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The resolution of surface-acquired magnetotelluric data is typically not sufficiently high enough in monitoring
surveys to detect and quantify small resistivity variations produced within an anomalous structure at a given
depth within the subsurface. To address this deficiency we present an approach, called “layer stripping”, based
on the analytical solution of the one-dimensional magnetotelluric problem to enhance the sensitivity of surface
magnetotelluric responses to such subtle subsurface temporal variations in resistivity within e.g. reservoirs.
Given a well-known geoelectrical baseline model of a reservoir site, the layer stripping approach aims to remove
the effect of the upper, unchanging structures in order to simulate the time-varyingmagnetotelluric responses at
depth. This methodology is suggested for monitoring all kinds of reservoirs, e.g. hydrocarbons, gas, geothermal,
compress air storage, etc., but here we focus on CO2 geological storage. We study one-dimensional and three-
dimensional resistivity variations in the reservoir layer and the feasibility of themethod is appraised by evaluating
the error of the approach and defining different detectability parameters. The geoelectrical baseline model of the
Hontomín site (Spain) for CO2 geological storage in a deep saline aquifer is taken as our exemplar for studying the
validity of the 1D assumption in a real scenario. We conclude that layer stripping could help detect resistivity
variations and locate them in the space, showing potential to also sense unforeseen resistivity variations at all
depths. The proposed approach constitutes an innovative contribution to take greater advantage of surface
magnetotelluric data and to use the method as a cost-effective permanent monitoring technique in suitable
geoelectrical scenarios.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The magnetotelluric (MT) method is not commonly used for moni-
toring studies because of its dependence on an uncontrolled and often
(but not always) non-repeatable source that lowers the potential reso-
lution of surface MT data compared to the resolution provided by other
electromagnetic (EM) techniques. For this reason, EMmonitoring stud-
ies are usually performed by means of direct-current (DC) (e.g.
Kiessling et al., 2010; Bergmann et al., 2012) and controlled-source
EM (CSEM) methods (e.g. Becken et al., 2010; Girard et al., 2011;
Vilamajó et al., 2013; Wagner et al., 2015; Streich, 2016) where the
source is known and can be controlled. However, some attempts have
been undertaken using the MT method for time-varying conductivity,
especially over the last half-decade, in the following contexts:
ced Studies, School of Cosmic
(i) searching for earthquake precursory resistivity changes (Park,
1996; Svetov et al., 1997; Sholpo, 2006; Hanekop and Simpon, 2006;
Park et al., 2007; Kappler et al., 2010), (ii) in geothermal projects for
studying the movement of fluids (Pellerin et al., 1996; Bedrosian et al.,
2004; Aizawa et al., 2011, 2013; Peacock et al., 2012a,b, 2013;
MacFarlane et al., 2014; Muñoz, 2014; Rosas-Carbajal et al., 2015),
and (iii) in volcanic areas to investigate the relationship between EM
pulses and type of eruption (Aizawa et al., 2010). In all of these cases,
MT monitoring has been applied either by analyzing temporal varia-
tions in the electromagnetic spectra or by studying the evolution
through time of the impedance tensor Zij(ω), the phase tensor, or di-
rectly, the MT responses (apparent resistivity and phase).

These above cited publications all show that resistivity variations are
typically subtle and are usually difficult to detect and quantify using
surface MT data because of the inherent resolution of the method. We
propose a methodology based on the analytical solution of the one-
dimensional (1D) MT problem to enhance the sensitivity capability of
the surface MT responses. The objective is to remove the effects of the
upper, unchanging, structures from the surface MT responses in order
to obtain the pseudo-MT responses at the target depth, given a well-
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Fig. 1. N-layered 1D structure. Z1 is the impedance tensor on the surface of the Earth and
Zn, the impedance tensor at top of the nth-layer. Each layer has a hn thickness and a ρn
resistivity. Resistivity changes from ρn to ρn' are located at the nth-layer (layer in gray).
The stack of layers continues down to layer N which is a halfspace of resistivity ρN. The
MT responses in 1D are computed using a recursive relation that goes from the bottom
layer to the surface (Eq. (3) in the text). The proposed layer stripping approach moves
downwards and computes the MT responses at a given depth starting with the MT
responses on the surface (Eq. (4) in the text).
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known geoelectrical structure (baseline model). In this way, the tech-
nique (called “layer stripping” hereafter) can enhance sensitivity of sur-
face data to small resistivity variations due to changes produced at the
target depth (e.g. in the reservoir).

In a 1D Earth, the MT responses at depth only depend on the struc-
tures located below the observation point (i.e., they are independent
of any layers located above it; Kaufman and Keller, 1981; Jones, 1983).
However, in two-dimensional (2D) and three-dimensional (3D) settings
theMTproblem ismore complex, because currentswith deeper depth in-
formation flow both above and below the observation point, as discussed
in Jones (1983) and Queralt et al. (2007). The layer stripping concept was
already employed by Baba and Chave (2005) to eliminate 3D topographic
effects from seafloor MT data, providing interesting results. Similarly, the
concept was used in Queralt et al. (2007) to remove the responses
of known 3D structures from the observed down-mine audio-
magnetotelluric responses and, in this way, to enhance the sensitivity of
below-mine potential ore bodies. In both cases, layer stripping was
shown to be a useful tool to obtain approximate responses in a 3D Earth.

In this paper, the layer stripping method is further developed and
presented as an approach to perform higher resolution EM monitoring
using surface MT responses. We are aware of the limitations of the MT
method, and, as the layer stripping approach works with surface MT
data, the applicability of the suggested technique will be subjected to
the same limitations. However, using this methodology we are able to
highlight the changes observed in the surface data and better study
the information contained therein. Thus, the layer stripping approach
constitutes, from an economical point of view, an affordable perma-
nent complementary monitoring technique to other financially or
logistically more expensive and time-consuming options (such as
CSEM or controlled-source seismology).

