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ABSTRACT 

While the magnetotelluric (MT) method has been used in geothermal exploration for many years, the integrated evaluation of the 

effects of reservoir temperature, clay alteration, salinity and permeability on electrical resistivity have remained highly qualitative. 

In order to contribute to quantifying these effects, we develop an inversion methodology that integrates methylene blue (MeB) logs 

from wells with the electrical resistivity distribution from MT surveys. We use this method to infer, under uncertainty, clay cap 

boundaries in a geothermal field. Our methodology is based on a fast stochastic inversion of MT signals using Markov Chain Monte 

Carlo (MCMC) to fit a one-dimensional three-layer resistivity model beneath each MT station, laterally constrained by MeB data. 

The advantage of our approach is the explicit investigation and visualization of inversion uncertainty, yielding inferred depth intervals 

for clay cap boundaries. The methodology is tested on a profile of MT stations and MeB logs in wells located in the western area of 

the Wairākei geothermal field in the Taupō Volcanic Zone, New Zealand. Over the long-term, our goal is to improve our knowledge 

of uncertainty related to MT signals and its graphical representation to enhance our understanding of the relationship between 

resistivity and the clay cap. 

1. INTRODUCTION 

MT surveys have been largely used to image crustal (up to 10 km depth) and shallow (topmost 2 km depth) resistivity in geothermal 

areas (e.g. Gunderson et al., 2000; Ussher et al ., 2000; Caldwell et al., 2004; Heise et al., 2008; Bertrand et al. 2015), for hydrocarbon 

exploration (e.g. Firda et al., 2018) and tectonic studies (e.g. Stanley et al., 1990; Tietze et al., 2013). The advantages of MT in 

geothermal exploration relies on the substantial sensitivity of electrical resistivity (or its inverse, conductivity) to variations in 

swelling clay, temperature, salinity and permeability that in turn vary between rock type and formation. In addition, MT has a higher 

penetration depth compared to other electrical and EM geophysical methods, and deterministic inversion techniques have been 

developed to the point that 3D modelling is possible. 

Deterministic inversion modelling of MT has been applied to the Taupō Volcanic Zone (TVZ), New Zealand’s central North Island 

(e.g. Bertrand et al. 2012, 2013, 2015) to explore the resistivity structure up to a depth of 10 km, extending previous DC resistivity 

surveys of the near surface (Bibby, 1988). Major findings suggest several influences on the convective heat flow including magmatic 

intrusions, geological structures and migration of high-temperature saline fluids upwelling in fractures. Sepulveda et al. (2012) 

presented an integrated interpretation for Wairākei geothermal field (TVZ, NZ) of 1D and 3D MT inversions with drill-hole data and 

aeromagnetic data. With some exceptions, major results suggest a correlation between the base of shallow conductive bodies, the 

base of smectite clay zones, the 200°C isotherm, and the presence of deep conductors in some parts of the field. 

Primarily, gradient-based deterministic inversions have been used to model MT data, and these have been successful in solving a 

wide range of problems with up to tens of millions of unknowns. This approach resolves resistivity gradients better than absolute 

resistivity values. With different starting models, sometimes the absolute resistivity values will increase/decrease, but the resistivity 

gradient, which ‘maps’ the resistivity structure, should be consistent. However, gradient-based deterministic inversions often tend to 

be dependent on the initial condition, suggesting that a local rather than a global solution has been achieved. In addition, more 

information about the uncertainty or non-uniqueness of the inversion would be valuable for decision-makers. 

Geophysical stochastic inversion methods have proven a compelling alternative to deterministic approaches, e.g. Tarantola (2005), 

Chen et al. (2008). Their major limitation is due to their computational requirements that make their application non-viable for many 

parameters. Nevertheless, they can provide more detailed uncertainty information on parameter estimation, and the solutions tend to 

be less biased on the initial conditions. Some exciting examples of application in geothermal fields can be found in Kumar et al. 

(2010) where the role of 1D MT inversion is analyzed in the Darajat geothermal field (West Java, Indonesia), and in Chen et al. 

(2012) where the application of a 2D MT stochastic inversion is explored for the same Indonesian geothermal field.  

