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Crustal-scale faults deserve more attention as potential deep low-enthalpy geothermal energy sources in Finland. 

As well known, major structures may behave as favourable permeability channels for meteoric waters. They may 

also be characterised by elevated geothermal gradients, although the opposite is also possible. For Enhanced 

Geothermal System (EGS) exploration projects, major faults may offer an alternative target potentially requiring 

much less hydraulic stimulation than conventional EGS projects.  
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1. Introduction 

The advantages of geothermal energy compared to many other renewable energy sources (e.g., 

wind and solar) are numerous and support attempts to decarbonate the world’s energy 

production. This natural energy source has a great and yet only marginally developed potential. 

In addition, it is available around the clock ubiquitously and in an environmentally friendly 

manner. It is also economically rewarding energy. There are three types of deep geothermal 

systems: (1) hydrothermal convective systems; (2) enhanced geothermal systems (also referred 

to as ‘hot dry rock’ systems); and (3) hot aquifers. Furthermore, geothermal systems are 

classified as high (above 150°C) or low (less than 150°C) enthalpy. The thermal energy 

extracted from the high-enthalpy systems allows direct production of electricity, but the low-

enthalpy systems are inefficient in this conversion and that is why they are mainly used for 

direct heating. 

Conventional geothermal systems are hydrothermal convective systems characterised by 

surface geothermal features such as fumaroles, hot springs, steaming ground, mud pools, and 

geysers, or just known thermal anomalies. Unfortunately, the Precambrian crystalline cratonic 

lithosphere of Finland is cold and hence totally unattractive from the viewpoint of conventional 

high-enthalpy geothermal exploration. Instead, bedrock of Finland is far from active volcanoes, 

tectonic plate boundaries, and other regions of high crustal heat flow. The metamorphically 

recrystallised bedrock is also dry, hard and has a low porosity (i.e., rocks are characterised by 

low fluid permeability, which is unfavourable for geothermal systems). 

 The current solution in Finland is to go deeper. Several deep geothermal projects are in 

the planning phase in Finland. For example, the St1 Deep Heat project has achieved to drill two 

boreholes over 6 km depth and managed to perform successful enhanced (or engineer) 

geothermal system (EGS) stimulation test (Kwiatek et al. 2019). In an EGS (Olasolo et al. 2016) 

project at crystalline bedrock, natural fracture network is stimulated to increase the 

permeability. However, the attempt is not to create new fractures to crystalline basement rock. 

In this contribution, the focus is on the crustal-scale faults in Finland and their potential 

to host deep low-enthalpy geothermal resources. In the literature, these are often referred as hot 
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aquifer geothermal systems. Sadly, bedrock in Finland is cold and topography of the typical 

Finnish landscape is subdued and thus advective geothermal cells where groundwater can 

circulate and become heated are hard to come by (Kukkonen, 2000). Nevertheless, geothermal 

heat is available even in these conditions if one only knows where to look for and has the 

technical capabilities (and a budget) to reach for it. We propose that faults as potential aquifers 

deserve more attention in Finland. 

 

2. Conventional methods used in geothermal exploration 

Like in mineral exploration, oil & gas exploration and water exploration, exploration of active 

geothermal systems essentially involves applications from of a number of geological, 

geochemical, and geophysical techniques. Geological studies may include, for example, surface 

geological mapping, structural geological modelling, stress field analysis, geomechanical 

studies, and test drilling. Different geochemical and geophysical methods are reviewed, for 

example, in the “Best practices guide for geothermal exploration” (IGA Service GmbH, 2014). 

Holma et al. (2021) introduces a new technique called muography to the geothermal community 

in Finland. In certain circumstances, this novel density-variation sensitive method has potential 

in this field of research, as already demonstrated by Tanaka et al. (2011) and Tanaka and 

Sannomiya (2013). It is noteworthy, however, that many of these methods are not necessarily 

suitable for areas having similar ‘cold’ geology as Finland. 

 

3. Structural controls on underground flow of meteoric water 

Favourable geothermal reservoirs are often characterised by interactions of fluids moving along 

fractures in bedrock like, for example, in Menderes Graben in Western Turkey (Faulds et al. 

2009). Wherever the faults intersect, thermally heated meteoric water can migrate either 

vertically or laterally, or both. At locations of increased permeability, hot springs occur as a 

manifestation of the underlying high-enthalpy geothermal field (the famous Pamukkale is one 

of these). However, in most places there is no evidence of the underlying geothermal deposit 

on the surface. In Finland, all geothermal resources are blind and of low enthalpy (i.e., they 

lack surface expression) due to low contemporaneous heat flow. 