Firstwe introduce the layer strippingmethod and validate it through
synthetic studies (i) in 1D, to understand the methodology, and (ii) in
3D, to apply the method in a more realistic scenario. Although the
approach can be applied for monitoring all kinds of reservoirs, e.g.
hydrocarbons, gas, geothermal, compressed air storage, etc., in this
paper we give physical meaning to these 1D and 3D resistivity variations
assuming that they simulate CO2 injections in a storage reservoir. The
feasibility of themethod is appraised evaluating the error of the approach
and assessing its detecting ability defining a set of detectability parame-
ters. Finally, the method is numerically tested in a real case study using
the geoelectrical baseline model of the Hontomín CO2 geological storage
demonstration site in northwestern Spain (Ogaya et al., 2014). In this
manner we appraise the validity of the 1D assumption on which the
layer stripping approach is based using a real geoelectrical baseline
model. Note that magnetotelluric responses expected on the surface
and at depth were calculated using the 3D ModEM code of Egbert and
Kelbert (2012).
2. The method: layer stripping

Resolution of time varying resistivity changes depends on the depth
of the target, where shallower targets are resolved better than deeper
targets. Based on that fact, the layer strippingmethodology is proposed
to increase the sensitivity of surfaceMT responses to resistivity variations
produced at thenth-layer (layer in gray in Fig. 1) by removing the effect of
the unchanging upper layers (from 1st-layer to (n−1)th-layer; Fig. 1).

In a layered 1D Earth, the MT responses, both within the Earth and
on the surface, can be derived using well-known analytical recursive
relations (Srivastava, 1965; Patella, 1976; Kaufman and Keller, 1981;
Ward and Hohmann, 1988; Grandis et al., 1999). The impedance at a
given interface Zn is derived from the impedance of the next deeper
interface Zn+1 using an expression involving the frequency (ω, EM
field characteristic) and the thickness and resistivity of the nth-layer
(hn and ρn, respectively; Fig. 1). Magnetic permeability is assumed to
be the same for each layer (and to take the free space value), although
this could easily be modified if required, and the electric permittivity
of each layer (i.e., the effects of displacement currents) is ignored.

Accordingly, first the impedance is determined at the top of the
underlying homogenous halfspace ZN (Fig. 1), denoted as layer N, viz.,

ZN ¼ ωμ
kN

ð1Þ

where kn is the layer propagation constant within each layer and is
given by

kn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
−iωμ
ρn

s
: ð2Þ

Moving upwards, the impedance tensor at the top of each layer is
computed as follows (Srivastava, 1965 and Grandis et al., 1999):

Zn ¼ ωμ
kn

coth cot h−1 knZnþ1

ωμ

� �
þ ihnkn

� �
: ð3Þ

In this way, the impedance tensor Z1 is calculated on the surface of
the Earth (top of the layer 1, at z=0).

The layer stripping approach is based on Eq. (3). Rewriting the equa-
tion, the inverse recursive relation allows us to move downwards and
calculate responses at the top of the nth-layer from responses at the
top of the (n−1)th-layer. Thereby, the formulation for the layer stripping
technique can be expressed as (Ogaya, 2014)

Zn ¼ ωμ
kn−1

coth cot h−1 kn−1Zn−1

ωμ

� �
−ihn−1kn−1

� �
: ð4Þ

Accordingly, Zn is calculated from Z1 using the known thickness and
resistivity of each layer.



Fig. 2. One-dimensional resistivity model used for the synthetic studies. The resistivity
model reproduces the geoelectrical structure of a likely CO2 storage site. In order to
simulate a CO2 injection in 1D, the resistivity of the reservoir (6th-layer of the model)
was modified from 10 Ωm to 20 Ωm assuming a saturation of 30%. Black triangles
indicate the position of the MT measurements shown in Fig. 3.
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The error of themethod can be estimated as a function of the surface
impedance tensor Z1 given the recursive relation shown in Eq. (4),

δ Znj j ¼ 1

1− kn−1Zn−1
ωμ

� �2 − csc h2 cot h−1 kn−1Zn−1

ωμ

� �
−ihn−1kn−1

� �	 
�������
�������δ Zn−1j j:ð5Þ

The surface data errors are assumed to be small, since good control
of the noise contributions is required for monitoring purposes. In this
way, a linear approximation of the error propagation is valid, as
shown in Supplementary Fig. 1.

According to Eq. (5), the expressions of the error for the apparent
resistivity (Ωm) and phase (degrees) are, respectively,

δρan ¼ 2
ωμ

Znj jδ Znj j ð6Þ

and

δφn ¼ 180
2π

1
Znj j δ Znj j: ð7Þ

In real scenarios error is always present. For this reason, the impact of
error on the layer stripping approach can be further examined defining a
detectability parameter for each site and for each period, which will give
us an estimate of the resistivity variations detectable in field experiments.
Detectability is defined as the absolute value of the difference between
the post-injection and pre-injection layer stripping solutions at a given
depth divided by the quadratic addition of the pre-injection and post-
injection errors of the layer stripping method at that depth. Thus, detect-
ability for the absolute value of the impedance tensor |Z| is defined as

D Zj j ¼
Zpost
�� ��− Zpre

�� ���� ��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2Zpre þ ε2Zpost

q : ð8Þ

Likewise, detectability of the real and imaginary parts of the
impedance tensor Z is defined respectively, as

DReal Zð Þ ¼
Real Zpost

� 
−Real Zpre

� �� ��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2Zpre

þ ε2Zpost
q and

DImag Zð Þ ¼
Imag Zpost

� 
−Imag Zpre

� �� ��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2Zpre þ ε2Zpost

q :

ð9Þ

Similarly, the detectability of the apparent resistivity ρa and phase φ
is defined by

DApp:Res: ¼
ρapost−ρapre

�� ��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2ρapre

þ ε2ρapost

q and DPhase ¼
φpost−φpre

��� ���ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2φpre

þ ε2φpost

q : ð10Þ

Hence detectabilities greater than one will represent differences
between the pre-injection and post-injection state larger than the
existing error, indicating detectable resistivity variations.

