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ABSTRACT 28 

The resolution of surface-acquired magnetotelluric data is typically not sufficiently high 29 

enough in monitoring surveys to detect and quantify small resistivity variations produced 30 

within an anomalous structure at a given depth within the subsurface. To address this 31 

deficiency we present an approach, called “layer stripping”, based on the analytical 32 

solution of the one-dimensional magnetotelluric problem to enhance the sensitivity of 33 

surface magnetotelluric responses to such subtle subsurface temporal variations in 34 

resistivity within e.g. reservoirs. Given a well-known geoelectrical baseline model of a 35 

reservoir site, the layer stripping approach aims to remove the effect of the upper, 36 

unchanging structures in order to simulate the time-varying magnetotelluric responses at 37 

depth. This methodology is suggested for monitoring all kinds of reservoirs, e.g. 38 

hydrocarbons, gas, geothermal, compress air storage, etc., but here we focus on CO2 39 

geological storage. We study one-dimensional and three-dimensional resistivity variations 40 

in the reservoir layer and the feasibility of the method is appraised by evaluating the error 41 

of the approach and defining different detectability parameters. The geoelectrical baseline 42 

model of the Hontomín site (Spain) for CO2 geological storage in a deep saline aquifer is 43 

taken as our exemplar for studying the validity of the 1D assumption in a real scenario. 44 

We conclude that layer stripping could help detect resistivity variations and locate them 45 

in the space, showing potential to also sense unforeseen resistivity variations at all depths. 46 

The proposed approach constitutes an innovative contribution to take greater advantage of 47 

surface magnetotelluric data and to use the method as a cost-effective permanent 48 

monitoring technique in suitable geoelectrical scenarios.  49 
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1. INTRODUCTION 50 

The magnetotelluric (MT) method is not commonly used for monitoring studies because 51 

of its dependence on an uncontrolled and often (but not always) non-repeatable source 52 

that lowers the potential resolution of surface MT data compared to the resolution 53 

provided by other electromagnetic (EM) techniques. For this reason, EM monitoring 54 

studies are usually performed by means of direct-current (DC) (e.g. Kiessling et al., 2010; 55 

Bergmann et al., 2012) and controlled-source EM (CSEM) methods (e.g. Becken et al., 56 

2010; Girard et al., 2011; Vilamajó et al., 2013; Streich, 2015; Wagner et al., 2015) where 57 

the source is known and can be controlled. However, some attempts have been 58 

undertaken using the MT method for time-varying conductivity, especially over the last 59 

half-decade, in the following contexts: (i) searching for earthquake precursory resistivity 60 

changes (Park, 1996; Svetov et al., 1997; Sholpo, 2006; Hanekop and Simpson, 2006; 61 

Park et al., 2007; Kappler et al., 2010), (ii) in geothermal projects for studying the 62 

movement of fluids (Pellerin et al., 1996; Bedrosian et al., 2004; Aizawa et al., 2011, 63 

2013; Peacock et al., 2012a, 2012b , 2013; MacFarlane et al., 2014; Muñoz, 2014; Rosas-64 

Carbajal et al., 2015), and (iii) in volcanic areas to investigate the relationship between 65 

EM pulses and type of eruption (Aizawa et al., 2010). In all of these cases, MT 66 

monitoring has been applied either by analyzing temporal variations in the 67 

electromagnetic spectra or by studying the evolution through time of the impedance 68 

tensor 𝑍𝑖𝑗(𝜔), the phase tensor, or directly, the MT responses (apparent resistivity and 69 

phase).  70 

These above cited publications all show that resistivity variations are typically subtle and 71 

are usually difficult to detect and quantify using surface MT data because of the inherent 72 

resolution of the method. To address this shortcoming we propose a methodology based 73 
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on the analytical solution of the one-dimensional (1D) MT problem to enhance the 74 

sensitivity capability of the surface MT responses. The objective is to remove the effects 75 

of the upper, unchanging, structures from the surface MT responses in order to obtain the 76 

pseudo-MT responses at the target depth, given a well-known geoelectrical structure 77 

(baseline model). In this way, the technique (called “layer stripping” hereafter) can 78 

enhance sensitivity of surface data to small resistivity variations due to changes produced 79 

at the target depth (e.g. in the reservoir). 80 

In a 1D Earth, the MT responses at depth only depend on the structures located below the 81 

observation point (i.e., they are independent of any layers located above it; Kaufman and 82 

Keller, 1981; Jones, 1983). However, in two-dimensional (2D) and three-dimensional 83 

(3D) settings the MT problem is more complex, because currents with deeper depth 84 

information flow both above and below the observation point, as discussed in Jones 85 

(1983) and Queralt et al. (2007). The layer stripping concept was already employed by 86 

Baba and Chave (2005) to eliminate 3D topographic effects from seafloor MT data, 87 

providing interesting results. Similarly, the concept was used in Queralt et al. (2007) to 88 

remove the responses of known 3D structures from the observed down-mine AMT 89 

responses and, in this way, to enhance the sensitivity of below-mine potential ore bodies. 90 

In both cases, layer stripping was shown to be a useful tool to obtain approximate 91 

responses in a 3D Earth.  92 

In this paper, the layer stripping method is further developed and presented as an 93 

approach to perform higher resolution EM monitoring using surface MT responses. We 94 

are aware of the limitations of the MT method, and, as the layer stripping approach works 95 

with surface MT data, the applicability of the suggested technique will be subjected to the 96 

same limitations. However, using this methodology we are able to highlight the changes 97 

observed in the surface data and better study the information contained therein. Thus, the 98 
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layer stripping approach constitutes, from an economical point of view, an affordable 99 

permanent complementary monitoring technique to other financially or logistically more 100 

expensive and time-consuming options (such as CSEM or controlled-source seismology).  101 

First we introduce the layer stripping method and validate it through synthetic studies (i) 102 

in 1D, to understand the methodology, and (ii) in 3D, to apply the method in a more 103 

realistic scenario. Although the approach can be applied for monitoring all kinds of 104 

reservoirs, e.g. hydrocarbons, gas, geothermal, compressed air storage, etc., in this paper 105 

we give physical meaning to these 1D and 3D resistivity variations assuming that they 106 

simulate CO2 injections in a storage reservoir. The feasibility of the method is appraised 107 

evaluating the error of the approach and assessing its detecting ability defining a set of 108 

detectability parameters. Finally, the method is numerically tested in a real case study 109 

using the geoelectrical baseline model of the Hontomín CO2 geological storage 110 

demonstration site in northwestern Spain (Ogaya et al., 2014). In this manner we appraise 111 

the validity of the 1D assumption on which the layer stripping approach is based using a 112 

real geoelectrical baseline model. Note that all magnetotelluric responses expected on the 113 

surface and at depth were calculated using the 3D ModEM code of Egbert and Kelbert 114 