In geothermal exploration, MT surveys are employed to identify the extent and thickness of the low permeable smectite clay cap that 

works as a cap rock in some systems. The presence of smectite clays could serve as a temperature indicator as it tends to form within 

a certain temperature range, 180-220°C (Morrison, 1997; Gunderson et al., 2000). Dempsey et al. (2016b) explored the use of 1D 

analytical solutions of heat and mass transfer to extrapolate temperatures to other parts of the reservoir by the correlation of MT 

inverted resistivity and temperature in a well. Results for a 2D synthetic reservoir model suggested a sensible capability to extrapolate 

temperature up to some kilometres from a well. An improvement to this extrapolation is presented in Ardid et al. (2018) by the 
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introduction of a 3-layer MT stochastic inversion that allows the uncertain estimation of top and bottom boundaries of clay cap and 

the uncertain extrapolation of isotherms away from the well. This is extended in Dempsey et al (2019) in two main aspects: the use 

of lithological information as a constraint for the MT inversion and the extrapolation of temperature from more than one well, still in 

a synthetic geothermal environment. Similar approaches to integrating reservoir and geophysical data are presented in Mellors et al. 

(2013, 2015).  

In this study, we explore a real application of the MT inversion presented in Ardid et al. (2018) and extended in Dempsey et al. 

(2019), in the Wairākei geothermal field, located in the TVZ. We employed a set of data comprising an MT survey and MeB logs in 

wells from the geothermal field. For a NW-SE 2D profile (See Figure 1), we estimated with uncertainty the top and bottom boundaries 

of a shallow conductor revealed by the MT inversion that could be associated with the clay cap. We introduce the use of MeB data 

as a lithological constraint for the MT stochastic inversion and explore the limitations of the methodology. 

 

 

Figure 1: [A] shows the position of the 2D NW-SE modeled profile (blue line) superimposed on the resistivity map (~250 m 

depth) derived from previous DC studies (Risk, 1984). [B] shows the same profile (green line), the MT station (red 

dots) and wells (light blue) considered for the inversion superimposed on the topography. 

 

2. FIELD AREA AND DATA SET 

Our field area is the Wairākei-Tauhara geothermal field located within the TVZ in the North Island of New Zealand. The TVZ is a 

rifted continental arc around 300 × 60 km in dimension, situated at the southern extension of the Tonga-Kermadec subduction system 

(Wilson et al.,1995). The extension rate is ~ 2-8 mm/yr in the NW-SE direction. The TVZ formed in response to the westerly oblique 

subduction of the Pacific Plate beneath the Australian Plate along the Hikurangi Margin (Cole & Lewis, 1981). Comprehensive 

reviews of the geological structure of TVZ can be found in Cole et al. (1995), Rowland et al. (2010) and Seebeck et al. (2014). 

Wairākei-Tauhara is located at the northeast of Lake Taupō in the central TVZ, and delineated by its DC resistivity boundary (Risk, 

1984; Fig. 1). The field is thought to reflect the location of a primordial magmatic heat source within the crust. Wairākei-Tauhara is 

located in a deep and broad depression of the Greywacke basement filled mainly by low-density pyroclastic deposits and sediments. 

It presents complex lateral and vertical variation in lithological extent and thickness (Hunt et al., 2009). Stratigraphy has been 

reviewed by Rosenberg et al. (2009a) and updated by Bignall et al. (2010a).  

Hydrothermal alteration at Wairākei-Tauhara increases in rank and intensity with depth. For the superficial units, the alteration has 

been found to be argyllic (smectite and illite) being moderate in Oruanui and high in Huka Falls Formation. For the Waiora formation 

the alteration has been found to be propylitic type (chloride, quartz and epidote). The chemical evolution and degree of alteration are 

not homogenous for the whole field, being more severe in western Wairākei. The Wairākei ignimbrite also presents a degree of 

alteration, which is indicative of the age of the field, and suggests that it has been active for at least 500 kyr (Grindley, 1965). 

In this study, we jointly model two sets of data localized in one profile (See Figure 1), in order to obtain the distribution of resistivity 

in the subsurface. The data set includes impedance data from 13 MT stations and MeB (Methylene Blue) logs from 10 wells. The 

MT data is a subset of an extended survey that the field operator undertook in early 2010. The profile crosses inner and outer sections 

of the field, which is ideal to explore how the methodology captures the presence or absence of the clay cap and the uncertainty 

related to the estimation (Fig. 1). 

3. METHODOLOGY 

The formulation for field application of the stochastic 1D MT inversion for each station is presented below. The principal innovation 

is the introduction of lithological information from multiple wells as a constraint on the inversion. MeB data, an indicator of 

conductive clay content (Gunderson et al., 2000), is used to estimate the vertical extent of the primary conductor in the MT inversion. 

