnetic (TEM) data are available, enables easy identification and quantifica-
tion of electrical static shift (galvanic distortion) in magnetotelluric and direct current
(DC) sounding curves. TEM-based procedures are suggested for both the direct re-
moval of static shift in DC sounding curves and effective joint data inversion with
the most-squares criterion in the presence of static shift. A case study of aquifer char-
acterization using sounding data from borehole sites in the Vale of York in England
shows that static shift is a common problem in this glacial-covered terrain and demon-
strates the effectiveness of the proposed joint DC-TEM inversion strategy in handling
distorted soundings.

INTRODUCTION AND PROBLEM
DEFINITION

Several experimental configurations are used for electrical
conductivity depth sounding (see, e.g., Morrison et al. 1996;
Serensen 1996, 1997; Panissod et al. 1998; Meju 2002, fig. 1).
The recorded data bear the conductivity signature of the sub-
surface and allow conclusions to be drawn about the struc-
ture and sometimes the physiochemical state of geological and
man-made targets (e.g. Chen et al. 1996; Morrison et al. 1996;
Meju et al. 1999; Hautot ef al. 2000; Meju 2000, 2002; Bai,
Meju and Liao 2001). However, owing to technical limita-
tions, no single conductivity depth-sounding technique pro-
vides complete, consistent and sufficient data to characterize
the subsurface fully, and the effectiveness of each technique
varies from one geological environment to another. The vari-
ous measurements are influenced differently by the presence of
small-sized three-dimensional (3D) bodies in the near-surface.
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The identification and accurate removal of spurious near-
surface 3D effects or geological noise in discrete (or single-
station) depth soundings are still unresolved problems in geo-
electrical exploration (see Berdichevsky and Dmitriev 1976;
Barker 1981; Park 19835; Sternberg, Washburne and Pellerin
1988; Bahr 1988, 1991; Groom and Bailey 1989; Pellerin
and Hohmann 1990; Groom and Bahr 1992; Spitzer 2001).
Moreover, there is still the problem of integrating the numer-
ous methods to obtain a consistent form of data presentation
(Spies and Eggers 1986; Hobbs 1992; Das 1997; Meju 2002),
making it sometimes difficult for the uninitiated to appreciate
the complementary nature of the various techniques. The inte-
gration of electrical and electromagnetic data can improve the
robustness of model interpretation and the cumulative prob-
ability of detection of subsurface targets.

Correlation, comparison or integration of data from the
various electrical and electromagnetic (EM) sounding tech-
niques is a non-trivial task. For example, in the direct cur-
rent (DC) resistivity method where depth sounding is achieved
by varying the electrode separations, the experimental data

are shown as apparent resistivity versus electrode separation.
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464 M.A. Meju

In the time-domain or transient electromagnetic (TDEM or
TEM) method, where EM energy is applied to the ground by
artificial transient pulses and multispectral measurements en-
able information to be obtained from different depths, the data
are presented as apparent resistivity versus transient time (usu-
ally in ms) or the square-root of time in the Russian literature
(Spies 1983). In the magnetotelluric (MT) method employing
natural and/or artificial EM field variations on the surface to
probe the subsurface, the measured apparent-resistivity data
are presented as a function of frequency (or its reciprocal,
period) and as apparent resistivity versus the square-root of
period in the Russian literature (Spies 1983). There is no sim-
ple generalized scheme for comparing these depth-sounding
arrays, and the non-specialist end-user sometimes views the
experimental data obtained by these methods as disparate data
sets constituting different ‘data spaces’. It is highly desirable
to eliminate subjectivity and achieve comparability between
the various techniques in a general geological medium.

The aims of this paper are therefore: (i) to provide a sim-
ple consistent framework that brings together various ideas
about the correspondence between electrical and EM data
and their presentation methodology; (ii) to demonstrate the
usefulness of this unified approach for assessing the consis-
tency, completeness and sufficiency of field data and hence
their suitability for combined interpretation; and (iii) to pro-
vide a data-consistent approach to joint inversion of electrical
and EM data. As a starting point, a simple generic scaling
relationship will be suggested for the electrode and coil con-
figurations commonly used in conductivity depth sounding.
This may serve for easy comparison of apparent-resistivity
data, especially in experimental design and data quality con-
trol processes and, hopefully, will enable the derivation of
more complete and consistent conductivity response profiles
of the subsurface. The implications for static-shift identifica-
tion (Bahr 1991; Spitzer 2001) and for effective joint inversion
of field data from multiple methods are then examined using
field data from different geological and man-made environ-
ments. Finally, an instructive case study of aquifer characteri-
zation is presented. It highlights the necessity for a combined
analysis of TEM and electrical resistivity soundings in regions

with glacial cover.