3. Synthetic data examples

The layer stripping approach is suggested for monitoring all kinds of
reservoirs, and we take as our example CO2 geological storage sites. We
study the viability of the method defining a reference 1D model that
reproduces the geoelectrical structure of a likely CO2 storage site with
electrical resistivities for the reservoir and seal layers similar to those
observed at the Hontomín site (Ogaya et al., 2014; Fig. 2). We used a
1D model of seven layers in order to reproduce a realistic scenario:
Layer 1 is a sedimentary cover of 60 Ωm. Layer 2 and Layer 4 are
siliciclastic layers of 150 Ωm (e.g., sandstones) with an interbedded
Layer 3 of 300 Ωm (e.g., limestones). Layer 5 is a marly seal of 40 Ωm
and Layer 6 is the target reservoir. The reservoir is located at 800 m
depth – the minimum depth required for CO2 geological storage (IPCC,
2005) - and is defined as a saline aquifer with an assigned resistivity
of 10 Ωm. Finally, Layer 7 represents basement of 200 Ωm.

Archie's law (Archie, 1942) was used to estimate the expected in-
crease in the reservoir resistivity in order to simulate the gas injection.
In this way, the expected post-injection resistivity was determined to
be twice the pre-injection resistivity, assuming clean sand in the reser-
voir (saturation exponent assumed equal to two) and a homogeneous
CO2 saturation of 30%. (We assume that the reservoir porosity does
not vary as gas is injected.)

Thus, the layer stripping approachwas applied tomonitor resistivity
variations from 10 Ωm to 20 Ωm in the reservoir. Two different
monitoring scenarios were studied: (i) modifying the resistivity of
the whole reservoir layer after injection (1D plume of CO2) and (ii)
placing 3D CO2 plumes of different sizes in the reservoir layer (3D
injection of CO2).

3.1. One-dimensional resistivity variations

The layer stripping approach was applied to the 1D resistivity
changes shown in Fig. 2 using Eq. (4). Fig. 3 shows the results at three
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different depths: on the surface (Z1), at the top of the seal layer (Z5) and
at the top of the reservoir layer (Z6).

For 1D injection the layer stripping methodology predicts the same
MT responses at depth as the ones provided by the analytical 1D solution
(Fig. 3). Differences between the pre-injection and the post-injection
state (i.e., resolution to resistivity changes) are observed to increase
with the depth. Since the CO2 layer is infinite in the two horizontal direc-
tions in the 1D case, resolution to resistivity changes is expected to be
lower in either 2D or 3D injection scenarios, although charges on the
boundaries may enhance sensitivity at some locations. In those 2D and
3D cases, the edge effects of the plume might not result in large changes
comparable to those in 1D, as observed in e.g. Ogaya (2014).
Fig. 3. Layer stripping results for 1D resistivity variations at three different positions: on the surfa
black are displayed the responses of the pre-injection 1Dmodel and in red, the responses of the
text) are plotted with continuous lines whereas the layer stripping results are plotted with s
(consequence of the error of the method, see Section 3.3) are partially masked.
3.1.1. Error propagation
Error of the stripping method was estimated as a function of the

surface impedance Z1 given that Zn is a function of Z1 (Eq. (5)). Since
the method is proposed for monitoring surveys, we presume long
time series are acquired and good control of the noise contributions is
possible. In Fig. 3, a linear propagation of the error was performed
(Eqs. (5), (6) and (7)) assuming an error of 1% of the surface impedance
Z1 on the data (1% of each impedance value). Noise levels in the data are
appraised in further detail later on when evaluating the impact of the
error on the detecting ability of the method. At the shortest periods (ba-
sically periods shorter than 10−2 s, i.e., frequencies higher than 100 Hz),
the error is observed to increase significantly when removing the effects
ce (Z1), at the topof the 5th-layer (Z5) and at the top of 6th-layer, the reservoir layer (Z6). In
post-injection 1Dmodel (with CO2). One-dimensional analytical solutions (Eq. (3) in the

mall stars. Error assumed for the surface impedance tensor is 1% and insensitive periods
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of the upper layers (Fig. 3); this is essentially a consequence of attenua-
tion and lack of deep penetration into the ground by high frequency data.

The effect of the number of removed layers on the error was studied
comparing the stripping solution after removing the first layer of 60Ωm
and100m thickness (Fig. 4A)with the stripping solution after removing
three different layers of 60 Ωm and a total thickness of 100 m (Fig. 4B).
The error at the bottom of the layer (at 100m depth - top of the under-
neath layer) is observed to be very similar in both cases. In the same
way, the effect of the resistivity of the stripped layer was evaluated
modifying the resistivity of the layer (first layer of the 1D model) to
10 Ωm (plotted in red in Fig. 4C) and to 300 Ωm (plotted in blue in
Fig. 4C). The error associated with the removal of a conductive layer is
demonstrated to be higher than the one associated with the removal
Fig. 4.Main characteristics of the error of the layer stripping method: A) Layer stripping results
B) Layer stripping results at 100mdepth after removing the effect of three layers of 60Ωmand a
of a single first layer of 100-m thick and 10 Ωm (in red) and of 100-m thick and 300 Ωm (in b
of a more resistive layer; this is due to far higher EM attenuation in
conducting layers compared to resistive layers. Consequently, Fig. 4
shows that the error of the method depends on the electrical resistivity
and thickness of the stripped layers (Fig. 4A, B and C), more correctly to
their conductances (conductivity-thickness products), rather than on
the number of layers removed (Fig. 4A and B).