This constraint is imposed through the inclusion of priors on the boundaries of a parameterized 3-layer resistivity model in the MT 

inversion. The prior is calculated for each MT station using the nearest wells available. Then, the apparent resistivity and phase of 
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the off-diagonal impedance tensor terms, Zxy and Zyx, are jointly inverted with the same weights, as a 1D representation of the three-

dimensional impedance tensor. 

3.1 MT inversion: Stochastic formulation 

Data from MT stations is inverted using MCMC to calibrate the parameters of a 3-layer resistivity model in each station. The 

parameters are five: the thickness of the top two layers, and resistivities for the two layers and a bottom half-space. The middle layer 

is assumed to be an electrical conductor, representing the depth and thickness of the clay cap at that location. It is assumed that their 

values are independent in the vertical direction and dependent in the horizontal direction, where the dependency is model as a 

Gaussian prior using MeB content from the nearest wells. 

The joint posterior probability distribution that define the Bayesian model of the unknown parameters at each MT station is: 

𝑓(𝜌, 𝑧|𝜌̂) ∝ 𝑓(𝜌̂|𝜌, 𝑧) ∏ 𝑓(𝜌𝑖)
𝑁𝑙𝑎𝑦𝑒𝑟𝑠

𝑖=1
∏ 𝑓(𝑧𝑗)

𝑁𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑖𝑒𝑠
𝑗=1    (1) 

Where 𝜌̂ represents the MT data across all frequencies, 𝑧 represents the unknown depths of layer boundaries, and 𝜌 the unknown 

layer resistivities. The first function of the right hand side corresponds to the likelihood function that relates the MT data with the 

resistivity model. The second and third functions correspond to prior distributions for resistivity and boundary depths that we use to 

incorporate a priori information of the parameters revealed by lithological information from nearest wells. 

3.1.1 Prior probability distribution of resistivity 

To constrain the MT inversion in each station, we construct prior distributions for the parameters based on a priori information. 

Regarding resistivities for the 3-layer model, based on conceptual resistivity models for geothermal reservoirs (Oskooi et al., 2005), 

we assume that for the shallow zone a lower resistivity anomaly is related to the presence of a clay cap. Conductive smectite clays 

usually present with resistivities lower than 5 Ohm m.  

We impose this information as a uniform distribution that models the range for the resistivity value of the second layer. For the upper 

and lower layers, we do not impose prior information on their resistivity values, letting them vary freely. Then, the uniform prior 

distribution for the resistivity of the second layer is given by: 

𝑓(𝜌2) = 𝐼𝑛𝑑[𝜌𝜖(0,5)]      (2) 

Where 𝐼𝑛𝑑[] represents the indicator function having the value one if the condition inside the bracket is satisfied and zero otherwise.  

3.1.2 Prior probability distribution of depth and MeB data 

MeB content is an indirect indicator of contrast in electrical resistivity as it measures the presence of smectite, which is a highly 

conductive clay. We use this information to construct Gaussian priors on the upper and lower boundary of the conductive layer. 

 

 

Figure 2: MeB MCMC inversion results for wells WK321 [A] and WK261 [B], obtained by fitting a square function 

to the MeB profile. [A.1] and [B.1] shows MeB samples (blue '*') and multiple model fits from the posterior function 

(green lines). [A-B.2] and [A-B.3] show the distribution of the square function corners generated from the samples, 

quantifying the depths of occurrence for the clay cap boundaries at the well, and the uncertainty related to it. A.2 

and B.2 refers to the top boundary (z1) of the clay cap for the wells WK321 and WK261; A.3 and B.3 refers to the 

bottom boundary (z2) of the clay cap for the wells WK321 and WK261.  
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MeB logs measure the percentage of clay sampled at different depths. Figure 2 shows an example of a MeB profile, where values 

over 2% can reliably be considered as clays. Although there is no direct relationship between the clay content and resistivity, the 

relative abundance of clay is nevertheless a useful indicator of the boundaries of the conductor in the vicinity of that well. 

To obtain distributions on boundaries of the clay cap at the well location, we invert the MeB profiles using MCMC and fitting a 

square function. This simple model is sufficient to capture the sudden appearance and disappearance of clay in the log. In Figure 2, 

samples from the posterior function show that the fitting routine generates square functions whose corners concentrate at certain 

depths. Histogram plots of these boundaries indicate that at WK243 the top of the conductor is between 100 and 150 m depth, and 

the bottom is 250 and 350 m depth. 