SCALING RELATIONSHIPS FOR TEMPORAL
AND SPATIAL SOUNDING
CONFIGURATIONS

It has been determined empirically (from numerical modelling
and field studies of collocated DC resistivity and TEM depth

soundings in different environments) that apparent-resistivity
data from transient electromagnetic and steady-state electri-
cal soundings with the popular symmetric in-line 4-electrode
(Schlumberger, Wenner and dipole-dipole) arrays may be com-
pared using the relationship,

t=0.5Srpol? (1)

or equivalently, L = 711.8,/tp metres, where the transient
time ¢ is in seconds, w is the magnetic permeability (taken
to be equal to that of free-space: 1y = 47 x 1077 Qs/m),
L is one-half the electrode-array length (i.e. the distance
from the centre of the array to an outermost electrode), and
p (= 1/0) is the homogeneous subsurface resistivity (in Qm),
which is only known after data inversion and is hence conve-
niently approximated here by the apparent resistivity p, (note
that the all-time p, is preferred in the TEM case). Since it has
been shown semi-analytically and empirically that the equiva-
lent MT period (T) for a given transient time in seconds is T =
4t (see Sternberg et al. 1988; Meju 1998), we may then use (1)
to define the scaling relationship for MT and DC resistivity as

T=2npol?, (2)

or L =355.9/Tp metres. It follows that for given depth-
sounding data (apparent resistivity versus time or frequency)
from time-domain or frequency-domain EM experiments, we
may estimate the half-electrode-array length for the appropri-
ate in-line 4-electrode configuration that will yield the equiv-
alent relative information and vice versa, making for a con-
sistent presentation or easy comparison. Note that TEM and
MT responses may show overshoot or undershoot effects near
boundaries, i.e. the apparent-resistivity data are influenced by
a ‘bump’ up or down on the sounding curve before a re-
sistivity decrease or increase, respectively, which could hin-
der a direct comparison between the different types of data.
However, this can be recognized in the relevant segments of
the sounding curve and the problem may also be overcome
by the use of an appropriate apparent-resistivity definition
for TEM (e.g. Christensen 1995) or MT (e.g. Bagokur 1994)
when comparing the results with DC resistivity data, and
by use of phase-corrected or effective resistivity transforms
(see Meju 1998, eqn 1) when integrating with DC resistivity
models.

In a previous attempt to relate TEM and DC resistivity
soundings, Meju et al. (1999) proposed the scaling relation-
ship logiot = 2 logio(L) — 5 with # in ms, and used it to com-
pare Schlumberger DC resistivity and TEM soundings in an
area where the near-surface sedimentary rocks have average

© 2005 European Association of Geoscientists & Engineers, Geophysical Prospecting, 53, 463-479



resistivities of 100—200 Qm. If ¢ is in ms (1) can be written
(see Meju 2002, eqn 1) as

logo = 2logy(L) — log;o(2p/(10°w ), (3)

and it is easy to see that the relationship used by Meju et al.
(1999) would only work in a specific environment since p
varies in general. The present scheme eliminates subjectivity
and achieves comparability in a general medium as demon-

strated below.

EXAMPLES OF COMPATIBLE DATA
PRESENTATIONS FOR COMPLETENESS,
CONSISTENCY AND SUFFICIENCY
ANALYSIS

The theoretical DC resistivityy, TEM and MT apparent-
resistivity responses of a hypothetical earth model, consisting
of a succession of layers of different resistivities (p; =488 Qm,
p2 =110 Qm, p3 =35 Qm, ps =73 Qm, ps = 182 Qm, ps =
45 Q@m) and thicknesses (b1 = 1.96 m, h, =7.2m, h; =23 m,
hy=38m,hs =122.7 m, hs = 00), are shown as functions of
electrode spacing in Fig. 1(a) and of transient times in Fig. 1(b)
using (1) and (2). The transmitter turn-off effect (Raiche 1984)
was accounted for in the TEM calculations. A feature of this
model is the presence of a conductor-confined stack of lay-
ers characterized by increasing resistivity with depth (layers
3, 4 and 5) that may be difficult to resolve using only EM
apparent-resistivity data. Note that all the methods show con-
cordant response patterns, with the DC resistivity technique
being more sensitive to the deep resistive layer (182 Qm) as
is well known (this feature can be used to recognize, at first
glance, the presence of more than one resistive stratigraphic
unit sandwiched between two conductive layers in the subsur-
face); the EM methods will be more sensitive to good conduc-
tors, hence the need for an integrated approach in subsurface
investigations.

Figure 2(a,b) shows examples of relative space—time scal-
ing and the comparability of DC resistivity and TEM data
for soundings over granular aquiferous deposits in the
Netherlands (Meekes and van Will 1991) and over an old
landfill site at Leighton Buzzard in England. Note that there is
a good match between the transformed data for a given tech-
nique and the actual observed data for the other method. A
very conductive basal substratum is sensed by both the TEM
data from the Netherlands (see Meekes and van Will 1991)
and the landfill site, but the complementary DC resistivity
data suggest the presence of a sequence of geoelectrical units
of increasing resistivity directly on top of the basal conduc-
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tor. This is a situation analogous to the hypothetical model
response shown in Fig. 1(a,b). However, compared with the
scenario depicted in Fig. 1, these DC and TEM field data sets
appear somewhat band-limited and may therefore be insuf-
ficient for accurately characterizing the basal section at the
respective sounding sites.