3.1.2. Unforeseen resistivity variations
The layer stripping method aims to remove the effect of the un-

changing layers from the post-injection MT responses, assuming that
the resistivity changes are located at a known depth, i.e. in the reservoir
layer. However, in real monitoring scenarios some unexpected resistivity
changes could occur above the monitored layer, e.g. as a consequence of
at 100 m depth after removing the effect of a single first layer of 60 Ωm and 100-m thick.
total thickness of 100m. C) Layer stripping results at 100mdepth after removing the effect
lue). Error assumed in all the cases for the surface impedance tensor is 1%.
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unforeseen leakage, especially in the area surrounding the boreholes or
along fractures. Consequently,we investigate how theproposed approach
behaves when removing the effect of a layer that is not actually there. To
do so, amore resistive layer of 300Ωmand100m thickwas introduced at
100 m depth (layer in red in Fig. 5A) –we doubled the resistivity of this
layer to simulate a shallow injection (unforeseen leakage). The layer
Fig. 5. Layer stripping results when removing a layer that is not actually there to simulate u
introduced at 100 m depth (A, in red). Layer stripping results were studied on the surface Z1
resistive layer Z2' (D) and at the top of the 3rd-layer Z3 (D). Error assumed for the surface imp
stripping approach was then applied using the reference 1D model
(model in black in Fig. 5A). Fig. 5 shows the results at four different
depths: on the surface (Z1, Fig. 5B), at the top of the introduced resistive
layer (Z2, Fig. 5C), at the bottom of the introduced resistive layer (Z2′,
Fig. 5D) and at the top of the 3rd-layer of the model (Z3, Fig. 5E). Layer
stripping solutions for Z2 display an offset between the pre-injection
nexpected resistivity variations. A more resistive layer of 300 Ωm and 100-m thick was
(B), at the top of the introduced resistive layer Z2 (C), at the bottom of the introduced

edance tensor is 1%.
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and the post-injection solutions obtained at the top of the introduced re-
sistive layer. Thus, these results indicate that some resistivity changes are
taking place at this depth. Moreover, if the effect of the next layer is re-
movedwithout taking into account this offset, the layer stripping solution
for Z2′ (Fig. 5D) is observed to present some inconsistencies in apparent
resistivities and phases. These inconsistences contain the effect of resistiv-
ity changes occurred in layer 2 of the model that have not been correctly
removed. These inconsistencies propagate along the recursive stripping
solutions computed at the top of the subsequent layers of the model
(e.g. Z3). Hence, the layer stripping approach will also facilitate
detection of resistivity changes located at unexpected depths. However,
it is important to note that this capability will be limited by the error of
the method, which strongly depends on the geoelectrical structure of
the study area (electrical resistivities and depths of interest).

3.1.3. Impact of subsurface heterogeneities
An important aspect to bear in mind when studying the viability of

the layer stripping approach is that the near surface layers are inhomo-
geneous and these inhomogeneities are usually subject to time-lapse
changes. Although seasonal variations could be evaluated during
the characterization stage of the study site, a number of subsurface
heterogeneities might remain unconstrained. For that reason, as a
first approach to evaluate the impact of subsurface heterogeneities
on the layer stripping approach, we scattered the 1D resistivity
model shown in Fig. 2 with random resistivity variations of up to
10% in all cells of the model. Fig. 6 shows the impact of these subsur-
face heterogeneities on the surface and at the top of the reservoir.
Fig. 6. Impact of subsurface heterogeneities. In gray, layer stripping results for 1D resistivity var
error of 1% for the surface impedance tensor. Superimposed in black, layer stripping solutions
The 1D model responses assuming an error of 1% are displayed
in gray and the layer stripping solutions of the scattered model in
black.

Subsurface heterogeneities generate a scattered layer stripping solu-
tionwith a dispersion containedwithin the error of the approach, for an
error of 1% assumed in the surface impedance tensor and a random
resistivity variations of up to 10%. Thus, any small deviation from the
stripped 1D baseline model, either because of cultural noise or subsur-
face time-lapse heterogeneities, will have the same kind of impact on
the layer stripping solutions.

3.2. Three-dimensional resistivity variations

A more likely realistic monitoring scenario is simulated introducing
3D resistivity variations in the reservoir layer. A CO2 plume of
1700 × 1700 × 70m3, which could represent an approximate volume
of 3.8 Mt of CO2, was considered. The amount of CO2 represented by
this plume was estimated assuming a porosity of 12% for the reservoir
and a homogeneous saturation of 30%. The CO2 density at 800 m was
considered to be 0.0038 times its density on the surface, according to
IPCC (2005), for hydrostatic pressure and a geothermal gradient of
25 °C/km from 15 °C at the surface.

Fig. 7 shows the layer stripping solutions for the above mentioned
resistivity variations on the surface (Z1) and at the top of the reservoir
(Z6). For this 3D injection the layer stripping approach does not exactly
recover the responses expected at the reservoir depth. However, from
the results presented in Fig. 7we can conclude that themethod provides
iations on the surface (Z1) and at the top of 6th-layer, the reservoir layer (Z6), assuming an
for the same 1D model but scattered with random resistivity variations of up to 10%.



