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Abstract Electrical conductivity of the subsurface is known to be a crucial parameter for

the characterization of geothermal settings. Geothermal systems, composed by a system of

faults and/or fractures filled with conducting geothermal fluids and altered rocks, are ideal

targets for electromagnetic (EM) methods, which have become the industry standard for

exploration of geothermal systems. This review paper presents an update of the state-of-the-

art geothermal exploration using EM methods. Several examples of high-enthalpy geo-

thermal systems as well as non-volcanic systems are presented showing the successful

application of EM for geothermal exploration but at the same time highlighting the impor-

tance of the development of conceptual models in order to avoid falling into interpretation

pitfalls. The integration of independent data is key in order to obtain a better understanding of

the geothermal system as a whole, which is the ultimate goal of exploration.
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1 Introduction

Geothermal energy is an attractive renewable energy which is becoming an important

contributor to the energy mix. In 2008, its power production exceeded that of solar

photovoltaics more than three times (Rybach 2010). However, contrary to other renewable

energy sources like solar or wind energy, which exhibit exponential growths, geothermal

energy has been experiencing a linear growth in the last years (Rybach 2010; Bertani

2010). Some optimistic forecasts also point to an exponential growth for geothermal

energy (Bertani 2010), especially based on technologic developments like enhanced (or

engineered) geothermal systems (EGS) (Rybach 2010) which are viewed by some studies
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as the future of geothermal energy utilization (Tester et al. 2006). EGS are universally

deployable, as no special geological settings are required but generally involve deeper

targets and therefore highlight the need for reliable exploration techniques. Exploration for

geothermal energy is also of great importance in conventional geothermal systems in order

to improve its economic viability (Barbier 2002). Over the last years, there has been an

important increase in the use and development of several exploration methods for geo-

thermal resources, seismic as well as electromagnetic (EM); but while the former (like

repeated 3D surface seismic, surface-to-borehole vertical seismic and borehole-to-borehole

cross-well seismic profiling) have not always led to better understanding of the geothermal

systems, the latter have become very popular due to improved equipment, methodologies

and processing and modelling software (Spichak and Manzella 2009).

The electrical conductivity of the subsurface is known to be a crucial parameter for the

characterization of geothermal settings. Geothermal systems are in general composed by a

region or system of faults and fractures filled with geothermal fluids, which can have high

concentrations of dissolved salts, thus resulting in conducting electrolytes in a rock matrix.

Both fluid and matrix (to a lesser extent) conductivities depend on temperature, and the

geothermal system exhibits, generally, higher conductivity values than the host rocks. Clay

mineral alterations resulting from the hydrothermal processes that take place in geothermal

systems also have a high conductivity signature. This makes geothermal systems ideal

targets for EM methods, which have become the industry standard for exploration of

geothermal systems in many countries. The relatively easy to identify low resistivity zones

produced by brines and clays that cap a geothermal system (Wright et al. 1985) represent

attractive targets for exploration; however, this ‘‘anomaly hunting’’ (Cumming 2009) can

sometimes be misleading; clay caps produce high conductivity anomalies but the opposite

is not true, not all conductive anomalies are clay caps.

In recent years, many papers have been published about the use of electromagnetic

methods for exploration of geothermal zones, including some review papers (Pellerin et al.

1996; Meju 2002; Spichak and Manzella 2009). In this review paper, I will try to present an

update of the state-of-the-art geothermal exploration using EM methods. First, I will

present the conceptual conductivity models of classical convective hydrothermal systems

briefly summarizing the causes of the observed conductivities in geothermal systems and

will introduce other kinds of possible geothermal targets. I will present a number of

examples of use of EM methods for imaging of geothermal targets, both in classical ‘‘clay

cap’’ systems and in other geological settings (e.g., sedimentary basins). I will focus on

magnetotelluric (MT) techniques, as it is the only method to reliably reach depths of

several kilometres needed for some geothermal targets, but I will not forget other EM

methods and I will highlight the importance of incorporating as much additional data

(geological, geophysical, geochemical,…) as possible in order to obtain a better under-

standing of the geothermal system as a whole, which is the ultimate goal of exploration.

2 Conceptual Model

Geothermal resources, understood as systems that store natural heat in rock and fluids

within the Earth, can be divided into different types according to the temperature and the

nature of the reservoir. A primary division of the geothermal systems can be made

according to whether they are related to emplacement of magma or not. Magmatic geo-

thermal systems include convective hydrothermal systems (water or steam dominated), hot

dry rock and partial melt systems, while non-volcanic resources are usually related to hot
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fluids in sedimentary or crystalline reservoirs (Meju 2002). Enhanced (or engineered)

geothermal systems (EGS) are geothermal resources with low permeability and/or porosity

and high temperature which need artificial stimulation of the fracture system to enhance the

fluid circulation. On the other end of the spectrum are supercritical systems, where fluids

are in supercritical conditions and for which the efficiency of power generation would be

very high.

Hydrothermal systems represent the most common type of geothermal reservoir (in

terms of exploitation) and most of the literature on exploration for geothermal resources is

related to hydrothermal systems. An ideal hydrothermal system consists, conceptually, of a

heat source, some sort of groundwater system to transport and sometimes store the heat

(reservoir) and a confining impermeable structure (cap). Geothermal fluids have salts

dissolved in high concentrations which provide conducting electrolytes within a rock

matrix. Both the conductivities of the fluids and the rock matrix are dependent on tem-

perature in a way that causes a large reduction in the bulk resistivity with increasing

temperature. The confining cap for most of the hydrothermal systems is produced by

prolonged reactions of the rocks with the thermal fluids, which produce a clay alteration

layer over a wide temperature range from under 100 �C to over 200 �C (Caldwell et al.