The proposed scaling relationships can be applied to bi-
directional DC and MT soundings with electrode arrays de-
ployed in consistent orthogonal geographical directions in
heterogeneous geological media, where the resistivity varies
not only with depth but also laterally. Figure 3(a) shows
Schlumberger DC, central-loop TEM and bi-directional MT
apparent-resistivity data from the same sounding station in the
Parnaiba Basin in NE Brazil (Meju et al. 1999). All the data
are presented as a function of MT frequency. It is clear that all
the methods give concordant sounding curves. The same con-
cordant curves are revealed when the data are presented as a
function of period or the equivalent electrode separation, using
the suggested scaling relationships. This is an example of a rel-
atively complete, sufficient and consistent data set for imaging
the resistivity distribution in the top 2 km beneath the station.
Figure 3(b) shows the Schlumberger DC and MT apparent-
resistivity data for bi-directional soundings with the electric
dipoles orientated across strike (north-south) and along strike
(east—west) of a subcropping heavily fractured granodiorite
basement (Meju, Gallardo and Mohamed 2003). The DC
soundings employed half-current-electrode spacings (AB/2)
of 1.5-90 m. The combined natural and controlled source
MT recordings (with the Geometrics STRATAGEM Model
EH4 equipment) are taken over a frequency range of 10—
89000 Hz. The data from collocated central-loop TEM
soundings are also shown for comparison. The apparent-
resistivity curves for each sounding direction are very similar
and are shown as a function of DC electrode spacing. It is
obvious that the suggested scaling relationships for data pre-
sentation apply in the general geological medium.

IDENTIFICATION OF ELECTRICAL STATIC
SHIFT IN MT AND DC SOUNDINGS

It is well known that the presence of small-scale heterogeneities
near the ground surface at a sounding position will cause
MT and DC resistivity sounding curves to be distorted or
biased (e.g. Barker 1981; Bahr 1991; Spitzer 2001) and, if
unaccounted for, will lead to erroneous interpretations. How-
ever, accurate removal of this galvanic distortion or ‘electrical
static shift’ in discrete field sounding curves is still an unre-
solved problem. In cases where only DC resistivity and MT

© 2005 European Association of Geoscientists & Engineers, Geophysical Prospecting, 53, 463-479



466 M.A. Meju

(a)

1000

100

App. resistivity (2m)

10 T T T T T T T T LB LR | T T L R L T T LB L |

1 10 100 1000 10000
Half-electrode-array length, L (m)

1000

100

App. resistivity (Qm)

10 o ) e e L i e e o o S e e e e e L s e e o N |

0.00001 0.0001 0.001 0.01 0.1 1 10 100 1000
Delay time (ms)

Figure 1 Equivalent presentation of synthetic electrical and EM responses for a 6-layer model. The Schlumberger DC resistivity (AB/2 spacings
of 1-800 m) (¢), TEM (0.007-30 ms) (m) and MT (1-89 125 Hz) (O) data are presented as functions of (a) half the electrode-array length and
(b) transient times, using the proposed scaling relationships.
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Figure 2 Equivalent presentation of Schlumberger DC resistivity and TEM sounding data from natural and man-made environments. (a) The
data are presented as a function of half the electrode-array length. (b) The data are presented as a function of transient time. The acronym NL
denotes data from the Netherlands (Meekes and van Will 1991), Landfill denotes data from an old covered landfill site in the UK. A, DC-NL;

m, TEM-NL; ¢, DC-Landfill; ®, TEM-Landfill.
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Figure 3 Examples of relative space-time scaling of TEM and bi-directional DC and MT field data to yield broadband integrated soundings.
(a) Schlumberger DC resistivity, central-loop TEM and MT soundings at a deep borehole site in the Parnaiba Basin, Brazil (Meju et al. 1999). The
DC sounding position is offset 40 m from the TEM and MT sounding point. ¢, DC; O, TEM; A, MT-xy; O, MT-yx. (b) Collocated Schlumberger
DC, central-loop TEM and CSMT soundings over a granodiorite batholith in the English Midlands (Meju ez al. 2003). 0, DC-xy; ®, DC-yx;

<, MT'XY; +, MT—YX, A’

TEM. In both plots, xy and yx denote north-south and east-west sounding directions, respectively.
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Figure 4 Comparative analysis of dual-mode MT sounding curves and single-spacing Schlumberger apparent-resistivity data (AB/2 = 1000 m)
at two locations in the Ruili Basin in China (Bai and Meju 2003). The MT6 sounding curves appear to be affected by static shift.