(2012). 115 

 116 

2. THE METHOD: LAYER STRIPPING 117 

Resolution of time varying resistivity changes depends on the depth of the target, where 118 

shallower targets are resolved better than deeper targets. Based on that fact, the layer 119 

stripping methodology is proposed to increase the sensitivity of surface MT responses to 120 

resistivity variations produced at the 𝑛th-layer (layer in grey in Figure 1) by removing the 121 

effect of the unchanging upper layers (from 1st-layer to (𝑛 − 1)th-layer; Figure 1). 122 
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In a layered 1D Earth, the MT responses, both within the Earth and on the surface, can be 123 

derived using well-known analytical recursive relations (Srivastava, 1965; Patella, 1976; 124 

Kaufman and Keller, 1981; Ward and Hohmann, 1988; Grandis et al., 1999). The 125 

impedance at a given interface 𝑍𝑛 is derived from the impedance of the next deeper 126 

interface 𝑍𝑛+1 using an expression involving the frequency (ω, EM field characteristic) 127 

and the thickness and resistivity of the 𝑛th-layer (ℎ𝑛 and 𝜌𝑛, respectively; Figure 1). 128 

Magnetic permeability is assumed to be the same for each layer (and to take the free 129 

space value), although this could easily be modified if required, and the electric 130 

permittivity of each layer (i.e., the effects of displacement currents) is ignored.  131 

Accordingly, first the impedance is determined at the top of the underlying homogenous 132 

halfspace 𝑍𝑁 (Figure 1), denoted as layer N, viz., 133 

𝑍𝑁 =
𝜔𝜇

𝑘𝑁
 (1), 134 

where 𝑘𝑛 is the layer propagation constant within each layer and is given by  135 

𝑘𝑛 = √
−𝑖𝜔𝜇

𝜌𝑛
  (2) 136 

(Srivastava, 1965 and Grandis et al., 1999). Moving upwards, the impedance tensor at the 137 

top of each layer is computed as follows  138 

𝑍𝑛 =
𝜔𝜇

𝑘𝑛
𝑐𝑜𝑡ℎ [𝑐𝑜𝑡ℎ−1 (

𝑘𝑛𝑍𝑛+1

𝜔𝜇
) + 𝑖ℎ𝑛𝑘𝑛] (3). 139 

In this way, the impedance tensor 𝑍1 is calculated on the surface of the Earth (top of the 140 

layer 1, at 𝑧 = 0).  141 

The layer stripping approach is based on equation 3. Rewriting the equation, the inverse 142 

recursive relation allows us to move downwards and calculate responses at the top of the 143 
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𝑛th-layer from responses at the top of the (𝑛 − 1)th-layer. Thereby, the formulation for 144 

the layer stripping technique can be expressed as (Ogaya, 2014) 145 

𝑍𝑛 =
𝜔𝜇

𝑘𝑛−1
𝑐𝑜𝑡ℎ [𝑐𝑜𝑡ℎ−1 (

𝑘𝑛−1𝑍𝑛−1

𝜔𝜇
) − 𝑖ℎ𝑛−1𝑘𝑛−1] (4). 146 

Accordingly, 𝑍𝑛 is calculated from 𝑍1 using the known thickness and resistivity of each 147 

layer.  148 

The error of the method can be estimated as a function of the surface impedance tensor 𝑍1 149 

given the recursive relation shown in equation 4, 150 

𝛿|𝑍𝑛| = |
1

1−(
𝑘𝑛−1𝑍𝑛−1

𝜔𝜇
)

2 {−𝑐𝑠𝑐ℎ2 [𝑐𝑜𝑡ℎ−1 (
𝑘𝑛−1𝑍𝑛−1

𝜔𝜇
) − 𝑖ℎ𝑛−1𝑘𝑛−1]}| 𝛿|𝑍𝑛−1| (5). 151 

The surface data errors are assumed to be small, since good control of the noise 152 

contributions is required for monitoring purposes. In this way, a linear approximation of 153 

the error propagation is valid, as shown in Supplementary Figure 1.  154 

According to equation 5, the expressions of the error for the apparent resistivity (m) and 155 

phase (degrees) are, respectively,  156 

𝛿𝜌𝑎𝑛 =
2

𝜔𝜇
|𝑍𝑛|𝛿|𝑍𝑛| (6)  157 

and 158 

𝛿𝜑𝑛 =
180

2𝜋

1

|𝑍𝑛|
𝛿|𝑍𝑛| (7). 159 

In real scenarios error is always present. For this reason, the impact of error on the layer 160 

stripping approach can be further examined defining a detectability parameter for each 161 

site and for each period, which will give us an estimate of the resistivity variations 162 

detectable in field experiments. Detectability is defined as the absolute value of the 163 
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difference between the post-injection and pre-injection layer stripping solutions at a given 164 

depth divided by the quadratic addition of the pre-injection and post-injection errors of 165 

the layer stripping method at that depth. Thus, detectability for the absolute value of the 166 

impedance tensor |𝑍| is defined as  167 

𝐷|𝑍| =
||𝑍𝑝𝑜𝑠𝑡|−|𝑍𝑝𝑟𝑒||

√𝜀𝑍𝑝𝑟𝑒
2 +𝜀𝑍𝑝𝑜𝑠𝑡

2
 (8).  168 

Likewise, detectability of the real and imaginary parts of the impedance tensor 𝑍 is 169 

defined respectively, as 170 

𝐷𝑅𝑒𝑎𝑙(𝑍) =
|𝑅𝑒𝑎𝑙(𝑍𝑝𝑜𝑠𝑡)−𝑅𝑒𝑎𝑙(𝑍𝑝𝑟𝑒)|

√𝜀𝑍𝑝𝑟𝑒
2 +𝜀𝑍𝑝𝑜𝑠𝑡

2
  and  𝐷𝐼𝑚𝑎𝑔(𝑍) =

|𝐼𝑚𝑎𝑔(𝑍𝑝𝑜𝑠𝑡)−𝐼𝑚𝑎𝑔(𝑍𝑝𝑟𝑒)|

√𝜀𝑍𝑝𝑟𝑒
2 +𝜀𝑍𝑝𝑜𝑠𝑡

2
 (9). 171 

Similarly, the detectability of the apparent resistivity 𝜌𝑎 and phase 𝜑 is defined by 172 

𝐷𝐴𝑝𝑝.𝑅𝑒𝑠. =
|𝜌𝑎𝑝𝑜𝑠𝑡−𝜌𝑎𝑝𝑟𝑒|

√𝜀𝜌𝑎𝑝𝑟𝑒
2 +𝜀𝜌𝑎𝑝𝑜𝑠𝑡

2
  and  𝐷𝑃ℎ𝑎𝑠𝑒 =

|𝜑𝑝𝑜𝑠𝑡−𝜑𝑝𝑟𝑒|

√𝜀𝜑𝑝𝑟𝑒
2 +𝜀𝜑𝑝𝑜𝑠𝑡

2
  (10). 173 

Hence detectabilities greater than one will represent differences between the pre-injection 174 

and post-injection state larger than the existing error, indicating detectable resistivity 175 

variations.  176 

 177 

3.  SYNTHETIC DATA EXAMPLES 178 

The layer stripping approach is suggested for monitoring all kinds of reservoirs, and we 179 

take as our example CO2 geological storage sites. We study the viability of the method 180 

defining a reference 1D model that reproduces the geoelectrical structure of a likely CO2 181 

storage site with electrical resistivities for the reservoir and seal layers similar to those 182 
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observed at the Hontomín site (Ogaya et al., 2014; Figure 2). We used a 1D model of 183 

seven layers in order to reproduce a realistic scenario: Layer 1 is a sedimentary cover of 184 