1986; Essene and Peacor 1995). At lower temperatures (70–150 �C), the clay cap is mainly

characterized by smectite. At higher temperatures, illite (in acidic rocks) and/or chlorite

(more abundant in basaltic rocks) become interlayered with smectite, forming a mixed

layer with increasing proportions, especially above 180 �C. At temperatures over

220–240 �C, alteration is mainly in form of chlorite and epidote minerals, which show a

higher resistivity signature than its lower temperature counterparts. The low temperature

(\150 �C) alteration species (illite–smectite) are significantly more conductive than the

higher temperature (chlorite–epidote) species (Björnsson et al. 1986). Smectites and illites

have loosely bound cations that make these minerals electrically conductive, whereas in

the chlorites and epidotes, all ions are bound in the crystal lattice and are, therefore, more

resistive (Deer et al. 1962). Thus, an increase in resistivity beneath a highly conductive

surficial layer (clay cap), reflecting an increase in temperature with depth, is a common

signature of high-temperature geothermal systems. For a compact but comprehensive

review on the causes of enhanced electrical conductivity in geothermal systems see Ussher

et al. (2000) and references therein.

The strong link between electrical resistivity and clay minerals and therefore tem-

perature allows using the resistivity structure as distinguishing mark for high-tempera-

ture areas. Alteration, however, is generally unaffected by subsequent cooling, and in

most cases, the resistivity structure can be regarded as a ‘‘maximum thermometer’’

(Árnason et al. 2010). In a simple hydrothermal context, the geothermal system can be

conceptualized with the model of Fig. 1a. In a more generalized context, the upflow and

outflow areas can affect the geometry of the low resistivity zone. The upflow area is a

zone in the reservoir where the fluid flow is predominantly vertical and generally the

temperature increases with depth. In upflow areas, the base of the conductive clay cap is

often elevated because of the relative increase in higher resistivity minerals in the mixed

layer with temperature (i.e. depth). In cooler outflow areas, where the flow is pre-

dominantly horizontal and temperature decreases with depth below the main outflow

zone, the base of the clay cap can come closer to the surface and the geometry of the

high conductivity anomaly can be asymmetric and not centred on the reservoir

(Anderson et al. 2000). An example of such a generalized geothermal system is shown

in Fig. 1b. In some cases at high-temperature volcanic-associated geothermal systems,

the clay cap may even be absent. In many high-temperature liquid-dominated
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geothermal systems, the fluid, which is dominantly meteoric, is not re-circulated but

after being heated at depth, it rises by convection to near-surface depths, where it is

entrained into the overall pattern of groundwater flow or discharged joining the surface

drainage (Meju 2002), like in many liquid-dominated geothermal systems in New

Zealand (Bibby et al. 1995). The most favourable conditions for high-temperature

systems that can be used for electricity production usually occur when magma intrudes

into shallow crustal levels (\10 km depth) and hydrothermal convective fluid flow can

take place above the intrusion body.

Non-magmatic geothermal systems, on the other hand, exhibit a much greater varia-

tion in geometry, and it is generally not possible to construct a conceptual model

encompassing the whole range of non-magmatic geothermal systems. The exact nature of

conductive anomalies (if present) can vary greatly between different geothermal systems

but, in general, it is related to electrolytic conduction in saline fluids. Geothermal fluids

tend to have high concentrations of dissolved salts, and their conductivity increases with

temperature (Ucok et al. 1980). For non-magmatic geothermal systems, imaging the

electrical conductivity distribution helps locating deep aquifers that can act as reservoirs

and fluid pathways. In EGS, however, low natural permeability and depth of the system

can produce relatively small and badly connected targets which might be difficult to

image with electromagnetic methods. In these cases, EM methods can be very helpful in

monitoring the engineering process by providing images before, during and after stim-

ulation activities and estimating the enhancement in permeability achieved. In geothermal

systems where saline fluids are key players, its electrical properties can greatly vary

depending on whether faults and fractures constitute pathways that can enhance fluid

(and heat) circulation or whether they represent barriers impeding fluid circulation (Ritter

et al. 2005).

Fig. 1 a Conceptual model of a geothermal system in a simple hydrothermal context. Clay alteration layer
shows lower resistivity than the surrounding background rocks (redrawn from Pellerin et al. 1996).
b Conceptual model of a generalized geothermal system (redrawn from Cumming 2009). The upflow and
outflow areas affect the geometry of the conductive clay cap and cause the anomaly not to be centred on the
reservoir
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3 High-Enthalpy Geothermal Systems

High-enthalpy geothermal systems (defined as geothermal systems with temperature above

150–200 �C; for example, Muffler and Cataldi 1978; Benderitter and Cormy 1990) are

most commonly found in tectonically active regions, such as plate boundaries, rift zones

and above hot spots, or in young volcanic regions, where the total thermodynamic energy

is high enough to generate such temperatures. High-enthalpy geothermal systems are the

most likely systems to be described by the conceptual model introduced in the previous

section (Fig. 1). This kind of electrical resistivity distributions (conductive clay cap

overlying a more resistive reservoir) has been observed using a variety of electromagnetic

methods in many regions in the world. Next, I will summarize the most significant findings

at some exemplary geothermal areas (see location in Online Resource 1). However, these

are not by far the only possible examples. Similar high-enthalpy geothermal systems have

been found for instance in Central America (e.g., El Salvador—Romo et al. 1997), Africa