data are available (e.g. Bai and Meju 2003), (2) would allow
the direct use of DC resistivity data for assessing the static
shift in MT data, but only in field situations where the DC
soundings are not themselves affected by the same surficial
heterogeneities that caused the MT static shift. It may thus
be preferable to use non-coincident DC soundings for MT
static shift analysis. To illustrate this, Fig. 4 shows the MT
dual-polarization apparent-resistivity curves at two locations,
1 km apart, in the Ruili Basin in southeast China (Bai and Meju
2003). The DC apparent-resistivity data from reconnaissance
profiling near the MT sites using the Schlumberger array with
a half-current-electrode spacing (AB/2) of 1000 m (Liao and
Zhao 1999, pp. 130-132) are also shown in Fig. 4 for compar-
ison. The relative MT period for this electrode spacing was de-
termined using (2). Note that one set of the dual-polarization
MT sounding curves (MT6) appears to be affected signifi-
cantly by static shift when compared with the DC data; the
same deduction was arrived at by Bai and Meju (2003) when
examining the result of tensor decomposition of the MT data
(Groom and Bailey 1989; Bahr 1991).

Where TEM data are available, (1) and (2) can aid sim-
ple identification of MT or DC apparent-resistivity sounding
curves affected by static shift in heterogeneous media. The use

of TEM to correct static shifts in M T soundings is well estab-
lished (e.g. Sternberg et al. 1988; Meju 1996; Meju et al. 1999,
2003; Mohamed, Meju and Fontes 2002; Sakkas et al. 2002).
However, the identification and accurate removal of static ef-
fects in DC resistivity and IP sounding curves (see Lee and
Swartz 1930; Habberjam and Watkins 1976; Barker 1981)
using TEM data has not received any attention in the litera-
ture, even though static shift is a galvanic effect that affects
both MT and electrical resistivity soundings (see Pellerin and
Hohmann 1990; Spitzer 2001). Various techniques have been
proposed for combined 1D analysis of seemingly disparate
DC and TEM data but these do not deal with the specific is-
sue of static-shift identification and removal in DC soundings
using TEM constraints. These techniques range from those
incorporating the coefficient of layer anisotropy in joint in-
version (e.g. Christensen 2000) to those involving mutually
constrained inversion with no necessity for the coefficient of
anisotropy (Auken, Pellerin and Serensen 2001). A unified
data-consistent approach is sought in this paper.

Figure 5 shows the Schlumberger DC resistivity sounding
curves for two orthogonal directions at a test station under-
lain by thick glacial deposits in Leicester, England. The bi-
directional DC soundings are practically the same and, in

© 2005 European Association of Geoscientists & Engineers, Geophysical Prospecting, 53, 463-479



470 M.A. Meju

100 1~
zs*:apc_:xy
yx
- 569
g] se DC-xy
°

= x $
E J 3 § SonEMcn
7] ° K‘LAMAX
]
o é {5’*
g e & xo'b SiroTEMcc 4

b ><><O

X000
TEM47in XX x*o
v xxX7o
O
O
TEM47out 00O
O
10 T —— 7 T —— 7 T ——
1 10 100 1000

Half-electrode-array length, L (m)

Figure 5 Bi-directional electrical (DC and IP) resistivity and multiple geometry TEM soundings at a glacial-covered test site in Leicester, England.
The symbols xy and yx denote north—-south and east-west electrical soundings, respectively. The TEM soundings employed a loop size of 100 m x
100 m (with the SiroTEM equipment) and 50 m x 50 m (with the Geonics TEM47 equipment). TEM47in (x) denotes a sounding with the data
logger/control unit and operator located inside the transmitter loop (about 5 m away from the central dipole receiver). TEM47out (O) denotes a
sounding with the data logger/control unit placed outside the transmitter loop. SiroTEMen (+) and SiroTEMcc (A), respectively, denote central-

and coincident-loop soundings. ®, DC-xy; ¢, DC-yx; %, IP-xy.

traditional exploration, would give the impression that uni-
form ground conditions exist at this site. The Wenner bi-
directional sounding curves (not shown here) are identical
to the Schlumberger curves. Collocated dipole-dipole array
sounding with the IP method also yielded identical apparent-
resistivity curves (see Fig. 5). The central-loop and single-loop
TEM sounding curves from this site are also shown in Fig. §
for comparison. Note that in central-loop soundings with the
Geonics TEM47 field equipment (and transmitter loops with
sides > 40 m), it is routine practice for the data logger/control
unit and operator to be located inside the transmitter loop,
about 5 m away from the central dipole receiver (see curve
marked “TEM47in’ in Fig. 5). At this site, the central-loop
soundings were carried out with the data logger and system
control unit placed outside the transmitter loop (see curve
marked “TEM47out’ in Fig.
a partial remedy to the system-specific band-limitation prob-

5). This was found to provide

lem facing TEM measurements as discussed by Efferse, Auken
and Serensen (1999). The relevant TEM soundings with differ-

ent receiver—transmitter configurations and loop sizes (sides of

50 m and 100 m) at the Leicester site are in accord and would
support the hypothesis that the deep subsurface is somewhat
one dimensional. However, the observed electrical resistivity
curves are displaced vertically by a significant amount from the
overlapping TEM data, suggesting the possibility of electrical
static shift at this site. The distorting influence of a 3D surfi-
cial patch in a stratified medium has been shown by Spitzer
(2001) using a 3D numerical modelling approach. The critical
issue for soundings in stratified environments is: How can we
correct a static-shifted DC sounding curve to its undistorted
level, assuming that the whole sounding curve is affected by a

constant amount?