60 Ωm. Layer 2 and Layer 4 are siliciclastic layers of 150 Ωm (e.g., sandstones) with an 185 

interbedded Layer 3 of 300 Ωm (e.g., limestones). Layer 5 is a marly seal of 40 Ωm and 186 

Layer 6 is the target reservoir. The reservoir is located at 800 m depth – the minimum 187 

depth required for CO2 geological storage (IPCC, 2005) - and is defined as a saline 188 

aquifer with an assigned resistivity of 10 Ωm. Finally, Layer 7 represents basement of 189 

200 Ωm. 190 

Archie´s law (Archie, 1942) was used to estimate the expected increase in the reservoir 191 

resistivity in order to simulate the gas injection. In this way, the expected post-injection 192 

resistivity was determined to be twice the pre-injection resistivity, assuming clean sand in 193 

the reservoir (saturation exponent assumed equal to two) and a homogeneous CO2 194 

saturation of 30%. (We assume that the reservoir porosity does not vary as gas is 195 

injected). 196 

Thus, the layer stripping approach was applied to monitor resistivity variations from 10 197 

Ωm to 20 Ωm in the reservoir. Two different monitoring scenarios were studied: (i) 198 

modifying the resistivity of the whole reservoir layer after injection (1D plume of CO2) 199 

and (ii) placing 3D CO2 plumes of different sizes in the reservoir layer (3D injection of 200 

CO2). 201 

3.1. One-dimensional resistivity variations 202 

The layer stripping approach was applied to the 1D resistivity changes shown in Figure 2 203 

using equation 4. Figure 3 shows the results at three different depths: on the surface ( 𝑍1), 204 

at the top of the seal layer (𝑍5) and at the top of the reservoir layer (𝑍6).  205 
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For 1D injection the layer stripping methodology predicts the same MT responses at 206 

depth as the ones provided by the analytical 1D solution (Figure 3). Differences between 207 

the pre-injection and the post-injection state (i.e., resolution to resistivity changes) are 208 

observed to increase with the depth. Since the CO2 layer is infinite in the two horizontal 209 

directions in the 1D case, resolution to resistivity changes is expected to be lower in either 210 

2D or 3D injection scenarios, although charges on the boundaries may enhance sensitivity 211 

at some locations. In those 2D and 3D cases, the edge effects of the plume might not 212 

result in large changes comparable to those in 1D, as observed in e.g. Ogaya (2014).  213 

3.1.1. Error propagation 214 

Error of the stripping method was estimated as a function of the surface impedance 𝑍1 215 

given that 𝑍𝑛 is a function of 𝑍1 (equation 5). Since the method is proposed for 216 

monitoring surveys, we presume long time series are acquired and good control of the 217 

noise contributions is possible. In Figure 3, a linear propagation of the error was 218 

performed (equations 5, 6 and 7) assuming an error of 1% of the surface impedance 𝑍1 on 219 

the data (1% of each impedance value). Noise levels in the data are appraised in further 220 

detail later on when evaluating the impact of the error on the detecting ability of the 221 

method. At the shortest periods (basically periods shorter than 10-2 s, i.e., frequencies 222 

higher than 100 Hz), the error is observed to increase significantly when removing the 223 

effects of the upper layers (Figure 3); this is essentially a consequence of attenuation and 224 

lack of deep penetration into the ground by high frequency data.  225 

The effect of the number of removed layers on the error was studied comparing the 226 

stripping solution after removing the first layer of 60 Ωm and 100 m thickness (Figure 4a) 227 

with the stripping solution after removing three different layers of 60 Ωm and a total 228 

thickness of 100 m (Figure 4b). The error at the bottom of the layer (at 100 m depth - top 229 
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of the underneath layer) is observed to be very similar in both cases. In the same way, the 230 

effect of the resistivity of the stripped layer was evaluated modifying the resistivity of the 231 

layer (first layer of the 1D model) to 10 Ωm (plotted in red in Figure 4c) and to 300 Ωm 232 

(plotted in blue in Figure 4c). The error associated with the removal of a conductive layer 233 

is demonstrated to be higher than the one associated with a more resistive layer; this is 234 

due to far higher EM attenuation in conducting layers compared to resistive layers. 235 

Consequently, Figure 4 shows that the error of the method depends on the electrical 236 

resistivity and thickness of the stripped layers (Figures 4a, 4b and 4c), more correctly to 237 

their conductances (conductivity-thickness products), rather than on the number of layers 238 

removed (Figures 4a and 4b). 239 

3.1.2. Unforeseen resistivity variations 240 

The layer stripping method aims to remove the effect of the unchanging layers from the 241 

post-injection MT responses, assuming that the resistivity changes are located at a known 242 

depth, i.e. in the reservoir layer. However, in real monitoring scenarios some unexpected 243 

resistivity changes could occur above the monitored layer, e.g. as a consequence of 244 

unforeseen leakage, especially in the area surrounding the boreholes or along fractures. 245 

Consequently, we investigate how the proposed approach behaves when removing the 246 

effect of a layer that is not actually there. To do so, a more resistive layer of 300 Ωm and 247 

100 m thick was introduced at 100 m depth (layer in red in Figure 5A) – we doubled the 248 

resistivity of this layer to simulate a shallow injection (unforeseen leakage). The layer 249 

stripping approach was then applied using the reference 1D model (model in black in 250 

Figure 5A). Figure 5 shows the results at four different depths: on the surface (𝑍1, Figure 251 

5B), at the top of the introduced resistive layer (𝑍2, Figure 5C), at the bottom of the 252 

introduced resistive layer (𝑍2′ Figure 5D) and at the top of the 3rd-layer of the model (𝑍3, 253 
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Figure 5E). Layer stripping solutions for 𝑍2 display an offset between the pre-injection 254 

and the post-injection solutions obtained at the top of the introduced resistive layer. Thus, 255 

these results indicate that some resistivity changes are taking place at this depth. 256 