(e.g., Ethiopia—Abiye and Haile 2008; Djibouti—Árnason and Flovenz 1998; Kenya—

Mwangi 2012), Indonesia (e.g., Sibayak in Sumatra—Mulyadi 2000; Daud et al. 2001;

Bajawa in Flores—Uchida et al. 2002; Kamojang in Java and Lahendong in Sulawesi—

Raharjo et al. 2010), Japan (e.g., Sumikawa—Uchida 1995; Muraoka et al. 1998; Uchida

et al. 2000; Yamane et al. 2000; Mt. Aso—Asaue et al. 2005; Minamikayabe—Spichak

2005; Ogiri—Uchida 2005; Yanaizu-Nishiyama—Uchida et al. 2010), Greece (e.g., Lagios

et al. 1998), Turkey (e.g., Burçak et al. 2005; Kuyumcu et al. 2011) or Russia (e.g.,

Spichak et al. 2007; Nurmukhamedov et al. 2010).

3.1 Taupo Volcanic Zone (New Zealand)

The Taupo Volcanic Zone (TVZ) is a region of extension and rhyolite volcanism asso-

ciated with the subduction of the Pacific plate beneath the New Zealand’s North Island.

Associated with the active volcanism are more than 20 high-temperature geothermal

systems with a total heat output of more than 4,000 MW (Bibby et al. 1995). Early

exploration of the TVZ represents perhaps the most successful application of electrical

resistivity techniques for delineating geothermal systems (Bibby et al. 2005). Electrical

resistivity maps (e.g., Bibby 1988; Stagpoole and Bibby 1998) show that all known geo-

thermal systems within the TVZ are associated with low resistivity zones, while the

surrounding volcanic rocks are cold water saturated and more resistive. A characteristic

resistivity increase beneath the highly conductive surficial layer is seen within most geo-

thermal systems of the TVZ and is clearly demonstrated by the Schlumberger mapping

(Bibby 1988). Thus, all known geothermal systems in the TVZ comply with the classical

hydrothermal conceptual model of Fig. 1a. The converse, however, is not true, and not all

low resistivity zones correspond with active hydrothermal systems.

The whole Taupo Volcanic Zone has been extensively studied using electromagnetic

methods (see, e.g., Bibby et al. 1995, 2002; Ogawa et al. 1999; Heise et al. 2007; Bertrand

et al. 2012 and references therein) among others. In addition, a number of studies focused

on specific geothermal systems have been published. Figure 2 resumes some exemplary

electromagnetic studies carried out in the TVZ. Wairakei was the first geothermal system

of the TVZ used for generation of electric power, and it was where the large resistivity

contrast between hot geothermal waters and the background was first successfully dem-

onstrated (for a detailed review on the electromagnetic studies at Wairakei see Bibby et al.

2009 and the references therein). Other well-studied geothermal systems include Rotokawa

(e.g., Heise et al. 2008) and Ngatamariki (Risk et al. 2003). In all these geothermal fields, a
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clear low resistivity anomaly associated with a clay cap has been delineated together with a

deeper higher resistivity core associated with high-temperature alteration mineralogy.

3.2 Hengill Volcanic Zone (Iceland)

The Hengill volcanic complex is located at the southern end of the western volcanic zone

of Iceland and is considered to be one of the largest high-temperature geothermal regions

in the country. The Hengill complex hosts three volcanic centres whose products are

mainly basalts and acidic rocks. Geothermal exploration in the Hengill area dates back to

the 1940s, including a number of geophysical surveys (mostly documented in internal

Fig. 2 Summary of some exemplary electromagnetic studies in the Taupo Volcanic Zone (TVZ) a DC
apparent resistivity map of the TVZ obtained from Schlumberger array measurements using AB/2 = 500 m
(after Bibby 1988). Arrows indicate location of the geothermal systems shown in the other panels. b contour
lines of DC apparent resistivity obtained from Schlumberger array measurements in the Wairakei
geothermal field (modified from Risk 1984). The low resistivity contour lines delineate the extent of the clay
cap. c Three-dimensional electrical resistivity model obtained from 3D inversion of magnetotelluric (MT)
data in the Rotokawa geothermal field. The low resistivity anomaly shows an elevated clay cap together with
a higher resistivity core associated with temperatures [250 �C, the black dots represent seismic events
located within the high resistivity core (after Heise et al. 2008). d Distance–time apparent resistivity
pseudosection obtained from time-domain Eelectromagnetic (TDEM) measurements at the Ngatamariki
geothermal field. A low resistivity feature associated with hydrothermal alteration is visible in the
pseudosection (modified from Risk et al. 2003)
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reports in Icelandic) such as DC resistivity (e.g., Hersir 1980), Bouguer gravity, central

loop transient electromagnetic (TEM) or magnetotellurics (e.g., Hersir 1980; Oskooi et al.

2005; Árnason et al. 2010). The Hengill complex is of special relevance for electromag-

netic exploration of geothermal resources because it was in the Nesjavellir geothermal

field, just north of Mount Hengill, where the correlation between alteration mineralogy and

electrical resistivity was first proposed (see Árnason et al. 2000 and references therein).