REMOVAL OF ELECTRICAL STATIC SHIFT
AND THE IMPLICATION FOR EFFECTIVE
JOINT DC-TEM INVERSION

The relationship between the observed static-shifted DC ap-
parent resistivities (ds), the correct apparent resistivities (d,),

© 2005 European Association of Geoscientists & Engineers, Geophysical Prospecting, 53, 463-479



and the constant multiplicative static shift or site gain factor
(g) at a sounding point may be written as

ds :gdr (4)

Accurate data interpretation requires knowledge of g. It was
not possible to find a satisfactory and geologically meaning-
ful joint 1D model for the Leicester DC and TEM apparent-
resistivity curves (Fig. 5) using conventional joint inversion
methods (e.g. Jupp and Vozoff 1977; Raiche et al. 1985; Meju
1996) without first correcting the affected DC data or ac-
counting for the magnitude of the shift g in the joint inversion
process as described below.

DC curve shifting approach

Essentially, the vertically shifted but parallel DC sounding
curves (in the log domain) are made to match the overlap-
ping TEM sounding curves at slowly varying or near-invariant
curve segments, but there may be uncertainty as to whether the
two curves actually coincide within the given sounding band-
width. Where there is a great deal of overlap between the DC
and large-loop TEM data, it is possible to invert the TEM data
first and then correct the DC field curve using the predicted
DC response of the optimal TEM model. However, the pre-
ferred curve correction approach is to find, by trial and error,
an acceptable scaling factor (g) such that the corrected DC
sounding curve (dy/g) yields a direct resistivity-versus-depth
transformation (Meju 19935) that matches the transformation
obtained by TEM (Meju 1998). The latter approach can be
automated as described in the next section.

Joint DC-TEM inversion using a combined direct
and iterative approach

In the preferred joint inversion approach, the DC and TEM
sounding curves are first compared using (1) and an initial
guess is made of the amount and direction of static shift. The
interpretation problem is then posed as: Given a finite col-
lection of noisy field sounding data, an initial estimate of
the unknown static-shift factor (g,) and the corresponding
resistivity-versus-depth estimates from direct data transforma-
tion (Meju 1995, 1998) or available a priori information (h),
find, amongst all possible solutions on account of the data
uncertainties, the correct value of g and hence a model (m)
that satisfies the observed data (d; and d,) within a specified
x? misfit (go) and that also retains the key features of h. The
equivalent mathematical statement is:

minimize

1
UlZ;(Ql-l-Qz—QOH‘QL (3)
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where Q1 = [Wd, - Wi[gf(m)]|*, Oz = [[W,d, - Wif(m)]?
and Q3 = ||Dm — h||?. Here, d; denotes the TEM apparent-
resistivity field data, f;(m) and f.(m) denote the respective
DC and TEM forward functionals, and 1/u is an undeter-
mined multiplier. The diagonal weighting matrices W, and W,
contain the reciprocals of the standard DC and TEM obser-
vational errors, respectively, and D may be a first-difference
operator or the identity matrix.

Note that there are two targets in the above problem defini-
tion, i.e. the determination of the correct g, and the search for a
specific joint model with x% = go. An equivalent and effective
two-stage strategy is instead to minimize the expression,

Uz=%(Q1+Qz)+Qs, (6)

to determine the correct or best value of g, and then keeping
this value and the corresponding h (which may incorporate
any available a priori information from well logs) constant,
use the iterative most-squares technique (Meju 1994) to satisfy
the x? condition specified in Uj. In other words, knowing m
(the optimal least-squares model with x? = gis) and g, we
seek the specific model my, that fits our data to the prescribed
misfit (go), as the solution to the second-stage problem,

minimize

1
U3=me+ﬂ{(Q1+Q2*QO)+Q3}, (7)
where each element of the joint projection vector b has a value

of unity and 1/2 is a Lagrange multiplier.

For notational simplicity, if we define the quantities
w0 d, gfr(m)]
W, = do = and £, (m) = ;
[0 W] [d] -7 [ﬂ(m)

the solution that minimizes U or U, is given by
m = [(W.A,)"(W,A,) + u D" D]"'[(W,A.)"{d}} + uD"h],
(8)

where the superscript T denotes the transposition, {dj} =
{W.y, + W.,A,m"}, A, = 9f.(m")/dm” is the combined matrix
of partial derivatives for DC and TEM (A, and A,), evaluated
at an initial model m°, and

|: ]
*
Yt

is the joint discrepancy vector formed by y, = d, - gf(m°) and
ye = do - f(m”).
The solution to (7) is (see Meju 1994, eqn 40)

My = [(W.A,)"(W.A,) + D'D|"'[(W,A.)"(d}}+D"h — ub],
(9)
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where
w = =£({q0 — qus}/ (b [(W.A,)T(W.A,) + D'D]'b})"/2,

and is determined by the constraint Q; + Q, = go. Thus,
providing that qis < qo, there are two possible solutions for p
(the so-called plus and minus solutions) which are maximally
consistent with the DC and TEM field data in this adaptation
of the iterative most-squares technique (see Meju 1994).