Once priors for the clay cap boundaries have been obtained, these need to be interpolated to the MT station where an inversion is to 

be performed (these will not generally be coincident with the wells where MeB is logged). For this, we use a distance weighted 

average of the nearest wells (up to four). Figure 3 demonstrates this for a station located at ‘j’ between two wells at ‘i’ and ‘i+1’. 

Once the distribution parameters are calculated for each MT station position, the prior probability distribution for depth is given by: 

𝑓(𝑧𝑗) ∝ 𝜆 ∗ 𝑒𝑥𝑝 (−|𝑧𝑗 − 𝑧𝑗
𝑤|

2
/𝜎𝑗

𝑤)     (3) 

Where j corresponds to the boundary layer, 𝑧𝑗  is the depth model to the boundary layer j, 𝑧𝑗
𝑤and 𝜎𝑗

𝑤 the weighted average depth and 

standard deviation calculated from nearest wells. 𝜆 corresponds to a weight parameter equal to 𝑒𝑥𝑝(−2 ∗ 𝑑), with 𝑑 the distance to 

the closest well considered in the prior.  

 

 

Figure 3: Uncertain layer position at j between known depths at i and i+1. [A] Blue, red and green dashed lines show 

possible interface positions. [B] Mean (solid) and variance (dashed) of prior distribution for inversion at j between i 

and i+1 (modified from Dempsey et al., 2019). 

 

3.1.3 Likelihood probability function and MT data 

The likelihood function for MT data is given by the misfit between the data and the corresponding simulation results assuming 

normally distributed errors. The function plays a key role as it is the link between the unknown parameters and the MT data.  

Although in practice total error (residual of the misfit) is combines both measurement error and forward modeling errors, here we 

have had to assume that the error is attributable to measurement deficiency only. This simplification is valid providing the model 

errors are significantly smaller than the measurement errors, which may not always be the case when using a simplified 3-layer model. 

The likelihood function for each MT station is given by: 

𝑓(𝜌, 𝑧) ∝ ∏ 𝑒𝑥𝑝 (−|𝑧𝑜𝑏𝑠 − 𝑧𝑚𝑜𝑑|𝑝
2  /2𝜎2) 

𝑁𝑝𝑒𝑟𝑖𝑜𝑑𝑠

𝑝=1     (4) 

Where 𝑧𝑜𝑏𝑠  and 𝑧𝑚𝑜𝑑 are the observed and simulated data, for period, p. σ2 is the measurement error. The data correspond to the 

apparent resistivity and phase of the off-diagonal impedance elements  

Figure 4 shows an example of the data that are being fitted: the apparent resistivity and phase for the off-diagonal impedance tensor 

terms, Zxy and Zyx. The fitting samples are synthetic observations generated from different models (a combination of parameters for 

a 3-layer resistivity model) extracted from the posterior distribution of model parameters. The misfit is calculated as the difference 

between the observation and sample for each period. 

The data (Figure 4) shows a one-dimensional behavior up to the period ~ 1 s, correctly approximated by the model. Depths reached 

by this period (~ 3-5 km depth) are enough to characterize the anomaly of low resistivity generated by the clay cap, validating the 1D 

approach for shallow depths in the profile. For higher periods, the transition to a two-dimensional resistivity distribution is observed, 

being the response of our model a sort of average between Zxy and Zyx components of the impedance tensor. 
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Figure 4: Apparent resistivity and phase for stations WT071a [A] and WT223a [B] shown as ‘*’ for off-diagonal impedance 

tensor terms, XY and YX . Fitting samples derived from posterior distribution result from MCMC MT inversion are shown 

in blue lines. 

 

4. RESULT AND DISCUSSION 

The stochastic inversion described in the previous section has been performed for the MT stations shown in the profile in Figure 1. 

From this, we obtain an uncertain estimate along the profile of the bottom and top boundaries distribution for the shallow conductor.  

4.1 Uncertain top and bottom boundaries of clay cap  

We are interested in visualizing the uncertainty associated with the top and bottom boundaries of the clay cap. Therefore, for each of 

these boundaries, we plot shaded envelopes at each station location covering the 5-95% occurrence probability for that parameter. 

We also plot the distribution of clays obtained by inverting the MeB data from nearby wells.  

Figure 5 shows the modeled profile introduced in Figure 1, where uncertain distributions for the inferred top and bottom boundaries 

of the clay cap are plotted. The inversion recovers a regular thickness for the clay cap, averaging about 100 [m], consistent with most 

of the results from MeB inversion. For the top boundary, less uncertainty is observed compared to the bottom one. This is expected 

for an MT inversion where a conductive layer attenuates signal strength. Uncertainty associated with the depth of the top boundary 

is about ~50 [m] whereas for the bottom boundary it is about ~150 [m]. 