Árnason et al. (2010) presented a comprehensive electromagnetic study of the Hengill

complex in which they obtained a three-dimensional resistivity distribution from joint 1D

inversion of TEM and MT data and from 3D inversion of MT data. The dataset consists of

148 MT soundings acquired between 2000 and 2006 and more than 250 TEM soundings

acquired since 1991. The TEM data, being unaffected by near-surface homogeneities of the

electric field, can be used to correct the MT data for static shift effects, assuming the

underlying structure is mostly one-dimensional in the first few metres and enough energy

can be transmitted into the ground to ensure a good overlap between TEM and MT

apparent resistivity curves. The authors performed a joint 1D inversion of TEM and MT

(determinant) data and determined static shift factors which were subsequently used for

correcting the MT data for separate 3D inversion.

The obtained 3D resistivity distribution shows a very coherent image between the

stitched 1D joint inversions of TEM and MT and the 3D MT model. Figure 3 shows a

cross-section of the resistivity distribution obtained from stitched 1D inversions along a

12-km-long profile crossing Mount Hengill. A low resistivity layer reflecting smectite-

zeolite alteration is found at shallow depth (between 200 m a.s.l. and 800 m b.s.l.) being

more elevated beneath Mount Hengill. At 800 m b.s.l., a high resistivity zone that was

interpreted as an indication of high-temperature alteration extends to most of the survey

area. A deeper low resistivity layer starts appearing beneath Mount Hengill at about

3,000 m b.s.l. At about 6,500 m b.s.l., it has extended to form a widespread conductor

down to depths of about 10–15 km, where resistivity values reach 100 Xm and higher.

This deep conductive feature was interpreted as hot, solidified intrusions that act as heat

sources for the geothermal system above (Árnason et al. 2010).

3.3 Western US

The west of the US, including areas such as the Basin and Range (B&R) physiographic

province and Yellowstone, hosts a number of high-enthalpy geothermal systems, many of

which are used for electricity generation. The B&R region is characterized by extensional

tectonism that results in fault block mountains separated by alluvial valleys, high heat flow

and seismicity and many active geothermal areas. In the B&R, geothermal systems are

inherently open systems and are often accompanied by surface outflows. Although most of

the presently known geothermal fields were discovered because of surface manifestations

such as hot springs, fumaroles and hydrothermally altered ground, several electromagnetic

methods have been successfully applied to detect and characterize the geothermal fields

(see Fig. 4 for some exemplary electrical models from California).

Possibly, the most well known of the geothermal regions within the B&R is the Coso

geothermal field in southern California. The basement of the Coso Range is dominated by

fractured Mesozoic plutonic rocks that have been intruded by a large number of dikes, and

partly covered by Late Cenozoic volcanics, consisting mainly of basalts and rhyolites. The

emplacement history of the rhyolitic domes is consistent with either a single rhyolitic

reservoir moving upward through the crust or a series of successively shallower reservoirs

(Kurilovitch et al. 2003). This partially molten magma chamber is believed to be the heat
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source that drives the geothermal system (Wannamaker et al. 2004). Permeability is high

within the individual Coso reservoirs but low in most of the surrounding rocks, limiting

reservoir fluid recharge and making reinjection important for sustained productivity

(Newman et al. 2008). A large number of electromagnetic surveys have been carried out in

the Coso area (e.g., Wannamaker et al. 2004; Newman et al. 2005, 2008) revealing the

classic MT response of a high-temperature geothermal reservoir, which presents a low

resistivity hydrothermal alteration zone (smectite clay cap) located above and adjacent to

more resistive propylitic alteration in the reservoir.

Similar low resistivity structures have also been observed in other areas of the western

USA like the Glass Mountain geothermal resource area (Cumming and Mackie 2007,

2010) in northern California, the Beowave geothermal field (Garg et al. 2007) in Nevada,

the Dixie Valley geothermal area also in Nevada (Garg et al. 2006; Wannamaker et al.

2007) or the Sulphur Springs thermal area in New Mexico (Wannamaker et al. 1997a, b).

3.4 Tuscany (Italy)

The geothermal systems in Tuscany (Italy) are concentrated in the Larderello—Travale

area (Larsen et al. 1995; Fiordelisi et al. 1995; Manzella et al. 2006; 2010; Ooskoi and

Fig. 3 Location map (lower right panel) of the MT (red dots) and TEM (black dots) stations in the survey
area. Section location is indicated with a blue line in the map. Cross-sections (left panels) across the Hengill
area obtained from stitched 1D joint inversion of TEM and determinant MT data. The upper panel focuses
on the depth range down to 2,500 m b.s.l. and shows a shallow low resistivity layer reflecting smectite-
zeolite alteration. The high resistivity below reflects high-temperature alteration. The lower panel shows the
resistivity distribution down to depths of 20 km and highlights the presence of a deeper widespread low
resistivity feature associated with hot, solidified intrusions that act as a heat source for the geothermal
system above. Modified from Árnason et al. (2010)
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Manzella 2011) and near the extinct volcano Mount Amiata (Fiordelisi et al. 2000; Volpi

et al. 2003). These two systems represent interesting examples in the sense that although

they are high-enthalpy geothermal systems, they do not conform to the classical electrical

resistivity structure of a conductive clay cap overlying a high resistivity high-temperature

reservoir core.