Operationally, for the initial estimate of the static-shift fac-
tor (i.e. g,), we obtain the corresponding h (as either a smooth
or blocky model) from a simple transform (Meju 1995, 1998)
of the TEM data and normalized DC data (i.e. ds/g,). We then
perform an iterative search for the best-fitting least-squares
model with x? = gis for which we compute the measure U,.
The procedure is repeated using a simple update scheme for g
and h and we accept the g-value that leads to the model (m)
with the smallest value of the measure U,. The desired model
(myo) is then determined using the most-squares method (equa-
tions (7) and (9)). Itis thus a combined direct and iterative joint
DC-TEM inversion scheme. It is also data consistent since the
models are biased towards h (which can admit any reliable a
priori information). If the DC data are not affected by static
shift, the inversion scheme should yield a g-value of unity. As
in standard practice, the logarithmic values of the apparent-
resistivity data are considered in this joint inversion scheme.
The components of m are also taken to be the logarithms of
the resistivity and depth to the base of each layer (in preference
to the layer thickness) in the sought subsurface model.

The result of joint inversion of the Leicester DC sound-
ing in the north-south direction and the central-loop TEM
data for two transmitter-loop sizes (with the recording units
placed outside the transmitter loops) is summarized in Fig. 6.
The optimal value determined for g is 1.4815 and the final
resistivity-versus-depth transformation of the field data (h) is
also shown for comparison with the joint 1D inversion model
in this figure. The optimal 7-layer most-squares models (only
the plus solution is shown in Fig. 6a) matched the data satisfac-
torily (rms error of 1). The theoretical DC and TEM responses
of the most-squares plus solution are shown in Fig. 6(b), to-
gether with the actual field data and the resulting static-shift-
corrected DC sounding curve from the joint inversion exer-
cise. About 20 m of glacial deposits (sand and boulder clay)
are known to overlie the Mercian Mudstone sequence at this
site (R. Clements 2000, pers. comm.). The mudstone sequence
may contain intercalations of marl, gypsum or anhydrite. In
the joint 1D inversion model, the geoelectric units in the top
18 m (layers 1-3) correlate with the glacial cover, and the
Mercia Mudstone appears to extend down to about 180 m.

Shallow seismic reflection mapped the base of this mudstone
sequence at 190 m (I. Hill 2000, pers. comm.).

It is important to stress that effective joint inversion of DC
resistivity and TEM data should be preceded by compatibil-
ity considerations to ascertain their dimensionality charac-
teristics and hence the suitability of the adopted interpreta-
tional framework (i.e. whether 1D, 2D or 3D modelling is re-
quired) as is now routine practice in MT prospecting (see, e.g.,
Bahr 1988, 1991; Groom and Bailey 1989). For collocated
DC-TEM surveys, those sites with parallel bi-directional DC
and multigeometry TEM apparent-resistivity sounding curves
in the log domain may be taken as being somewhat stratified,
while those with significantly divergent trends would require
multidimensional analysis. An illustrative case study from a
complex glacial environment with borehole data (for ground
truthing) is presented in the next section.

CASE STUDY OF AQUIFER
CHARACTERIZATION BY JOINT
INVERSION OF TEM AND DISTORTED
DC DATA

Traditional discrete DC soundings were conducted in the Vale
of York in northern England (Hawkins and Chadha 1990)
where glacial deposits overlie the Triassic Sherwood Sand-
stone (SS) aquifer and Mercia Mudstone (MM) group (Fig. 7).
The glacial deposits are heterogeneous and both the Mercia
Mudstone and Sherwood Sandstone contain intercalations of
marl, gypsum or anhydrite at the sounding sites (Hawkins and
Chadha 1990) and the subsurface is hence considered macro-
anisotropic (see Christensen 2000). The resistivity values de-
rived from 1D modelling of the DC soundings by Hawkins and
Chadha (1990) were anomalously high and at variance with
well-log resistivities for the Sherwood Sandstone, prompting a
follow-up TEM investigation of these sites by Meju, Fenning
and Hawkins (2000). The data from these investigations have
so far been inverted separately. The available DC and TEM
soundings for six stations (PF, LH, BH, CP, GH, GS) near the
boreholes, whose stratigraphic logs are listed in Table 1, may
thus serve to evaluate the data analysis procedures suggested
above.