Moreover, if the effect of the next layer is removed without taking into account this 257 

offset, the layer stripping solution for 𝑍2′ (Figure 5D) is observed to present some 258 

inconsistencies in apparent resistivities and phases. These inconsistences contain the 259 

effect of resistivity changes that have occurred in layer 2 of the model that have not been 260 

correctly removed. These inconsistencies propagate along the recursive stripping 261 

solutions computed at the top the subsequent layers of the model (e.g. 𝑍3).  Hence, the 262 

layer stripping approach will also facilitate detection of resistivity changes located at 263 

unexpected depths. However, it is important to note that this capability will be limited by 264 

the error of the method, which strongly depends on the geoelectrical structure of the study 265 

area (electrical resistivities and depths of interest). 266 

3.1.3. Impact of subsurface heterogeneities 267 

An important aspect to bear in mind when studying the viability of the layer stripping 268 

approach is that the near surface layers are inhomogeneous and these inhomogeneities are 269 

usually subject to time-lapse changes. Although seasonal variations could be evaluated 270 

during the characterization stage of the study site, a number of subsurface heterogeneities 271 

might remain unconstrained. For that reason, as a first approach to evaluate the impact of 272 

subsurface heterogeneities on the layer stripping approach, we scattered the 1D resistivity 273 

model shown in Figure 2 with random resistivity variations of up to 10% in all cells of the 274 

model. Figure 6 shows the impact of these subsurface heterogeneities on the surface and 275 

at the top of the reservoir. The 1D model responses assuming an error of 1% are 276 

displayed in grey and the layer stripping solutions of the scattered model in black.  277 
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Subsurface heterogeneities generate a scattered layer stripping solution with a dispersion 278 

contained within the error of the approach, for an error of 1% assumed in the surface 279 

impedance tensor and a random resistivity variations of up to 10%. Thus, any small 280 

deviation from the stripped 1D baseline model, either because of cultural noise or 281 

subsurface time-lapse heterogeneities, will have the same kind of impact on the layer 282 

stripping solutions.  283 

3.2. Three-dimensional resistivity variations 284 

A more likely realistic monitoring scenario is simulated introducing 3D resistivity 285 

variations in the reservoir layer. A CO2 plume of 1700 x 1700 x 70 m3, which could 286 

represent an approximate volume of 3.8 Mt of CO2, was considered.  The amount of CO2 287 

represented by this plume was estimated assuming a porosity of 12% for the reservoir and 288 

a homogeneous saturation of 30%. The CO2 density at 800 m was considered to be 289 

0.0028 times its density on the surface, according to IPCC (2005), for hydrostatic 290 

pressure and a geothermal gradient of 25 ºC/km from 15 ºC at the surface. 291 

Figure 7 shows the layer stripping solutions for the above mentioned resistivity variations 292 

on the surface (𝑍1) and at the top of the reservoir (𝑍6). For this 3D injection the layer 293 

stripping approach does not exactly recover the responses expected at the reservoir depth. 294 

However, from the results presented in Figure 7 we can conclude that the method 295 

provides good approximate responses. Thus, the proposed method is observed to facilitate 296 

enhanced variations for apparent resistivity and phase greater than the ones observed on 297 

the surface.     298 

3.3. Detecting ability 299 
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The detectability parameters defined in equations 8, 9 and 10 were used to evaluate the 300 

impact of the error on the layer stripping approach: Noise levels of 1%, 5% and 10% of 301 

the impedances were considered. Note that in all the following figures and in their 302 

corresponding explanation, impedance in 1D and impedance tensor in 3D (𝑍), apparent 303 

resistivity (𝜌𝑎) and phase (𝜑) always make reference to the impedance (tensor), apparent 304 

resistivity and phase provided by the layer stripping approach.  305 

Detectability values at the top of the different layers for the magnitude of the impedance 306 

tensor (|𝑍|), the real and imaginary parts of the impedance tensor, the apparent resistivity 307 

and the phase, are shown in Figures 8 and 9 for the 3D plume studied previously (1700 x 308 

1700 x 70 m3 and 20 Ωm) assuming an error of 1% for the surface impedance tensor.   309 

Previous results have shown that the difference between the pre-injection and post-310 

injection layer stripping solutions for the apparent resistivity and the phase at reservoir 311 

depth is greater than that obtained on the surface (Figure 3 and Figure 7). However, the 312 

detectability of |𝑍| is not noticeably enhanced (Figure 8A and Figure 9A) because the 313 

error of the method also increases with depth (Figure 7).  314 

Figures 8 and 9 also display the evolution of the detectability for the real and the 315 

imaginary parts of the impedance tensor (subfigures B and C, respectively) as stripping is 316 

applied. The imaginary part is observed to be far more sensitive at depth than the real part 317 

(Figure 8C and Figure 9C). In contrast, the detectability for the real part of the impedance 318 

tensor is greater on the surface than at depth (Figure 8B and Figure 9B). This different 319 

evolution of the detectability of the real and imaginary parts of the impedance tensor with 320 

depth explains why the detectability of |𝑍| remains practically constant at the top of the 321 

different layers. Whereas the detectability of the real part decreases with depth, the 322 

detectability of the imaginary part increases, making the detectability of the |𝑍| nearly 323 
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constant. Figure 9C shows that the detectability of the imaginary part of the impedance 324 

tensor is maximum at the bottom of the reservoir.  325 

Evolution of the detectability of apparent resistivity (Figures 8D and Figure 9D) is very 326 

similar to the evolution of the |𝑍|, as it was expected given the definition of the apparent 327 

resistivity (𝜌𝑎 ∝ |𝑍|2). However, evolution of the detectability of phase (Figures 8E and 328 

Figure 9E) clearly changes from one layer to another when applying the layer stripping 329 

technique. The results show that the changes observed at the top of the reservoir are 330 

located in a broader range of periods than the ones observed on the surface (Figure 8E). 331 

Only the sites placed just above the plume sense more variations at the top of the 332 

reservoir (detectabilities above one) because of error propagation.  333 

Figure 8E and Figure 9E highlight that the detectability of the phase is maximum when 334 

the responses are calculated at a depth below where the changes are taking place (in this 335 

case, below the reservoir layer). For this particular model, a strong peak is observed 336 

(Figure 9E) after stripping a layer that is not actually there. This peak appears in all the 337 

sites located above or nearby the plume (Figure 8E).  338 

Thus, according to what was observed also in Figure 5, for monitoring resistivity changes 339 

using the layer stripping technique it is important to pay particular attention to the 340 

evolution of the detectability of the imaginary part of the impedance tensor and to the 341 

evolution of the detectability of the phase in order to locate the changes not only at depth 342 

but also on the horizontal plane (delineate their limits).  343 

For errors of 5% and 10% in the surface impedance tensor, only the detectabilities of the 344 

phases are above one (Figure 10). (The evolution of all the detectability parameters is 345 

shown in Supplementary Figure 2 and Supplementary Figure 3 for an error of 5% and in 346 

Supplementary Figure 4 and Supplementary Figure 5 for an error of 10%). For an error of 347 
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10% (Figure 10 and Supplementary Figures 4 and 5), despite the resistivity variations are 348 

not observed on the surface, the resistivity changes are detected by the detectability of the 349 

phases at the bottom of the reservoir after applying the layer stripping approach. Thereby, 350 

the consistency of the layer stripping solutions at sites located along a profile may help to 351 

distinguish true resistivity variations from noise. 352 

Simulating 3D plumes of different sizes and different noise levels we find that a 353 

minimum variation needs to be observed for resolution by the surface MT responses. 354 

Otherwise if the changes are not recorded in the surface acquired data, i.e. the response 355 

changes are below the noise level, the resistivity changes will not be enhanced by the 356 

layer stripping approach; obviously if there is no detectable signal in the surface data one 357 

will not be artificially created through layer stripping. Although thought, through precise 358 

and accurate removal of the overlying layers one may be able to sense spatially correlated 359 

signal over a band of frequencies that lies below the noise level for one frequency at an 360 

individual site that may be unrecognizable in the surface data (Figure 10 and 361 