The Larderello—Travale (Fig. 5) system is a vapour dominated system with a deep

reservoir defined by fractures within metamorphic rocks down to 4,000 m depth and

characterized by very high temperatures up to 400 �C (Manzella et al. 2006). The

Larderello—Travale area has been studied extensively using seismic methods (e.g., Brogi

et al. 2003; Casini et al. 2010) whose main results comprise two reflective horizons (so-

called H- and K-horizons) related to high productivity areas. The origin of the reflectivity

of these horizons is considered to be related to the occurrence of localized high fluid

pressure within fractured levels, although the underlying fracturing mechanism is still

controversial (e.g., Marini and Manzella 2005). Resistivity models along 2D profiles in the

Travale area (e.g., Manzella et al. 2006; Ooskoi and Manzella 2011) reveal high con-

ductivity anomalies that the authors relate to a deep fractured and highly productive zone

in the metamorphic rocks, thus being caused by high conductive geothermal fluids within a

high permeability host.

Fig. 4 a Location map of the Coso and Glass Mountain geothermal fields. b 3D electrical resistivity model
of the Coso geothermal field obtained from 3D inversion of MT data (after Newman et al. 2008). c Cross-
section of a 3D model obtained from inversion of the Zxy component of MT data corrected using TEM
measurements in the Glass Mountain geothermal area (after Cumming and Mackie 2010). In both cases, the
low resistivity anomaly associated with clay cap alteration mineralogy is clearly imaged over a higher
resistivity high-temperature reservoir
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4 Non-Volcanic Geothermal Systems

Non-volcanic geothermal systems (including low-enthalpy systems, EGS, sedimentary

reservoirs, etc.) are usually associated with hot fluids in sedimentary or crystalline reser-

voirs, either with natural permeability (through faults and fractures) or needing additional

stimulation (EGS) of fluid pathways. In these systems, the aim of electromagnetic

exploration is to image low resistivity anomalies correlated with saline geothermal fluids.

Non-volcanic geothermal systems have been studied in a large variety of geographical and

geological context such as in Bulgaria (Polyanovo, Bojadgieva et al. 2006), Philippines

(Mabini, Del Rosario and Oanes 2010), Portugal (Chaves, Monteiro Santos et al. 1996,

2007), Korea (Pohang, Uchida et al. 2004, 2005; Lee et al. 2007), Brazil (Caldas Novas,

Pastana de Lugao et al. 2002), France (Soultz-sous-Forêts, Geiermann and Schill 2010;

Spichak et al. 2010) or Hungary (Szentlörinc, Yu et al. 2010; Tulinius et al. 2010). In the

following section, I will highlight some examples of electromagnetic exploration of non-

volcanic geothermal systems.

4.1 Llucmajor Aquifer System (Spain)

The Llucmajor aquifer system is located in the southern part of the island of Majorca

(Spain). Water for agricultural purposes is extracted from the unconfined aquifer of the

Fig. 5 a Location map of the Tuscany geothermal systems (Larderello, Travale, Mt. Amiata) and the
Travale MT profile (blue line). Modified after Ooskoi and Manzella (2011). b Resistivity cross-section
obtained from 2D inversion of MT data in the Travale geothermal area. High conductivity appears related to
fractured high productivity zones in the metamorphic rocks (green lines). Modified after Manzella et al.
(2006)
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system. Some wells show a geothermal anomaly manifested by anomalous high water

temperatures of 50 �C (Fig. 6). Because of the lack of heat sources in this region (volcanic

or through heat generation in the rock matrix), these high values have been associated with

vertical movements of water (Arango et al. 2009). An AMT–MT survey was carried out in

2002 to understand the aquifer system. A 3D resistivity model obtain from trial and error

forward modelling of the AMT–MT data reveals a high resistive top layer, a more con-

ductive middle layer, between 200 and 500 m, and a relatively resistive layer at the bottom.

The main characteristic of the geoelectrical model is the thickness variation of the con-

ductive layer, which presents minimum thickness in the area where the geothermal

anomaly is located (Arango et al. 2009). The authors establish a simple conceptual model

with two aquifers: one unconfined aquifer on top, and another deeper confined aquifer to

supply the hot water, with the aquitard between both aquifers presenting a discontinuity

(fault or fracture) to favour vertical fluid movements. An exploratory well drilled based on

the results of the AMT data revealed a good coincidence of the resistivity model with the

well logs and detected a layer of calcareous breccia which could be associated with the

structure that allows warm water to rise (Arango et al. 2009). This very low-enthalpy

resource represents an interesting example in the sense that the freshwater aquifers are

imaged as moderate to high resistivity features, contrary to the more typical examples

where the saline geothermal fluids have low resistivity signature.