Fig. 7. Layer stripping results for a 3Dplume of 1700× 1700×70m3 and 20Ωmplaced in the reservoir, at two different depths: on the surface (Z1) and at the top of 6th-layer, the reservoir
layer (Z6). Responses are calculated at the center of the plume (black star); XY andYX polarizations are equal due to the symmetry of the problem. For the 3D case (post-injection case), the
responses expected at depth were calculated using the ModEM code. Error assumed for the surface impedance tensor is 1% and insensitive periods (consequence of the error of the
method, see Section 3.3) are partially masked.
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good approximate responses. Thus, the proposedmethod is observed to
facilitate enhanced variations for apparent resistivity and phase greater
than the ones observed on the surface.
3.3. Detecting ability

The detectability parameters defined in Eqs. (8), (9) and (10) were
used to evaluate the impact of the error on the layer stripping approach:
Noise levels of 1%, 5% and 10% of the impedances were considered. Note
that in all the following figures and in their corresponding explanation,
impedance in 1D and impedance tensor in 3D (Z), apparent resistivity
(ρa) and phase (φ) always make reference to the impedance (tensor),
apparent resistivity and phase provided by the layer stripping approach.
Detectability values at the top of the different layers for themagnitude
of the impedance tensor (|Z|), the real and imaginary parts of the imped-
ance tensor, the apparent resistivity and the phase, are shown in Figs. 8
and 9 for the 3D plume studied previously (1700 × 1700 × 70 m3 and
20 Ωm) assuming an error of 1% for the surface impedance tensor.

Previous results have shown that the difference between the pre-
injection and post-injection layer stripping solutions for the apparent
resistivity and the phase at reservoir depth is greater than that obtained
on the surface (Figs. 3 and 7). However, the detectability of |Z | is not no-
ticeably enhanced (Figs. 8A and 9A) because the error of the method
also increases with depth (Fig. 7).

Figs. 8 and 9 also display the evolution of thedetectability for the real
and the imaginary parts of the impedance tensor (subfigures B and C,
respectively) as stripping is applied. The imaginary part is observed to



108 X. Ogaya et al. / Journal of Applied Geophysics 132 (2016) 100–115
be far more sensitive at depth than the real part (Figs. 8C and 9C). In
contrast, the detectability for the real part of the impedance tensor is
greater on the surface than at depth (Figs. 8B and 9B). This different
evolution of the detectability of the real and imaginary parts of the
impedance tensor with depth explains why the detectability of |Z |
remains practically constant at the top of the different layers. Whereas
the detectability of the real part decreases with depth, the detectability
of the imaginary part increases,making the detectability of the |Z | nearly
constant. Fig. 9C shows that the detectability of the imaginary part of the
impedance tensor is maximum at the bottom of the reservoir.

Evolution of the detectability of apparent resistivity (Figs. 8D and
9D) is very similar to the evolution of the |Z |, as it was expected given
the definition of the apparent resistivity (ρa∝ |Z |2). However, evolution
of the detectability of phase (Figs. 8E and 9E) clearly changes from one
layer to another when applying the layer stripping technique. The
results show that the changes observed at the top of the reservoir are
located in a broader range of periods than the ones observed on the
surface (Fig. 8E). Only the sites placed just above the plume sense
more variations at the top of the reservoir (detectabilities above one)
because of error propagation.

Figs. 8E and 9E highlight that the detectability of the phase is maxi-
mum when the responses are calculated at a depth below where the
changes are taking place (in this case, below the reservoir layer). For
this particular model, a strong peak is observed (Fig. 9E) after stripping
a layer that is not actually there. This peak appears in all the sites located
above or nearby the plume (Fig. 8E).

Thus, according to what was observed also in Fig. 5, for monitoring
resistivity changes using the layer stripping technique it is important
to pay particular attention to the evolution of the detectability of the
imaginary part of the impedance tensor and to the evolution of the
detectability of the phase in order to locate the changes not only at
depth but also on the horizontal plane (delineate their limits).

For errors of 5% and 10% in the surface impedance tensor, only the
detectabilities of the phases are above one (Fig. 10). (The evolution of
all the detectability parameters is shown in Supplementary Figs. 2 and
3 for an error of 5% and in Supplementary Figs. 4 and 5 for an error of
10%). For an error of 10% (Fig. 10 and Supplementary Figs. 4 and 5),
despite the resistivity variations are not observed on the surface, the
resistivity changes are detected by the detectability of the phases at
the bottom of the reservoir after applying the layer stripping approach.
Thereby, the consistency of the layer stripping solutions at sites located
along a profile may help to distinguish true resistivity variations from
noise.

Simulating 3D plumes of different sizes and different noise levels we
find that a minimum variation needs to be observed for resolution by
the surface MT responses. Otherwise if the changes are not recorded
in the surface acquired data, i.e. the response changes are below the
noise level, the resistivity changes will not be enhanced by the layer
stripping approach; obviously if there is no detectable signal in the
surface data one will not be artificially created through layer stripping.
Although thought, through precise and accurate removal of the overlying
layers one may be able to sense spatially correlated signal over a band of
frequencies that lies below the noise level for one frequency at an
individual site that may be unrecognizable in the surface data (Fig. 10
and Supplementary Fig. 4).

Finally, we apply the layer stripping approach to a model that inte-
grates all aspects studied above: the same 1D baseline model (Fig. 2)
with one plume in the reservoir (as the previous studies) and a second
plume at 500mdepth (bottompart of layer 2). The resistivity variations
in the reservoir are from 10Ωm to 20Ωmand the size of these variations
is 1.7 km × 1.7 km × 70 m. Upwards, the second plume has a volume of
1.7 km × 1.7 km × 100 m and represents variations from 150 Ωm to
Fig. 8. Detectability values at the top of all layers for the magnitude of the impedance tensor |Z
(D) and the phase (E) for a plume of 1700 × 1700 × 70 m3 and 20Ωm. Detectabilities above on
existing error, indicating detectable resistivity variations. Error assumed for the surface imped
300 Ωm. The post-injection model was scattered with random resistivity
variations of up to 10% in all cells of themodel to simulate subsurface het-
erogeneities. An error of 5%was assumed in the surface impedance tensor
values. Detectabilities of the imaginary part of the impedance tensor and
of the phases at different depth are shown in Fig. 11A and B, respectively.
(See Supplementary Fig. 6 for all the detectability parameters). Whereas
the detectability of all the components is close to one, only the detectabil-
ity of the phase is above one (Fig. 11B). Some peaks are observed in the
detectability of the phase at depths below where the resistivity changes
are taking place: in dark blue, at the bottom of the second plume (the
more resistive one) and in red, at the bottom of the reservoir layer. The
detectability of the peak corresponding to the second plume is slightly
below one whereas the peak corresponding to the reservoir plume is
clearly above one (Fig. 11B). In reference to the detectability of the
imaginary part of the impedance tensor (Fig. 11A), the maximum
appears at the bottom of the reservoir layer. Thus, layer stripping
enhances more the changes produced in the reservoir layer than the
changes produced in layer 2. This is reasonable since surface MT data
are more sensitive to changes produced in the reservoir (more conduc-
tive layer) than in layer 2 (more resistive). However, with errors slightly
smaller than 5% on the surface data we would also be able to detect the
shallower plume (layer 2).