Supplementary Figure 4).  362 

Finally, we apply the layer stripping approach to a model that integrates all aspects 363 

studied above: the same 1D baseline model (Figure 2) with one plume in the reservoir (as 364 

the previous studies) and a second plume at 500 m depth (bottom part of layer 2). The 365 

resistivity variations in the reservoir are from 10 m to 20 m and the size of these 366 

variations is 1.7 km x 1.7 km x 70 m. Upwards, the second plume has a volume of 1.7 km 367 

x 1.7 km x 100 m and represents variations from 150 m to 300 m. The post-injection 368 

model was scattered with random resistivity variations of up to 10% in all cells of the 369 

model to simulate subsurface heterogeneities. An error of 5% was assumed in the surface 370 

impedance tensor values. Detectabilities of the imaginary part of the impedance tensor 371 
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and of the phases at different depth are shown in Figure 11A and Figure 11B, 372 

respectively. (See Supplementary Figure 6 for all the detectability parameters). Whereas 373 

the detectability of all the components is close to one, only the detectability of the phase 374 

is above one (Figure 11B). Some peaks are observed in the detectability of the phase at 375 

depths below where the resistivity changes are taking place: in dark blue, at the bottom of 376 

the second plume (the more resistive one) and in red, at the bottom of the reservoir layer. 377 

The detectability of the peak corresponding to the second plume is slightly below one 378 

whereas the peak corresponding to the reservoir plume is clearly above one (Figure 11B). 379 

In reference to the detectability of the imaginary part of the impedance tensor (Figure 380 

11A), the maximum appears at the bottom of the reservoir layer. Thus, layer stripping 381 

enhances more the changes produced in the reservoir layer than the changes produced in 382 

layer 2. This is reasonable since surface MT data are more sensitive to changes produced 383 

in the reservoir (more conductive layer) than in layer 2 (more resistive). However, with 384 

errors slightly smaller than 5% on the surface data we would also be able to detect the 385 

shallower plume (layer 2). 386 

Previously (Figure 4C), we observed that the error associated with the removal of a 387 

conductive layer is greater than that associated with the removal of a more resistive layer 388 

of the same thickness. For this reason, the results obtained for the previous model were 389 

compared to those obtained for the same model but with an upper layer of 10 m instead 390 

of 60 m. Figure 11C and Figure 11D display the detectability of the imaginary part of 391 

the impedance tensor and the detectability of the phase, respectively. (The detectability of 392 

the rest of the components is shown in Supplementary Figure 7). In general, all the 393 

detectabilities are lower than the ones observed for the same model but with an upper 394 

layer of 60 m (Figure 11A and Figure 11B). Only the detectability of the phase at 395 

depths below the reservoir is above one (Figure 11D) and the detectability of the 396 
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imaginary part of the impedance tensor is maximum inside the reservoir (Figure 11C).  397 

The existence of the second plume is difficult to detect in this model. 398 

Therefore, sensitivity of the layer stripping approach to resistivity changes taking place in 399 

the subsurface depends primarily on the geoelectrical model itself, being limited by the 400 

resolution of the surface MT responses to these changes. All the examples studied 401 

demonstrate that the layer stripping might help to enhance the information contained in 402 

the surface data. 403 

3.4. Case study: The Hontomín CO2 storage site 404 

The Hontomín site (Spain), established by Fundación Ciudad de la Energía (CIUDEN), is 405 

an Underground Research Laboratory (URL) for CO2 geological storage in a deep saline 406 

aquifer. The primary reservoir has a thickness of more than 100 m and presents an 407 

average resistivity of 10 m. The injection is projected into the basal part of a succession 408 

of Lower Jurassic carbonates at about 1500 m TVD (True Vertical Depth). See Ogaya 409 

(2014) for more details about the geoelectrical structure of the site. 410 

A large number of multidisciplinary experiments were undertaken to characterize the 411 

subsurface and define the reference baseline models of the site (e.g. Rubio et al., 2011; 412 

Buil et al., 2012; Benjumea et al., 2012; Alcalde et al., 2013, 2014; Canal et al., 2013; 413 

Elío, 2013; Nisi et al., 2013; Ogaya et al., 2013, 2014, 2016; Quintà, 2013; Ugalde et al., 414 

2013; Vilamajó et al., 2013). Magnetotelluric characterization surveys provided the high-415 

resolution 3D geoelectrical baseline model of the site (Ogaya, 2014; Ogaya et al., 2014) 416 

that we employ here to test numerically the layer stripping methodology.  417 

Synthetic studies using surface MT data and the geoelectrical baseline model of the site 418 

estimated that the minimum volume required to detect resistivity variations from 10 Ωm 419 
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to 40 Ωm in the reservoir is 2200 x 2200 x 117 m3 (Ogaya, 2014). This volume would 420 

represent a large amount of CO2. The reason such an amount is required is that the 421 

geoelectrical structure of the study area and the depth at which the target reservoir is 422 

located do not constitute a favorable scenario for the MT method. A 1500-m depth 423 

resistive layer of around 100-m thickness (the expected injected gas) is hardly detectable 424 

by this EM technique, and would present severe logistical problems for CSEM methods 425 

besides the same sensitivity issues. However, although such a large amount of CO2 is not 426 

planned for Hontomín, given the dimensions of the site and the non-commercial, research 427 

character of the project, we use this CO2 volume to test theoretically the layer stripping 428 

technique in a real scenario. The goal was to use a real geoelectrical baseline model to 429 

study if this methodology could be implemented in an actual monitoring survey, 430 

evaluating the validity of the 1D assumption on which the layer stripping approach is 431 

based and assessing how it would be possible to extract the baseline model from the post-432 

injection responses in 3D environments. The impact of the error on the approach was 433 

extensively studied before and is not taken into account in this section. 434 

First of all, the validity of the 1D assumption, and accordingly the validity of the layer 435 

stripping approach, was appraised by studying the influence of the medium located above 436 

the level of data acquisition. If the medium located above the reservoir affects the 437 

responses acquired at the reservoir depth to a great extent, then we cannot discard 438 

currents flowing above the observation level (i.e. the reservoir) and the 1D assumption on 439 

which the layer stripping approach is based, is not valid. With this aim, all layers 440 

overlying the reservoir were replaced by air-layers (i.e. layers of zero conductivity): 441 

Model A (Figure 12) is the baseline model of the Hontomín site and model B (Figure 12) 442 

is the baseline model with air-layers overlying the reservoir (bottom of the air layers at -443 

408 m a.s.l., approximate top of the reservoir). The MT responses that would be observed 444 
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inside the reservoir (-478 m a.s.l.) at the injection well (Hi) location of both models are 445 

shown in Figure 12. Electromagnetic characterization studies located the main reservoir-446 

seal system in the period range of 0.1 to 1 second (Ogaya et al., 2013) and, according to 447 

the dimensionality analysis of the acquired MT data, those periods displayed dominant 448 