4.2 Groß Schönebeck Geothermal Test Site (Germany)

The Groß Schönebeck in situ geothermal laboratory, located 40 km north of Berlin in

northeastern Germany, is a key site for testing the geothermal potential of deep sedi-

mentary basins. The target reservoir is located in Lower Permian sandstones and volcanic

strata, which host deep aquifers throughout the Northeast German Basin (NEGB, Huenges

et al. 2007). The laboratory consists of two 4.3-km-deep boreholes forming a geothermal

Fig. 6 a Location map of the Llucmajor aquifer system. The black dots represent the position of MT
stations and the red ellipse the area with thermal manifestations. b Three-dimensional electrical resistivity
distribution obtained from forward modelling by fitting the observed data through trial and error. The
shallow and deep aquifers correspond with moderate/high resistivity regions, whereas the confining aquitard
corresponds with low resistivity (Arango, pers. comm)
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doublet system. The NEGB setting is typical for deep sedimentary basins and for low-

enthalpy reservoirs in general. MT data were collected along two profiles to obtain a

resistivity distribution of the Groß Schönebeck area (Muñoz et al. 2010a). Figure 7 shows

the 2D resistivity model obtained from inversion of the MT data along the main profile. At

surface, Tertiary sediments are imaged as a moderately conductive layer (20–50 Xm),

overlying a low resistivity layer which presents an antiform shape and coincides with the

Mesozoic sedimentary sequences. At depth, two very low resistivity anomalies are

obtained, coinciding with the reservoir level. These conductive bodies occur below the

areas where the overlying evaporitic layer presents local lows, while only moderate

resistivities are observed beneath the salt upwelling. In this context, the authors speculate

that the reduced resistivity is associated with fracturing in brittle anhydrites, resulting in

enhanced hydraulic permeability. This interpretation is supported by a statistical joint

interpretation (Muñoz et al. 2010b) of the MT data together with coincident seismic

tomography models (Bauer et al. 2010).

4.3 Puga Geothermal Area (India)

The Puga hot spring area, located to the south of the Indus Suture Zone in NW Himalaya, is

considered to be the most promising geothermal field in India. The area exposes Pre-

cambrian metamorphic rocks interlayered with bands of limestone and alluvium sediments

on top and some younger granite intrusions of Tertiary age (Abdul Azeez and Harinara-

yana 2007). The high heat flow values obtained in thermal surveys have established the

existence of a thermal anomaly in the Puga valley with over 100 hot springs with tem-

peratures ranging from 35 to 84 �C and discharge rate up to 5 l/s (Shankar et al. 1976). An

MT survey with 35 stations was carried out to explore the geothermal potential of the area

(Harinarayana et al. 2004). Electrical resistivity cross-sections obtained from 2D inversion

of the MT data (Fig. 8) show a near-surface low resistive (10–30 Xm) zone of about

300–400 m thickness (A). The low resistive region, approximately 4 km in length, cor-

related well with the area marked by surface expressions of geothermal activity (Harin-

arayana et al. 2006). The authors explained the low resistivity of this layer by the varying

thickness of alluvium sediments saturated with hot water or a mixture of deep thermal

Fig. 7 Resistivity cross-section obtained from 2D inversion of MT data along a 40-km profile measured in
the vicinity of the Groß Schönebeck geothermal test site (Germany). Shallow sediments were imaged as
moderately resistive above a low resistivity layer with an antiform shape overlying a thick evaporitic
sequence. Deep conductive anomalies associated with salt lows were interpreted as associated with highly
fractured anhydrite rich areas enhancing hydraulic permeability (after the model from Muñoz et al. 2010a)
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water and freshwater, as observed in shallow wells, and considered it to be the shallow

reservoir part of the geothermal field. No low resistivity structure was found west of the

Kiagor Tatso fault, which marks the western boundary of the surface thermal manifesta-

tions. Another prominent feature imaged in the resistivity model was an anomalous low

resistive structure (10–50 Xm) from approximately 2–8 km depth below the geothermal

manifestation and extending to the west (B). Underlying it, a 50 Xm lower crust was found

(C) (Abdul Azeez and Harinarayana 2007). The authors interpreted the low resistivity layer

as a porous region with hot fluids located at the top of the magmatic heat source repre-

sented by the deeper moderate resistivity feature.

5 EGS Monitoring Tools

The importance of enhanced geothermal systems (EGS) for the development of geothermal

energy is crucial (Tester et al. 2006). EM methods can provide important tools where

advancements in subsurface characterization are imperative to develop EGS into a com-

petitive industry. One significant complication in EGS development is estimating where

injected fluids flow in the subsurface. EM methods, being sensitive to electrical resistivity

contrast (between the low resistive injected fluids and the higher resistivity host rock), can

be used as a supplementary tool to delineate reservoir boundaries. Few publications deal

with application of EM methods for monitoring of temporal variations in subsurface

electrical resistivity associated with geothermal fluid movement (e.g., Bedrosian et al.

2004; Aizawa et al. 2011) but interest is certainly increasing. Peacock et al. (2012a, b)

present pioneering results from continuous MT measurements that show coherent changes

generated from a fluid injection pilot experiment for an EGS at Paralana, South Australia.

In July 2011, a volume of 3.1Ml of saline water (0.3 Xm) was pumped into the intended

reservoir at 3,680 m depth during 5 days. A star-shaped array of 30 MT stations (Fig. 9)

Fig. 8 a Location map of the Puga geothermal area and MT profile (red line). b Resistivity cross-section
obtained from 2D inversion of the MT data for the first 1.6 km. A low resistivity area (A) appears east of the
Kiagor Tatso fault, in the region where thermal manifestations are present. c Resistivity cross-section down
to a depth of 40 km. Two low resistivity regions (B and C) are imaged at greater depths. Modified from
Abdul Azeez and Harinarayana (2007)

Surv Geophys (2014) 35:101–122 113

123



was deployed before injection to measure a base line, and measurements were repeated

after the injection had been completed. The variations in MT parameters (apparent resis-

tivity, impedance phase and phase tensor parameters) were estimated by computing

residuals of pre- and post-injection values (Peacock et al. 2012a). Figure 9 shows phase

tensor determinant residuals of before and after fluids are introduced into the system for all

sites and various periods. Red colours indicate a change towards higher conductivities and

blue colours a change towards lower conductivities. A conductive anomaly located to the

right of the borehole observed at periods from 2 to 16 s was interpreted as a complex

reservoir evolution to the NE of the borehole, expanding in a NE preferred orientation

(Peacock et al. 2012a).