The collocated DC and TEM soundings were first analysed
using the suggested scaling relationships to determine the pres-
ence of any static shift in the DC data and their suitability for
joint 1D inversion (see Fig. 8). Four of these DC sounding
curves exhibit substantial vertical shifts relative to the over-
lapping TEM curves. The DC field curves also exhibit a good
degree of parallelism with the TEM curves and may thus be
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Figure 6 Summary of the result of 1D joint inversion of DC and TEM data from the Leicester test site. The north-south DC resistivity, TEM47out
and SiroTEMcn data were jointly inverted. (a) The 7-layer model for the most-squares plus solution (blocky structure) and the resistivity—depth
transform (h) of the apparent-resistivity data (Meju 1995, 1998), taking into account the determined optimal value of g. From top to bottom in
the 1D inversion model, the layer resistivities are 27, 18, 13.5, 65, 30, 38 and 11 @m and the depths-to-base of the layers are 0.9, 2, 18, 55, 90
and 181 m. &——@, h-DC; A——-A, h-TEM47out; A——A, h-SiroTEMcn; bold line, joint 1D. (b) The fit between field and model responses.
The model responses (mod), the observed DC curve (DC-xy) and the resulting DC curve obtained from joint inversion (DC-corrected) are shown
for comparison.
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Figure 7 Location map of collocated DC re-
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deemed 1D invertible (assuming that any attendant 3D gal-
vanic distortion arises solely from small-sized surficial hetero-
geneities). All the data have been inverted in 1D using the
algorithm described above. Since we are interested in blocky
models for comparison with the available ground truth (bore-
hole stratigraphic boundaries in Table 1) at these sites, the vec-

tor his structured accordingly and held fixed at the determined
optimal value of g until the expected misfit (x> &~ number of
field data). The resulting joint inversion models (Table 2) sat-
isfactorily matched the field data shown in Fig. 8 with rms
error of ~ 1 and were derived without incorporating well-log
information in h. Resistivity well logs are available only for
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Table 1 A summary of lithological logs from various drillers for six
boreholes (LH, PE, CP, GH, BH and GS) in the Vale of York study
area (after Meju et al. 2000)

Borehole Depth to
name Lithology base (m)
LH Top soil 0.5
Sand 5.0
Boulder clay 24.5
Sandstone with some marl bands 40.0
Sandstone 73.0+
PF Sandy drift 4.0
Clayey drift 26.5
Sandstone 77.0+
CP Sandy drift 31
Clay drift 12.0
Mudstone 31.0
Sandstone 70.0 +
GH Sandy drift 3.5
Clay drift 20.1
Mudstone (+ beds of gypsum and anhydrite) ~ 68.0
Sandstone 116.0+
BH Sandy clay drift 8.0
Mudstone 46.0
Marl 81.0
Mudstone 109.0
Sandstone 150.0+
GS Top soil 0.5
Sand and gravel 2.5
Red clay with chalk gravel (till) 8.0
Marl and mudstone 46.0
Marl with gypsum and anhydrite beds 187.0
Sandstone 214.0+

the uncased section of the Sherwood Sandstone aquifer for PE,
GH and BH (Hawkins and Chadha 1990). They are of vari-
able quality. The 1D joint inversion model for station PF is
shown in Fig. 9 together with the well logs for comparison.
The resistivity obtained by joint DC-TEM inversion for the
aquiferous sections agrees with the well logs for PF and GH.
The Sherwood Sandstone aquifer was not resolved at station
BH (see Table 2) due to insufficient DC and TEM data.

The optimal 1D models derived for all six borehole sites,
their stratigraphic correlations (as gauged from the logs given
in Table 1), and the optimal estimates of static-shift param-
eters are summarized in Table 2. Note the good correlation
between the reconstructed resistivity boundaries and the ac-

tual stratigraphic boundaries. The glacial cover is relatively
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well mapped in the eastern sector of the study area (around
sites BH and GS in Fig. 7), where the clay drift acts as a good
marker horizon with a depth-to-base of about 8 m and resis-
tivity of 9-11 Qm. In the western sector (around sites GH, PF
and LH in Fig. 7), the depth-to-base of the clay drift (or boul-
der clay) is about 20-25 m and its resistivity is in the range
15-20 Qm. The clayey marker horizon is about 10-12 m deep
and of 11-14 Qm resistivity in the intervening zone (around
site CP in Fig. 7). Another interesting observation from
Table 2 is that the resistivity of the Sherwood Sandstone
aquifer appears to decrease from about 40-60 Qm at the
stations in the west (PF, LH) to about 20 @m at GS down-
dip in the east, where it is confined by thicker Mercia Mud-
stone and anhydritic/gypsiferous deposits. This is in accord
with Hawkins and Chadha’s (1990) observation, based on
data from chemical analysis of water quality, that the salin-
ity of the aquifer is higher where the Sherwood Sandstone
is confined by thick Mercia Mudstone sequences than where
drift alone covers it. The resistivity trend thus appears to sug-
gest the existence in the Sherwood Sandstone aquifer of the
Chebotarev sequence (see Price 1996, p. 180) — a natural
zonation resulting from the chemical evolution of meteoric
water, in which the groundwater becomes more saline down-
dip from the outcropping or subcropping zone of recharge;
however, additional DC-TEM soundings down-dip and mul-
tidimensional data inversion are required to verify this. The
present results extend and refine the 1D TEM-based anal-
ysis of the resistivity characteristics of the Sherwood Sand-
stone aquifer and confining formations given by Meju et al.
(2000; Table 2), which lacked DC resistivity constraints and
thus suffered from the poor resolution of the top 8 m of the
subsurface.