3D effects (Ogaya, 2014; Ogaya et al., 2014). However, Figure 12 illustrates that the 449 

overlying air-layers do not affect responses inside the reservoir significantly, 450 

demonstrating the validity of performing a 1D layer stripping at the Hontomín site.  451 

The effect of the upper layers was then removed from surface MT responses using our 452 

layer stripping technique. The 1D model provided by the column of the baseline 3D 453 

model located at Hi position (model called Hi model hereafter -  in grey in Figure 13A) 454 

did not fit either the XY or YX polarizations (Figure 13B). Therefore, more suitable 1D 455 

models were sought for each polarization using the Hi model as a starting model (Figure 456 

13B). Thereby layer stripping was applied using the 1D models that best fit each 457 

polarization of the 3D model responses at Hi position (Figure 13B). 458 

The MT responses at the Hi well position were computed at two different depths (Figure 459 

14): at the surface, ZS, and in the reservoir, ZR (at -478 m a.s.l., which means 1448 m 460 

TVD). Layer stripping results and responses predicted by the ModEM 3D forward code at 461 

both positions are shown in Figure 14. Post-injection layer stripping solutions (red stars in 462 

Figure 14) are scattered at some short periods, whereas the longest periods tend to overlap 463 

the pre-injection layer stripping solution (black stars) and are consistent with the ModEM 464 

responses. In general, as was observed above, the responses obtained by ModEM in the 465 

reservoir are not recovered by the layer stripping method. However, there is improvement 466 

in the sensitivity of the MT responses to the resistivity changes produced in the reservoir.  467 
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Layer stripping results for the phases show greater differences between the pre-injection 468 

and post-injection state at reservoir depth for the YX polarization than for the XY 469 

polarization, despite greater variations observed in the surface data for XY polarization 470 

(1.6º) than for the YX polarization (1.1º). This might be due to the 1D models used in 471 

each case, and the small 2D and 3D effects observed at the reservoir level consequence of 472 

the medium located above the level of data acquisition (Figure 12). The 1D models fit the 473 

surface MT responses with a maximum difference in the phases at the target periods 474 

(periods above 1 s) of 0.6º for XY polarization, and of 0.7º for the YX polarization, which 475 

means that we are not stripping away the models that completely fit the acquired surfaces 476 

responses. Moreover, 2D and 3D effects depart from the ideal 1D assumption, which 477 

entails that the layer stripping approach provides not exact but approximate response at 478 

depth. 479 

 480 

4. DISCUSSION 481 

Previous studies report that the accuracy and precision of the surface MT responses are 482 

not typically sufficient for undertaking precise monitoring studies, as the MT method (as 483 

with all inductive EM methods) can be insensitive to changes produced by small 484 

resistivity variations (e.g. Bedrosian et al., 2004; Aizawa et al., 2011; Peacock et al., 485 

2012, 2013). However, results presented in this paper show that our layer stripping 486 

approach is able to enhance the sensitivity of surface MT responses to the resistivity 487 

changes taking place at depth (e.g. in the reservoir). By removing the known layers, those 488 

layers are no longer variables so we are reducing the number of unknowns considerably. 489 

In other words, the layer stripping method removes the known time-invariant information 490 

from the acquired data and retains the time-varying information. In this way, time-lapse 491 
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variations are isolated, being no longer masked by the MT responses of the unperturbed 492 

shallow structures. 493 

The layer stripping concept is not new and has been utilized in different contexts in prior 494 

publications (e.g., Baba and Chave, 2005; Queralt et al., 2007). However, in this work the 495 

concept was further developed specifically for monitoring purposes. The main 496 

contribution of the formulation presented here is that it allows obtaining more accurate 497 

results than the previous approaches, since only the effect of the upper layers, not affected 498 

by the fluid injection, is removed. In previous studies the surface impedance tensor 𝑍1 499 

was defined as 𝑍1 = 𝑍1𝑛𝑍𝑛 where 𝑍1𝑛 included the MT responses of the layers comprised 500 

between the surface and the top of the 𝑛th-layer and 𝑍𝑛 was the MT response on the top 501 

of the 𝑛th-layer. In our development we do not use this formulation because  both 𝑍1𝑛 502 

and 𝑍𝑛will be affected by resistivity variations produced in the 𝑛th-layer (see equation 3). 503 

Accordingly, stripping of 𝑍1𝑛 would also remove part of the effect of the fluid injection. 504 

The formulation suggested in this work (equation 4) is more suitable for monitoring 505 

purposes because it facilitates removing only the effect of the upper layers not affected by 506 

the injection of fluid and thus totally recovers, to within experimental error, the effect of 507 

the injected fluid in 1D. 508 

The effect of the noise on the approach has been comprehensively analyzed in this work. 509 

Data noise, which can be reduced with long time series and robust data processing 510 

techniques, can be overcome thereby applying the layer stripping approach at more than a 511 

single site and studying the evolution of the estimated MT responses at the top of the 512 

different layers. On the other hand, noise associated with the geological structure and its 513 

departure from a 1D model can be minimized with a good geoelectrical baseline model of 514 

the site. A high-resolution 3D reference model of the study area facilitates assessment of 515 
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the validity of the 1D assumption, understanding and quantifying the error made when the 516 

structure is geoelectrically more complex. The greater the control of the noise, the higher 517 

will be the enhanced sensitivity of the magnetotelluric responses to the resistivity changes 518 

(reaching the ideal 1D case).  519 

Phase and imaginary curves are more sensitive to time-varying changes in the subsurface 520 

than apparent resistivity and real part curves. The reason can be found in the dispersion 521 

relations, which are fulfilled for 1D structures (Weidelt, 1972) and for the TM mode for 522 

2D structures (Weidelt and Kaikkonen, 1994). These relations connect apparent resistivity 523 

and phase curves, as well as real and imaginary part curves, through Hilbert 524 

transformation. The phase curve at a given period is mainly controlled by the slope 525 

(derivative) of the apparent resistivity curve at the same period (Weidelt, 1972), and this 526 

relationship forms the basis of the Rho+ approach of Parker and Booker (1996). In the 527 

same way, the imaginary part at each period is a derivative of the real part at the same 528 

period (Marcuello et al., 2005), which forms the basis of the original D+ approach of 529 

Parker (1980). Accordingly, since the resistivity time-varying variations in the subsurface 530 

modify the observed responses (i.e. the shape of the curves), the changes are more clearly 531 

observed when looking at their derivative, that is to say, the phase and imaginary part 532 

curves. The layer stripping approach works with surface MT data and consequently, is 533 

limited by the resolution of these surface data. In this way, some geoelectrical structures 534 

would be more favorable to this technique than others. However, the examples studied 535 

highlight that the approach would improve our sensitivity to the observed resistivity 536 

changes.  537 

 538 

5. CONCLUSIONS 539 
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The layer stripping approach is an innovative methodology based on the analytical 540 

solution of the 1D MT problem with the overarching objective being to remove the 541 

effects of the well-known overlying structures from the surface MT responses in order to 542 

enhance the sensitivity to resistivity changes produced at a given depth. Synthetic studies 543 

show that the approach provides the responses expected at depth for 1D resistivity 544 

changes, whereas for 3D resistivity variations it is not as exact as in 1D but provides 545 

valuable and useful approximate responses.  546 

We conclude that the error of the method depends on the electrical resistivity and 547 

thickness of the stripped layers (more correctly, on their conductances) rather than on the 548 

number of layers removed. Moreover, the error associated with the removal of a 549 

conductive layer is observed to be higher than one associate with removal of a more 550 

resistive layer; this makes intuitive sense given the difference in attenuation of signal 551 

between the two.  552 

Despite the error, the results infer that detection of resistivity variations and localization 553 

of them in space (i.e. depth and lateral extent) is possible studying the evolution of not 554 

only the impedance tensors but also of the apparent resistivities and the phases at or in the 555 

different layers and along profiles/grids crossing the study area as stripping progresses. 556 