Previously, we observed that the error associated with the removal
of a conductive layer is greater than that associated with the removal
of a more resistive layer of the same thickness (Fig. 4C). For this reason,
the results obtained for the previous model were compared to those
obtained for the same model but with an upper layer of 10 Ωm instead
of 60 Ωm. Fig. 11C and D display the detectability of the imaginary part
of the impedance tensor and the detectability of the phase, respectively.
(The detectability of the rest of the components is shown in Supplemen-
tary Fig. 7). In general, all the detectabilities are lower than the ones
observed for the same model but with an upper layer of 60 Ωm
(Fig. 11A and B). Only the detectability of the phase at depths
below the reservoir is above one (Fig. 11D) and the detectability of
the imaginary part of the impedance tensor is maximum inside the
reservoir (Fig. 11C). The existence of the second plume is difficult to
detect in this model.

Therefore, sensitivity of the layer stripping approach to resistivity
changes taking place in the subsurface depends primarily on the
geoelectrical model itself, being limited by the resolution of the surface
MT responses to these changes. All the examples studied demonstrate
that the layer strippingmight help to enhance the information contained
in the surface data.
3.4. Case study: the Hontomín CO2 storage site

The Hontomín site (Spain), established by Fundación Ciudad de la
Energía (CIUDEN), is an Underground Research Laboratory (URL) for
CO2 geological storage in a deep saline aquifer. The primary reservoir
has a thickness of more than 100 m and presents an average resistivity
of 10Ωm. The injection is projected into the basal part of a succession of
Lower Jurassic carbonates at about 1500 m TVD (True Vertical Depth).
See Ogaya (2014) for more details about the geoelectrical structure of
the site.

A large number of multidisciplinary experiments were undertaken
to characterize the subsurface and define the reference baselinemodels
of the site (e.g. Rubio et al., 2011; Buil et al., 2012; Benjumea et al., 2012;
Alcalde et al., 2013a, 2014; Canal et al., 2013; Elío, 2013; Nisi et al., 2013;
Ogaya et al., 2013, 2014, 2016; Quintà, 2013; Ugalde et al., 2013;
Vilamajó et al., 2013). Magnetotelluric characterization surveys provided
the high-resolution 3D geoelectrical baseline model of the site (Ogaya,
| (A), the real and imaginary parts of the Z (B and C, respectively), the apparent resistivity
e represent differences between the pre-injection and post-injection state higher than the
ance tensor is 1%.
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Fig. 9. Detectability values for a plume of 1700 × 1700 × 70 m3 and 20 Ωm. Detectabilities are computed at the center of the plume and at the top of all layers for the magnitude of the
impedance tensor |Z | (A), the real and imaginary parts of the Z (B and C, respectively), the apparent resistivity (D) and the phase (E). The red line indicates detectability values equal
to one. Detectabilities below one are partially masked in gray. Error assumed for the surface impedance tensor is 1%.
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2014; Ogaya et al., 2014) that we employ here to test numerically the
layer stripping methodology.

Synthetic studies using surface MT data and the geoelectrical base-
line model of the site estimated that the minimum volume required to
detect resistivity variations from 10 Ωm to 40 Ωm in the reservoir is
2200 × 2200 × 117 m3 (Ogaya, 2014). This volume would represent a
large amount of CO2. The reason such an amount is required is that
Fig. 10. Detectability of the phase at all depths for a plume of 1700 × 1700 × 70m3 and 20Ωm
detectability values equal to one. Detectabilities below one are partially masked in gray.
the geoelectrical structure of the study area and the depth at which
the target reservoir is located do not constitute a favorable scenario
for the MT method. A 1500-m depth resistive layer of around 100-m
thickness (the expected injected gas) is hardly detectable by this EM
technique, and would present severe logistical problems for CSEM
methods besides the same sensitivity issues. However, although such
a large amount of CO2 is not planned for Hontomín, given the
, assuming an error of 5% and 10% for the surface impedance tensor. The red line indicates



Fig. 11.Detectability of the imaginary part of the impedance tensor (A and C) and the phase (B andD) for two differentmodels: the 1Dbaselinemodel (Fig. 2) with a first layer (layer 1) of
60Ωm(Aand B) and the 1Dbaselinemodel (Fig. 2)with afirst layer (layer 1) of 10Ωm(CandD). Bothmodels have a plumeof 1700×1700×70m3 and 20Ωmin the reservoir layer and a
second plume of 1700×1700×100m3 and 300Ωmat500mdepth (bottom layer 2). Thepost-injectionmodelswere scatteredwith random resistivity variations of up to 10% and an error
of 5% was assumed for the surface impedance tensor. Detectabilities at the top of layer 3 (bottom of the second plume) are displayed in dark blue and detectabilities at the bottom of the
reservoir layer, in red. The red line indicates detectability values equal to one. Detectabilities below one are partiallymasked in gray. The peak observed between 101 and 102 s in subfigures
C and D is due to instabilities of the mesh.
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dimensions of the site and the non-commercial, research character of
the project, we use this CO2 volume to test theoretically the layer strip-
ping technique in a real scenario. The goalwas to use a real geoelectrical
baselinemodel to study if thismethodology could be implemented in an
actual monitoring survey, evaluating the validity of the 1D assumption
on which the layer stripping approach is based and assessing how it
would be possible to extract the baseline model from the post-
injection responses in 3D environments. The impact of the error on
the approach was extensively studied before and is not taken into
account in this section.