6 Misinterpretation of Electrical Resistivity Data in Geothermal Systems

Electromagnetic methods have proven to be very successful for delineating geothermal

systems, as reported in the previous sections, and have become industry standard for

exploration of geothermal resources. This success, however, has resulted sometimes in

careless and inaccurate interpretation based on the belief that electrical resistivity data can

be interpreted correlating one-to-one areas of low resistivity with presence of geothermal

fluids and/or conducting clay minerals produced by hydrothermal alteration. This explo-

ration approach, which some authors call ‘‘anomaly hunting’’, can lead to severe misin-

terpretations of electrical resistivity data.

While many known geothermal systems have a low resistivity signature, the converse is

not true; the existence of low resistivity zones in a geothermal area does not necessarily

imply an active hydrothermal systems. An alteration which produces the low resistivity of

the clay cap is unaffected by subsequent cooling, that is, even if the temperatures that

produced the alteration mineralogy do not prevail the clay cap still presents a low resis-

tivity signature. For instance, to the SE of the Hengill geothermal field in Iceland, the

resistivity structure derived from a TEM sounding revealed alteration mineralogy con-

sistent with drilled cores (Árnason and Magnússon 2001). A resistive core, which would be

indicative of temperatures above 240 �C within a hot geothermal system, was found as

Fig. 9 Map view of phase tensor determinant residuals pre- and post-injection at different periods. Black
triangles represent the location of MT stations. The borehole is centred within the cross of black triangles.
Red colours indicate a conductive change and blue a resistive change. The conductive anomaly NE of the
borehole was interpreted as caused by fluid migration in a NE preferred direction (modified from Peacock
et al. 2012b)
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shallow as at 200 m depth, whereas the temperatures in the well were measured under

200 �C to a depth of 1,000 m. At the Krafla geothermal field, also in Iceland, Árnason et al.

(2000) report resistivity structures in agreement with alteration. However, a well drilled in

an area where the resistivity pattern was interpreted as indicating high temperature mea-

sured surprisingly cold temperatures below 100 �C between 700 and 1,400 m depth

(Mortensen 2009).

Moreover, the causes of low resistivity structures could be unrelated to a geothermal

system, even in an active geothermal area. Bibby et al. (2005) report on an exploratory well

drilled down to a depth of 593 m in the Matahana basin near the Horohoro geothermal field

in the TVZ of New Zealand in 1986. The well targeted the northern limit of a deep low

resistivity zone revealed by a DC Schlumberger array using AB/2 = 1,000 m. It was

postulated that this low resistivity zone represented a deep geothermal system from which

thermal fluids flowed laterally to reach the surface at the nearby Horohoro springs.

Temperatures at hole bottom reached a maximum of 80 �C, and no geothermal fluids were

found in the hole, indicating a non-geothermal origin of the low resistivity anomaly.

Subsequent regional resistivity mapping (Bibby 1988) indicated that this deeper low

resistivity anomaly could be part of a conductive layer with regional extent. Bibby et al.

(2005) interpreted this regional low resistivity layer as associated with old ignimbrites

([1 Ma). Petrological studies of these ignimbrites show that they contain low-temperature

hydrothermal alteration products (Allis 1987) which allow electric conduction along

crystalline interfaces and result in its characteristic low resistivity values.

Another example of a misinterpretation of a low resistivity anomaly in the context of a

geothermal resource exploration in the Menderes massif can be found in Kuyumcu et al.

(2011). The Menderes massif is a major metamorphic complex in western Turkey with

geothermal potential. A three-dimensional resistivity model obtained from an extended MT

survey in the Tire area, over the central Menderes massif, reveals a widespread intra-

basement conductor dipping down to the north and to the west (Fig. 10). A striking low

resistivity anomaly like this might look appealing as a hot fluid geothermal target. A first

exploration well (Tire-1) was drilled down to a depth of 2,325 m, resulting in a temper-

ature of only 85 �C and a flow rate of 4 l/min. Rock samples collected from the well at

various depths were analyzed with X-ray diffraction revealing pelitic schist and gneiss

formations with significant graphite content. In this context, graphite was interpreted as the

most likely cause of the low resistivity in the basement. Kuyumcu et al. (2011) point out

that the region was already known to have shear zones, some with graphitic units, prior to

drilling the exploration well.