CONCLUDING REMARKS

The main tenet of this paper is that electrical and EM depth-
sounding techniques can be easily compared in a consistent
manner or combined to yield more complete profiling of the re-
sistivity structure of the subsurface. It has been shown that the
proposed scaling relationships can be applied in heterogeneous
geological media enabling accurate identification and removal
of static shift in MT and DC resistivity sounding curves. From
the response pattern of the data sets obtained from mul-
tiple methods, an interpreter can determine at first glance
whether the subsurface structure is characterized by simple
stratification or multidimensional features, and can then se-

lect the appropriate mathematical model for interpreting the
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Figure 8 Comparison of DC and TEM
sounding curves from six borehole sites (LH,
PF, GH, CP, BH and GS) in the Vale of York.
Each panel shows the observed DC data (4)
and TEM data (A). The DC data corrected
for static shift (OJ) that correspond to the
joint inversion models presented in Table 2
are also shown.
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experimental data. Electrical static shift affects the resistivity
estimates in the DC (geometrical sounding) case unlike the MT
(frequency sounding) situation where both the resistivity and
depth estimates may be in error. A method is presented for the
1D joint inversion of TEM and distorted DC sounding data.
Using the available field data sets from the Vale of York, it is
shown that the method enables a good assessment of the resis-
tivity characteristics of the Sherwood Sandstone aquifer and
its confining formations. It is noted that equations (1) and (2)
assume that the magnetic permeability of the subsoil is equal to
that of free-space (1o = 47 x 1077 Qs/m), although this may
not be the case over highly magnetic volcanic soils or ferrous

100 1000

Half-electrode-array length, L (m)

metal objects. Moreover, it is theoretically possible to have
‘magnetic static shift’ in the EM sounding curves when the
heterogeneous overburden exhibits marked changes in mag-
netic permeability (Rijo 2003) as might occur in some volcanic
terrains. In such terrains, effort should be made to obtain rock
susceptibility measurements at the sounding sites to ascertain
that there are no marked lateral changes in magnetic perme-
ability before using TEM data for correcting MT or DC data.
It is hoped that the simple scaling relationships given here will
provide an impetus for the non-specialist to adopt integrated
electrical and EM methods in routine environmental and deep
geological investigations.
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Table 2 Summary of the resistivity characteristics of the Sherwood Sandstone (SS) aquifer and confining formations based on the results of
joint inversion of the DC-TEM soundings near six boreholes in the Vale of York study area. The averages of the two models derived from the

most-squares ‘plus and minus solutions’ for u in equation (9) are shown. The interpreted correlation with known lithology (Table 1) is suggested

in the last column. The determined electrical static-shift factor (g) for each site is indicated against the relevant station name

Station Average layer Depth to base Depth-correlated

name/layer number resistivity (2m) of layer (m) lithology

LH((g=1)

1 39 0.51 Top soil

2 50 1.9 Sand (dry?)

3 25 5.2 Sand (moist?)

4 46 12 Boulder clay (sandy?)

5 18.5 26.4 Boulder clay

6 60 (Not determined) SS

PF (g = 1.053)

1 43 0.5 Top soil (dry?)

2 25 1.6 Sand (partially wet?)

3 44 4.6 Sand

4 18 27 Clayey drift

5 30 70 SS (muddy section?)

6 40 (Not determined) SS

CP (g = 1.695)

1 34 0.9 Top soil

2 24 3.0 Sandy and gravel?

3 13.5 11.7 Clay drift

4 22.9 30.5 Mudstone

5 30 50.2 SS (muddy section?)

6 50 (Not determined) SS

GH (g = 1.39)

1 73 0.85 Top soil (dry?)

2 22 3.4 Sandy drift

3 14.5 22.6 Clay drift

4 98 72 Gypsiferous/anhydritic
Mudstone

5 36 (Not determined) SS

BH (g = 3.48)

1 38 0.5 Top soil (?)

2 11 8.1 Clay drift

3 35 44 Mudstone

4 17 83 Marl

5 39 (Not determined) Marl and mudstone

GS (g = 1.54)

1 30 2.5 Sand and gravel

2 11 8 Till (boulder clay)

3 15 30 Marl and mudstone

4 22 45 Marl and mudstone

5 83 190 Gypsiferous/anhydritic bed

6 21 (Not determined) SS
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Figure 9 A comparison of the 1D joint DC-TEM inversion model and resistivity well log for station PF in the Vale of York. The 1D model
(bold line) and the available resistivity log for the uncased section of SS aquifer (Hawkins and Chadha 1990, fig. 5). The direct resistivity—depth
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