The phase and the imaginary part of the MT impedance tensor seem to be more sensitive 557 

to time-varying changes in the subsurface than the apparent resistivity and the real part. 558 

Besides, results show that phases are sensitive to the changes in a narrower range of 559 

periods than apparent resistivity, thus facilitating superior localization of the time-varying 560 

changes. 561 

The method has been numerically tested in the Hontomín URL using the geoelectrical 562 

baseline model for the site. The outcomes indicate that the 1D assumption upon which the 563 
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layer stripping approach is based would be valid in a real 3D scenario and that special 564 

care should be taken when seeking equivalent 1D models to apply the method to the 565 

surface data. The changes can be placed at incorrect depths if the conductance estimation 566 

(electrical conductivity and thickness product) is inaccurate.  567 

The work presented here suggests that the layer stripping approach has the potential to be 568 

used in monitoring surveys to take greater advantage of the surface magnetotelluric data, 569 

making the method an affordable and logistically far simpler monitoring technique in 570 

suitable geoelectrical scenarios compared to controlled-source EM methods. Although the 571 

methodology has been numerically tested specifically for CO2 storage sites, the method is 572 

suggested for monitoring all kind of reservoirs. The layer stripping technique could sense 573 

not only expected resistivity variations in the reservoir layer but also detect unexpected 574 

resistivity changes at other depths.  575 

 576 
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 762 

 763 

FIGURE CAPTIONS 764 

Figure 1. N-layered 1D structure. 𝑍1 is the impedance tensor on the surface of the Earth 765 

and 𝑍𝑛, the impedance tensor at top of the 𝑛th-layer. Each layer has a ℎ𝑛 thickness and a 766 

𝜌𝑛 resistivity. Resistivity changes from 𝜌𝑛 to 𝜌𝑛
′  are located at the 𝑛th-layer (layer in 767 

grey). The stack of layers continues down to layer N which is a halfspace of resistivity 768 

𝜌𝑁. The MT responses in 1D are computed using a recursive relation that goes from the 769 

bottom layer to the surface (equation 3 in the text). The proposed layer stripping approach 770 

moves downwards and computes the MT responses at a given depth starting with the MT 771 

responses on the surface (equation 4 in the text).  772 

Figure 2: One-dimensional resistivity model used for the synthetic studies. The resistivity 773 

model reproduces the geoelectrical structure of a likely CO2 storage site. In order to 774 

simulate a CO2 injection in 1D, the resistivity of the reservoir (6th-layer of the model) 775 

was modified from 10 Ωm to 20 Ωm assuming a saturation of 30%. Black triangles 776 

indicate the position of the MT measurements shown in Figure 3. 777 

Figure 3: Layer stripping results for 1D resistivity variations at three different positions: 778 

on the surface (𝑍1), at the top of the 5th-layer (𝑍5) and at the top of 6th-layer, the 779 

reservoir layer (𝑍6). In black are displayed the responses of the pre-injection 1D model 780 

and in red, the responses of the post-injection 1D model (with CO2). One-dimensional 781 

analytical solutions (equation 3 in the text) are plotted with continuous lines whereas the 782 

layer stripping results are plotted with small stars. Error assumed for the surface 783 
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impedance tensor is 1% and insensitive periods (consequence of the error of the method, 784 

see section 3.3) are partially masked. 785 

Figure 4: Main characteristics of the error of the layer stripping method: A) Layer 786 

stripping results at 100 m depth after removing the effect of a single first layer of 60 Ωm 787 

and 100-m thick. B) Layer stripping results at 100 m depth after removing the effect of 788 

three layers of 60 Ωm and a total thickness of 100 m. C) Layer stripping results at 100 m 789 

depth after removing the effect of a single first layer of 100-m thick and 10 Ωm (in red) 790 

and of 100-m thick and 300 Ωm (in blue). Error assumed in all the cases for the surface 791 

impedance tensor is 1%. 792 

Figure 5: Layer stripping results when removing a layer that is not actually there to 793 

simulate unexpected resistivity variations. A more resistive layer of 300 Ωm and 100-m 794 

thick was introduced at 100 m depth (A, in red). Layer stripping results were studied on 795 

the surface 𝑍1 (B), at the top of the introduced resistive layer 𝑍2 (C), at the bottom of the 796 

introduced resistive layer 𝑍2′ (D) and at the top of the 3rd-layer 𝑍3 (D). Error assumed for 797 

the surface impedance tensor is 1%. 798 

Figure 6: Impact of subsurface heterogeneities. In grey, layer stripping results for 1D 799 

resistivity variations on the surface (𝑍1) and at the top of 6th-layer, the reservoir layer 800 

(𝑍6), assuming an error of 1% for the surface impedance tensor. Superimposed in black, 801 

layer stripping solutions for the same 1D model but scattered with random resistivity 802 

variations of up to 10%. 803 

Figure 7: Layer stripping results for a 3D plume of 1700 x 1700 x 70 m3 and 20 Ωm 804 

placed in the reservoir, at two different depths: on the surface (𝑍1) and at the top of 6th-805 

layer, the reservoir layer (𝑍6). Responses are calculated at the center of the plume (black 806 

star); XY and YX polarizations are equal due to the symmetry of the problem. For the 3D 807 
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case (post-injection case), the responses expected at depth were calculated using the 808 

ModEM code. Error assumed for the surface impedance tensor is 1% and insensitive 809 

periods (consequence of the error of the method, see section 3.3) are partially masked.  810 

Figure 8: Detectability values at the top of all layers for the magnitude of the impedance 811 

tensor |𝑍| (A), the real and imaginary parts of the 𝑍 (B and C, respectively), the apparent 812 

resistivity (D) and the phase (E) for a plume of 1700 x 1700 x 70 m3 and 20 Ωm. 813 

Detectabilities above one represent differences between the pre-injection and post-814 

injection state higher than the existing error, indicating detectable resistivity variations. 815 

Error assumed for the surface impedance tensor is 1%.  816 

Figure 9: Detectability values for a plume of 1700 x 1700 x 70 m3 and 20 Ωm. 817 

Detectabilities are computed at the center of the plume and at the top of all layers for the 818 

magnitude of the impedance tensor |𝑍| (A), the real and imaginary parts of the 𝑍 (B and 819 