First of all, the validity of the 1D assumption, and accordingly the
validity of the layer stripping approach, was appraised by studying the
influence of the medium located above the level of data acquisition. If
the medium located above the reservoir affects the responses acquired
at the reservoir depth to a great extent, thenwe cannot discard currents
flowing above the observation level (i.e. the reservoir) and the 1D
assumption on which the layer stripping approach is based, is not
valid. With this aim, all layers overlying the reservoir were replaced
by air-layers (i.e. layers of zero conductivity): Model A (Fig. 12) is the
baseline model of the Hontomín site and model B (Fig. 12) is the base-
line model with air-layers overlying the reservoir (bottom of the air
layers at −408 m a.s.l., approximate top of the reservoir). The MT
responses that would be observed inside the reservoir (−478 m a.s.l.)
at the injection well (Hi) location of both models are shown in Fig. 12.
Electromagnetic characterization studies located the main reservoir-
seal system in the period range of 0.1 to 1 s (Ogaya et al., 2013) and,
according to the dimensionality analysis of the acquired MT data,
those periods displayed dominant 3D effects (Ogaya, 2014; Ogaya
et al., 2014). However, Fig. 12 illustrates that the overlying air-layers
do not affect responses inside the reservoir significantly, demonstrating
the validity of performing a 1D layer stripping at the Hontomín site.

The effect of the upper layers was then removed from surface MT
responses using our layer stripping technique. The 1D model provided
by the column of the baseline 3D model located at Hi position (model
called Hi model hereafter - in gray in Fig. 13A) did not fit either the XY
or YX polarizations (Fig. 13B). Therefore, more suitable 1D models
were sought for each polarization using the Hi model as a starting
model. Thereby layer stripping was applied using the 1D models that
best fit each polarization of the 3D model responses at Hi position
(Fig. 13B).

The MT responses at the Hi well position were computed at two
different depths (Fig. 14): at the surface, ZS, and in the reservoir, ZR

(at −478 m a.s.l., which means 1448 m TVD). Layer stripping results
and responses predicted by the ModEM 3D forward code at both posi-
tions are shown in Fig. 14. Post-injection layer stripping solutions (red
stars in Fig. 14) are scattered at some short periods, whereas the longest
periods tend to overlap the pre-injection layer stripping solution (black
stars) and are consistent with the ModEM responses. In general, as was
observed above, the responses obtained by ModEM in the reservoir are
not recovered by the layer stripping method. However, there is



Fig. 12. Comparison of theMT responses inside the reservoir (at−478m a.s.l.) between twomodels: model A is the geoelectrical baselinemodel of the Hontomín site (Ogaya et al., 2014)
and model B is the baseline model with air layers overlying the reservoir. The bottom of the air layer is at−408 m a.s.l. Model A responses are plotted in blue, and model B responses are
plotted in red. Continuous lines displayed XY polarization whereas dotted-dashed lines display YX polarization. Responses are calculated at the injection well (Hi) position.
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improvement in the sensitivity of the MT responses to the resistivity
changes produced in the reservoir.

Layer stripping results for the phases show greater differences be-
tween the pre-injection and post-injection state at reservoir depth for
the YX polarization than for the XY polarization, despite greater varia-
tions observed in the surface data for XY polarization (1.6°) than for
the YX polarization (1.1°). This might be due to the 1D models used in
each case, and the small 2D and 3D effects observed at the reservoir
level consequence of themedium located above the level of data acqui-
sition (Fig. 12). The 1D models fit the surface MT responses with a
maximum difference in the phases at the target periods (periods above
1 s) of 0.6° for XY polarization, and of 0.7° for the YX polarization,
which means that we are not stripping away the models that completely
fit the acquired surfaces responses. Moreover, 2D and 3D effects depart
from the ideal 1D assumption, which entails that the layer stripping
approach provides not exact but approximate response at depth.

4. Discussion

Previous studies report that the accuracy and precision of the surface
MT responses are not typically sufficient for undertaking precise moni-
toring studies, as the MT method (as with all inductive EM methods)
can be insensitive to changes produced by small resistivity variations
(e.g. Bedrosian et al., 2004; Aizawa et al., 2011; Peacock et al., 2012a,b,
2013). However, results presented in this paper show that our layer
stripping approach is able to enhance the sensitivity of surface MT
responses to the resistivity changes taking place at depth (e.g. in the
reservoir). By removing the known layers, those layers are no longer
variables so we are reducing the number of unknowns considerably.
In other words, the layer stripping method removes the known time-
invariant information from the acquired data and retains the time-
varying information. In this way, time-lapse variations are isolated,
being no longer masked by the MT responses of the unperturbed shal-
low structures.