Three-dimensional MT inversion of a dataset collected in the Krafla volcanic complex

in northeastern Iceland (Gasperikova et al. 2011) revealed a highly resistive layer near the

surface, which was identified as unaltered basalt, covering a low resistivity cap corre-

sponding to the smectite-zeolite zone. Below this area, an increase in resistivity could

correspond to the chlorite-epidote zone. Although this resistivity distribution, correlated

with alteration mineralogy rather than lithology, pointed to a classical hydrothermal sys-

tem, and the high resistivity core seemed to be a suitable target for drilling, the Iceland

Deep Drilling Programme (IDDP) well at Krafla encountered magma at the depth of

2.1 km and drilling was stopped (Gasperikova et al. 2011). This does not represent a

misinterpretation of resistivity data in the same sense as the previous examples, but rather

illustrates the fact that MT is sensitive to large geological structures but not to individual

fractures, in this case filled with magma. Other studies in the same area (Einarsson 1978;

Mortensen et al. 2010) suggested possible shallow magma chambers in the region.
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To minimize misinterpretations of electrical resistivity models, it is necessary to avoid

‘‘anomaly hunting’’ and proceed carefully with integration of as much data as possible into

conceptual models of the geothermal systems. Figure 11 shows a hypothetical exploration

scenario in a prospect with sediments overlying fractured metamorphic rocks (based on

Cumming 2009) and illustrates the possible process of building a conceptual model and

designing further exploration activities. Panel a) shows the electrical resistivity distribution

(obtained from, e.g., MT inversion) together with some known geological information

(surface trace of an imaged fault and surface lithologies). The only surface manifestation is a

(now inactive) travertine deposit. A sensible starting assumption would be to interpret the

particular low resistivities of the sediments as clay rich and impermeable. The deep low

resistivity anomaly located left of the fault, being located in Palaeozoic metamorphic schists,

has the potential to be related to graphitic conduction and therefore should be ignored in the

first stage of geothermal exploration. Since there are no surface manifestations associated

with the fault trace, if a viable reservoir is present, it is reasonable that the possible upflow

occurs along secondary fractures right of the fault, beneath the area where the clay cap

(\5 Xm) reaches its maximum depth (see, e.g., the Conceptual model section in this paper or

Pellerin et al. 1996). The geometry of the flat resistive area covered by shallow conductive

sediments suggests a possible outflow related to the deposition of travertines (see, e.g., the

Conceptual model section in this paper or Anderson et al. 2000), whose presence implies

Fig. 10 Resistivity cross-section along a profile (upper panel) obtained from 2D inversion of MT data in
the Menderes massif (western Turkey). Although the resistivity model clearly images a low resistivity
anomaly at 2–4 km depth, which could represent a very attractive geothermal drill target, the 2,500 m deep
Tire-1 well encountered politic schist and gneiss and the area was deemed unsuitable for geothermal
exploitation (modified from Kuyumcu et al. 2011)
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exposure to a temperature of about 180 �C at some previous time. The inactivity of the

travertine deposit might be attributed to a drop in the water table (see, e.g., Cumming 2009).

Possible further exploration step could be a shallow (250 m) exploration well (well A in

Fig. 11b) to obtain water samples from the high resistivity outflow zone (aquifer) and a

shallow seismic survey to localize fractured regions. To continue this hypothetical scenario,

let us assume that the exploration well reveals silicified sandstones with a temperature of

100 �C at 250 m depth, with cation geothermometry of 200 �C at the well bottom and the

seismic image reveals several fractures nearby the mapped fault. Based on this data, a second

deeper well (well B in Fig. 11b) could be planned to be drilled directionally across as many

structures as possible in order to establish a complete conceptual model and as a potential

exploitation well. For more details on this exploration scenario see Cumming (2009).

7 Conclusions

EM exploration of geothermal zones provides a useful contribution to geothermal explo-

ration and exploitation. Given the nature of the geothermal reservoirs, both high-enthalpy

hydrothermal systems and non-volcanic systems, electrical resistivity is a key parameter

(perhaps the key parameter) for exploration and the development of conceptual models. In

hydrothermal systems, electrical resistivity is dominated by alteration mineralogy, which

can be used as a useful proxy for temperature and therefore constrain the properties of

geothermal systems. In non-volcanic reservoirs, saline geothermal fluids and their flow

paths (faults and fractures) can be imaged by EM methods. Knowing the conductivity of

the fluids, it is possible to establish sensible estimates of porosity and/or permeability of

the system, which are important reservoir parameters. EM exploration of geothermal

systems is mostly a story of success, but the relationship between low resistivity anomalies

and geothermal targets should not be carried too far (avoid anomaly hunting) to not avoid

interpretation pitfalls which can result in expensive drilling exercises. Development of

conceptual models, based on electrical resistivity data, but incorporating geological,

geochemical, temperature and/or other geophysical data becomes a necessity when it

comes to the ultimate goal of exploration: understand the system.

Fig. 11 a Results of a hypothetical electrical resistivity survey and some known geological features.
b Possible conceptual model of the geothermal system. See text for details on the development of the
conceptual model (redrawn after Cumming 2009)
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relationship to lithology, salt tectonics, and thermal regime. Journal of geophysical Research 115, doi:
10.1029/2009JB006895

Bedrosian PA, Weckmann U, Ritter O, Hammer CU, Hübert J, Jung A (2004) Electromagnetic monitoring
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Iceland, pp 180 (in Icelandic)

Mortensen AK, Grönvold K, Guðmundsson A, Steingrı́msson B, Egilson T (2010) Quenched silicic glass
from well K-39 in Krafla, North-Eastern Iceland. In: proceedings world geothermal congress, Bali,
Indonesia

Muffler P, Cataldi R (1978) Methods for regional assessment of geothermal resources. Geothermics 7:53–89
Mulyadi (2000) Magnetotelluric method applied for geothermal exploration in Sibayak, North Sumatra. In:

proceedings world geothemal congress, Tohoku-Kyushu, Japan, pp 1469–1472
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