In the NW section of the profile, the second layer thins to less than the resolution of the MT method, indicating that, for this area, the 

middle conductive layer is not necessary to fit the MT data (but it is nevertheless forced to by our imposed model). Thus, this end of 

the profile is interpreted as the absence of a clay cap in the section beneath stations WT039a and WT024a. This is consistent with 

Figure 1 where these stations are identified to be outside the main reservoir area, defined by the DC resistivity boundary (Risk et al., 

1984), and where no clay cap is expected. 

Below station WT030a, a thicker section is observed, that could be related to a thick clay cap or due to a deep conductor that could 

be influencing the shallow high conductive response. A deep conductor has been found in this area as indicated by deeper 3D MT 

inversions (Sepulveda et al., 2012), related to relict alteration.  

Around station WT502a, a coherent correlation is observed between the uncertain boundaries obtained from the MT inversion and 

the MeB inversion results, clearer for the top boundary and less for the bottom where the uncertainty in the MeB results are higher. 

Between stations WT223a and WT107a, the correlation is less clear since the two nearest wells (WK401-04) are not consistent in 

their clay content. For the station WK111a, the correlation with well TH19 is consistent. 

The profile in Figure 5 is equivalent to the resistivity section WRKNW5 in Sepulveda et al., 2012 (Appendix 2, based on 3D MT 

models), where resistivity distribution is integrated with interpreted reservoir temperatures and stratigraphy. Regarding resistivity 

distribution, a good correlation for the low resistivity anomaly between section WRKNW5 and Figure 5 is observed, where the 

extension of the anomaly to the SE seems to be clearer from our results. Depths seems to be well correlated too, where our 

methodology more useful in estimating boundaries for this conductive structure. As in section WRKNW5, the bottom of the conductor 

in Figure 5 looks correlated with isotherm 180-200°C for the mid-NW section around WT502a, but from WT060a to the SE it appears 

to be following the top of rhyolite Karapiti 2A rather than the isotherm.  Sepulveda et al., 2012 suggest that the bottom boundary of 

the observed low resistivity anomaly could be indicating the top boundary of the rhyolite (high-permeable boundaries and low-

permeable cores), reflecting permeability distribution rather than temperature distribution.   

 

[B] [A] 
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Figure 5: Uncertain depth distributions of top and bottom boundaries of the high conductive second layer, representative of 

the clay cap, for the profile in Figure 1. Shaded envelopes are plotted covering between 5%-95% of occurrence 

probability. Distribution of clay cap boundaries obtained by inverting the MeB data are plotted (green cruxes for top 

boundary and light blue cruxes for the bottom boundary). Name of MT stations inverted at the top (red boxes). 

Name of MeB wells at the bottom (blue boxes). The green line shows the topography. 

 

5. SUMMARY 

We have developed an integrated methodology that allows for the joint modeling of MT data with MeB logs from wells. First, we 

developed a stochastic inversion of MT constrained by MeB logs from wells. Then, we infer within uncertainty the clay cap 

boundaries in a geothermal field. In this study, we have presented an application of the method to the Wairākei-Tauhara geothermal 

field in New Zealand.   

The methodology (Section 3.1) is formulated as a fast stochastic inversion of MT constrained by MeB logs from nearby wells. Results 

have shown (Figures 2, 4 and 5) that modeling MeB data (an indirect indicator of resistivity) is useful for inverting MT data providing 

the inversion model explicitly builds in a middle conductive layer.  Furthermore, the MeB inversion proposed, and the integration of 

their results to the stochastic formulation, is reasonably computationally efficient to implement. 

For the uncertain estimation of the clay cap boundaries (Figure 5), the results are consistent with the resistivity boundary for Wairākei, 

capturing the absence of the clay cap in the outfield section of the profile. Results are also consistent with the boundaries derived 

from the MeB inversion and a coherent structure for the clay cap is obtained. 

The next steps for our methodology are to develop validation strategies for clay cap boundary estimates, by profiling for different 

parts of the field and comparing the MT inversion estimates with standard inversion software. In addition, we are extending the 

methodology for an uncertain extrapolation of isotherms away from wells in the Wairākei geothermal fields, following Ardid et al. 

(2018) and Dempsey et al. (2019). 
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