C, respectively), the apparent resistivity (D) and the phase (E). The red line indicates 820 

detectability values equal to one. Detectabilities below one are partially masked in grey. 821 

Error assumed for the surface impedance tensor is 1%.  822 

Figure 10: Detectability of the phase at all depths for a plume of 1700 x 1700 x 70 m3 823 

and 20 Ωm, assuming an error of 5% (A) and 10% (B) for the surface impedance tensor. 824 

The red line indicates detectability values equal to one. Detectabilities below one are 825 

partially masked in grey. 826 

Figure 11: Detectability of the imaginary part of the impedance tensor (A and C) and the 827 

phase (B and D) for two different models: the 1D baseline model (Figure 2) with a first 828 

layer (layer 1) of 60 Ωm (A and B) and the 1D baseline model (Figure 2) with a first layer 829 

(layer 1) of 10 Ωm (C and D). Both models have a plume of 1700 x 1700 x 70 m3 and 20 830 

Ωm in the reservoir layer and a second plume of 1700 x 1700 x 100 m3 and 300 Ωm at 831 
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500 m depth (bottom layer 2). The post-injection models were scattered with random 832 

resistivity variations of up to 10% and an error of 5% was assumed for the surface 833 

impedance tensor. Detectabilities at the top of layer 3 (bottom of the second plume) are 834 

displayed in dark blue and detectabilities at the bottom of the reservoir layer, in red. The 835 

red line indicates detectability values equal to one. Detectabilities below one are partially 836 

masked in grey. The peak observed between 101 and 102 s in subfigures C and D is due to 837 

instabilities of the mesh. 838 

Figure 12: Comparison of the MT responses inside the reservoir (at -478 m a.s.l.) 839 

between two models: model A is the geoelectrical baseline model of the Hontomín site 840 

(Ogaya et al., 2014) and model B is the baseline model with air layers overlying the 841 

reservoir. The bottom of the air layer is at -408 m a.s.l.. Model A responses are plotted in 842 

blue, and model B responses are plotted in red. Continuous lines displayed XY 843 

polarization whereas dotted-dashed lines display YX polarization. Responses are 844 

calculated at the injection well (Hi) position. 845 

Figure 13: A) One-dimensional model provided by the column of the 3D baseline of 846 

Hontomín at Hi position –Hi model- (in grey) and the 1D models that best fitted XY and 847 

YX polarizations of the 3D baseline model at Hi well position (in blue and red, 848 

respectively).  For the layer stripping, the MT responses were calculated on the surface 849 

(𝑍𝑆) and in the reservoir (𝑍𝑅). B) Magnetotelluric responses of the 3D geoelectrical 850 

baseline model at Hi position (in black), the Hi model (in grey) and the 1D models that 851 

best fitted XY and YX polarizations of the 3D model (in blue and red, respectively). 852 

Figure 14: Layer stripping results for a simulated CO2 injection of 2200 x 2200 x 117 m3 853 

and 40 Ωm at the Hontomín site. The MT responses are shown on the surface (𝑍𝑆) and in 854 
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the reservoir (𝑍𝑅). ModEM responses are plotted with continuous lines whereas the layer 855 

stripping results are plotted with small stars.  856 

Supplementary Figure 1: Validity of the linear approximation of the error propagation: 857 

We perturbed the surface impedance tensor to generated 1500 different values comprised 858 

in the 1% of its error. The layer stripping approach was then applied to these values. One 859 

can observe the dispersion obtained at three different depth: on the surface (𝑍1), at the top 860 

of the 5th-layer (𝑍5) and at the top of 6th-layer, the reservoir (𝑍6). In the background is 861 

displayed Figure 3 (linear propagation of the error according to equation 5 in the text). 862 

Supplementary Figure 2: Detectability values at the top of all layers for the |𝑍| (A), the 863 

real and imaginary parts of the 𝑍 (B and C, respectively), the apparent resistivity (D) and 864 

the phase (E) for a plume of 1700 x 1700 x 70 m3 and 20 Ωm.. Error assumed for the 865 

surface impedance tensor is 5%..  866 

Supplementary Figure 3: Detectability values for a plume of 1700 x 1700 x 70 m3 and 867 

20 Ωm. Detectabilities are computed at the center of the plume and at the top of all layers 868 

for the |𝑍| (A), the real and imaginary parts of the 𝑍 (B and C, respectively), the apparent 869 

resistivity (D) and the phase (E). The red line indicates detectability values equal to one. 870 

Detectabilities below one are partially masked in grey. Error assumed for the surface 871 

impedance tensor is 5%. 872 

Supplementary Figure 4: Detectability values at the top of all layers for the |𝑍| (A), the 873 

real and imaginary parts of the 𝑍 (B and C, respectively), the apparent resistivity (D) and 874 

the phase (E) for a plume of 1700 x 1700 x 70 m3 and 20 Ωm. Error assumed for the 875 

surface impedance tensor is 10%.  876 



39 
 

Supplementary Figure 5: Detectability values for a plume of 1700 x 1700 x 70 m3 and 877 

20 Ωm. Detectabilities are computed at the center of the plume and at the top of all layers 878 

for the |𝑍| (A), the real and imaginary parts of the 𝑍 (B and C, respectively), the apparent 879 

resistivity (D) and the phase (E). The red line indicates detectability values equal to one. 880 

Detectabilities below one are partially masked in grey. Error assumed for the surface 881 

impedance tensor is 10%. 882 

Supplementary Figure 6: Detectability values for the 1D baseline model (Figure 2) with 883 

a plume of 1700 x 1700 x 70 m3 and 20 Ωm in the reservoir layer and a second plume of 884 

1700 x 1700 x 100 m3 and 300 Ωm at 500 m depth (bottom layer 2). The post-injection 885 

model was scattered with random resistivity variations of up to 10% and error assumed 886 

for the surface impedance tensor is 5%. Detectabilties are computed at the top of all 887 

layers and at the center of the plume for the |𝑍| (A), the real and imaginary parts of the 𝑍 888 

(B and C, respectively), the apparent resistivity (D) and the phase (E). The red line 889 

indicates detectability values equal to one. Detectabilities below one are partially masked 890 

in grey. 891 

Supplementary Figure 7: Detectability values for the 1D baseline model (Figure 2) but 892 

with an upper layer (layer 1) of 10 Ωm, a plume of 1700 x 1700 x 70 m3 and 20 Ωm in 893 

the reservoir layer and a second plume of 1700 x 1700 x 100 m3 and 300 Ωm at 500 m 894 

depth (bottom layer 2). The post-injection model was scattered with random resistivity 895 

variations of up to 10% and the error assumed for the surface impedance tensor is 5%. 896 

Detectabilties are computed at the top of all layers and at the center of the plume for the 897 

|𝑍| (A), the real and imaginary parts of the 𝑍 (B and C, respectively), the apparent 898 

resistivity (D) and the phase (E). The red line indicates detectability values equal to one. 899 

Detectabilities below one are partially masked in grey. The peak observed between 101 900 

and 102 s is due to instabilities of the mesh. 901 
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FIGURES are plotted correlatively from 1 to 14, and continuing with S1 to S7 902 
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