Concerning crustal-scale fault zones, evidence from other parts of the world indicates that 

major structures are often favourable for high-enthalpy geothermal heat energy (e.g., Bächler 

et al. 2003; Garibaldi et al. 2010). There are many reasons for this. First, faults and fracture 

zones crosscutting crystalline bedrock have an enhanced permeability comparing to their less 

deformed surrounding lithologies. Indeed, faults and fractures accelerate introduction of 

surficial waters to depth, as well known by underground miners that have to pump water 

constantly to prevent flooding of their tunnels. Hence, major fault zones favour development 

of the deep (bedrock) aquifers. Second, the water is heated to the temperature of the surrounding 

heat gradient. This happens regardless how the water is introduced to its site of residence in the 

crust (i.e., actively by industrial-scale pump station or passively by natural drainage of surface 

water along structural failures in rocks). In the Rhine Graben, for example, contemporaneous 

water temperatures at the depths of 500 m and 1000 m are 20-40C higher than expected, 

suggesting that the given fault zone reaches at least 3 km depth and controls a major convective 

vertical fluid flow system (Bächler et al. 2003). Younger et al. (2012) report a nearly 1 km deep 

geothermal energy exploration borehole drilled in the UK in 2004 deliberately to a large fault 

zone. This new approach was in a drastic contrast with the earlier investigations based on the 

EGS concept. However, the result was a success as the borehole discovered permeability levels 

Younger et al. (2012) believed to be the highest natural permeabilities ever found in granite 

anywhere in the world. The bottom-hole water temperature at 995 m was 46.2C yielding a 
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geothermal gradient estimate of around 3.88C per 100 m. The heat flux (heat-flow density) 

from the granite was calculated to be 115 mW/m2. In Finland, the measured heat flux in the 

uppermost 1 km of bedrock range from very low values of <15 mW/m2 to 69 mW/m2, while 

temperatures vary between 14 to 22C at 1 km depth (Kukkonen, 2000). Based on extrapolated 

data and thermal modelling, temperatures exceeding 40ºC should be encountered at 1-1.5 km 

depth in Finland. Due to the fact that these numbers are far from those encountered at 1 km 

depth in the project area described by Younger et al. (2012), we propose that the best project 

areas are likely there where the targeted fault zone is covered by a sequence of rocks of poor 

thermal conductivity forming an elevated geothermal gradient below. The Muhos Graben, 

delineated by fracture and fault zones (Kohonen and Rämö, 2005), is an example of such 

geological domains in Finland. 

 

4. Concluding remarks 

Finland is located in an ancient cratonic shield area where geothermal energy is not as readily 

available as it is in countries like Iceland, Italy, Turkey, and New Zealand, where high-enthalpy 

geothermal systems are a well-known source of energy, including electricity production. 

Geothermal energy can nevertheless be harnessed in various ways and one of them is to tap into 

an enormous low-enthalpy heat source of the shallow crust. This is done in projects following 

the EGS concept. Some of the typical problems of EGS projects include microseismic events 

triggered by active hydraulic stimulation, which some people consider disturbing, especially if 

they occur during nights. Induced seismicity has been the cause of delays and threatened 

cancellation of several EGS projects worldwide (Majer et al. 2007). Normally, in EGS projects, 

the exploration and production heat wells are directed towards structurally relatively simple 

bedrock volumes in an effort to avoid technical problems in drilling. We propose, as 

summarised below, a tweak to this standard project outline. 

Geothermal energy is not suffering from the intermittency issues associated with variable 

renewables like wind and solar energy. Hence it is an ideal renewable resource for power 

production and especially for heating. We believe that there is a need in Finland for conceptual 

modelling, numeric simulations, and field testing of a geothermal EGS project in which the 

target for deep low-enthalpy geothermal energy is deliberately chosen to be a major structurally 

broken zone, instead the currently favoured model in which the target is relatively non-

fractured. This concept mixes warm aquifer (or, ideally, hot aquifers) and EGS concepts in an 

attempt to generate district heat (and possibly to provide heat storage opportunities) and to 

diminish the need for prolonged hydraulic stimulation. The first step in testing this concept 

could be done by investigating the concept with a small-scale pilot. On a larger scale, the target 

could be a known major structure that crosscuts nearby a settlement interested in geothermal 

energy and potentially also in heat storage. The directional drilling method could be used at the 

test drilling stage to locate the targeted structure(s) at depth. This way, theoretically speaking, 

the problem relating to low permeability could be lessened, and the time and resources put to 

stimulation of pre-existing fractures (potentially) cut. 

We naturally recognise many inherited problems in the above-described concept. These 

include higher risk for induced seismicity than those in the areas of solid rock and that there 

may be too much of the heat-transferring water lost to a major fault zone due to uncontrolled 

dimensions of the natural fracture network. In Finland, however, this may not be as significant 

a problem as in some other, less water-blessed countries. There are also other challenges, such 

as technical problems with drilling itself and potential unwanted impurities in water that 

interacts with faulted rocks at depth. In addition, resource cooling due to cool meteoric water 

may also result in problems for long-term heating energy production. This risk may be notable 
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where active hydrothermal systems do not occur (like in Finland). Owing to these problems and 

challenges, more conceptual work with multidisciplinary approach is needed (e.g., numeric 

simulations). In practical tests, geophysical methods are useful in selecting fault zones that are 

mid-sized (to lessen likelihood of severe water loss) and also otherwise favourable (e.g., located 

far from intersections of major structures to avoid uncontrollable fluid loss, and well oriented 

with respect to stress field). If possible, attention must also be paid for structural geological, 

microfabric, and seismic analysis to find out if any of the faults in a given region of interest 

contain evidence of geologically young activity. This may be important as the fault reactivation 

(Sibson, 1989) may have increased the permeability by re-opening ancient, sealed fractures 

(Laubach et al. 2014). Bense et al. (2013) discuss in detail about fault zone hydrogeology and 

fault zone processes that either increase or reduce permeability. We further propose that the 

novel geophysical method called muography could be used in geothermal resource assessment 

and aiding drilling to the most desirable structures in depth (for details, see Holma et al. 2021). 
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