The layer stripping concept is not new and has been utilized in
different contexts in prior publications (e.g., Baba and Chave, 2005;
Queralt et al., 2007). However, in this work the concept was further
developed specifically for monitoring purposes. The main contribution
of the formulation presented here is that it allows obtaining more accu-
rate results than the previous approaches, since only the effect of the
upper layers, not affected by the fluid injection, is removed. In previous
studies the surface impedance tensor Z1was defined as Z1=Z1nZnwhere
Z1n included the MT responses of the layers comprised between the
surface and the top of the nth-layer and Zn was the MT response on
the top of the nth-layer. In our development we do not use this formu-
lation because both Z1n and Znwill be affected by resistivity variations



Fig. 13. A) One-dimensional model provided by the column of the 3D baseline model of Hontomín at Hi position -Hi model- (in gray) and the 1D models that best fitted XY and YX
polarizations of the 3D baseline model at Hi well position (in blue and red, respectively). For the layer stripping, the MT responses were calculated on the surface (ZS) and in the
reservoir (ZR). B) Magnetotelluric responses of the 3D geoelectrical baseline model at Hi position (in black), the Hi model (in gray) and the 1D models that best fitted XY and YX
polarizations of the 3D model (in blue and red, respectively).
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produced in the nth-layer (see Eq. (3)). Accordingly, stripping of Z1n
would also remove part of the effect of the fluid injection. The formula-
tion suggested in this work (Eq. (4)) is more suitable for monitoring
purposes because it facilitates removing only the effect of the upper
layers not affected by the injection of fluid and thus totally recovers,
to within experimental error, the effect of the injected fluid in 1D.

The effect of the noise on the approach has been comprehensively
analyzed in this work. Data noise, which can be reduced with long
time series and robust data processing techniques, can be overcome
thereby applying the layer stripping approach at more than a single
site and studying the evolution of the estimated MT responses at the
top of the different layers. On the other hand, noise associated with
the geological structure and its departure from a 1D model can be
minimized with a good geoelectrical baseline model of the site. A
high-resolution 3D reference model of the study area facilitates assess-
ment of the validity of the 1D assumption, understanding and quantify-
ing the error made when the structure is geoelectrically more complex.
The greater the control of the noise, the higher will be the enhanced
sensitivity of the magnetotelluric responses to the resistivity changes
(reaching the ideal 1D case).

Phase and imaginary curves are more sensitive to time-varying
changes in the subsurface than apparent resistivity and real part curves.
The reason can be found in the dispersion relations, which are fulfilled
for 1D structures (Weidelt, 1972) and for the TMmode for 2D structures
(Weidelt and Kaikkonen, 1994). These relations connect apparent
resistivity and phase curves, as well as real and imaginary part curves,
through Hilbert transformation. The phase curve at a given period is
mainly controlled by the slope (derivative) of the apparent resistivity
curve at the same period (Weidelt, 1972), and this relationship forms
the basis of the Rho+ approach of Parker and Booker (1996). In the
same way, the imaginary part at each period is a derivative of the real
part at the same period (Marcuello et al., 2005), which forms the basis
of the original D+ approach of Parker (1980). Accordingly, since the
resistivity time-varying changes in the subsurface modify the
observed responses (i.e. the shape of the curves), the changes are
more clearly observed when looking at their derivative, that is to say,
the phase and imaginary part curves.

The layer stripping approachworkswith surfaceMT data and conse-
quently, is limited by the resolution of these surface data. In this way,
some geoelectrical structureswould bemore favorable to this technique
than others. However, the examples studied highlight that the approach
would improve our sensitivity to the observed resistivity changes.

5. Conclusions

The layer stripping approach is an innovativemethodology based on
the analytical solution of the 1D MT problem with the overarching
objective being to remove the effects of thewell-knownoverlying struc-
tures from the surface MT responses in order to enhance the sensitivity
to resistivity changes produced at a given depth. Synthetic studies show



Fig. 14. Layer stripping results for a simulated CO2 injection of 2200 × 2200× 117m3 and 40Ωmat theHontomín site. TheMT responses are shownon the surface (ZS) and in the reservoir
(ZR). ModEM responses are plotted with continuous lines whereas the layer stripping results are plotted with small stars.

114 X. Ogaya et al. / Journal of Applied Geophysics 132 (2016) 100–115
that the approach provides the responses expected at depth for 1D
resistivity changes, whereas for 3D resistivity variations it is not as
exact as in 1D but provides valuable and useful approximate responses.

We conclude that the error of the method depends on the electrical
resistivity and thickness of the stripped layers (more correctly, on their
conductances) rather than on the number of layers removed.Moreover,
the error associated with the removal of a conductive layer is observed
to be higher than one associated with the removal of a more resistive
layer; this makes intuitive sense given the difference in attenuation of
signal between the two.

Despite the error, the results infer that detection of resistivity varia-
tions and localization of them in space (i.e. depth and lateral extent) is
possible studying the evolution of not only the impedance tensors but
also of the apparent resistivities and the phases at or in the different
layers and along profiles/grids crossing the study area as stripping pro-
gresses. The phase and the imaginary part of the MT impedance tensor
seem to be more sensitive to time-varying changes in the subsurface
than the apparent resistivity and the real part. Besides, results show
that phases are sensitive to the changes in a narrower range of periods
than apparent resistivity, thus facilitating superior localization of the
time-varying changes.

Themethod has been numerically tested in the Hontomín URL using
the geoelectrical baselinemodel for the site. The outcomes indicate that
the 1D assumption upon which the layer stripping approach is based
would be valid in a real 3D scenario and that special care should be
taken when seeking equivalent 1D models to apply the method to the
surface data. The changes can be placed at incorrect depths if the
conductance estimation (electrical conductivity and thickness product)
is inaccurate.

The work presented here suggests that the layer stripping approach
has the potential to be used in monitoring surveys to take greater
advantage of the surface magnetotelluric data, making the method an
affordable and logistically far simpler monitoring technique in suitable
geoelectrical scenarios compared to controlled-source EM methods.
Although the methodology has been numerically tested specifically for
CO2 storage sites, the method is suggested for monitoring all kind of
reservoirs. The layer stripping technique could sense not only expected
resistivity variations in the reservoir layer but also detect unexpected
resistivity changes at other depths.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jappgeo.2016.06.014.
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