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Abstract: Field exposures are often used to provide useful information about sub-surface reservoirs.
This paper discusses general lessons learnt about the use of deformed Devonian and Carboniferous
meta-sedimentary rocks in the Harz Mountains, Germany, as analogues for a proposed enhanced
geothermal reservoir (EGS) at Gottingen. The aims of any analogue study must be clarified, including
agreeing with people from other disciplines (especially reservoir modellers) about the information
that can and cannot be obtained from surface exposures. Choice of an analogue may not simply
involve selection of the nearest exposures of rocks of a similar age and type, but should involve
consideration of such factors as the quality and geological setting of the analogue and reservoir, and
of any processes that need to be understood. Fieldwork should focus on solving particular problems
relating to understanding the EGS, with care being needed to avoid becoming distracted by broader
geological issues. It is suggested that appropriate questions should be asked and appropriate analyses
used when planning a study of a geothermal reservoir, including studies of exposed analogues.
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1. Introduction

Rock exposures are commonly used as analogues to understand and make predictions
about sub-surface geology. Exposed analogues have been used for a range of applications,
including in the geothermal (e.g., [1]), mining (e.g., [2]), petroleum (e.g., [3]), hydrogeology
(e.g., [4]), nuclear waste disposal (e.g., [5]) and carbon sequestration (e.g., [6]) industries.
Many of these applications require understanding or prediction of fluid flow in the sub-
surface, which may be either through pores or through fractures within the rock.

Use of exposed analogues is relatively simple in cases in which there are not significant
differences between rocks at the surface and sub-surface. For example, sedimentological
analogues relate to depositional processes. While compaction and diagenesis during burial
may produce changes in the fabrics and thicknesses of sedimentary rocks, the arrangement
of depositional facies are largely unchanged. This means that sequence stratigraphy
(e.g., [7]), building on simple principles such as Steno’s “Law of Superposition” (e.g., [8])
and Walther’s “Law of Facies Adjacency” (e.g., [9]) still apply. Sedimentary analogues
are therefore routinely used to understand sub-surface sedimentary and reservoir geology
(e.g., [10]). Exposed analogues can be useful to study aspects of structural geology that
are not affected by significant changes as the rocks are exhumed. For example, exposed
analogues have been used to analyse fault geometries, kinematics and mechanics (e.g., [11]),
and to characterise vein networks (e.g., [12]). There are, however, problems in using
exposed analogues in situations where there are significant changes to key aspects of the
structural geology as the rocks are exhumed (e.g., [13]). This is particularly the case with
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joints, which are commonly created during exhumation (e.g., [14]). This means that joints
seen at the surface do not necessarily occur in the sub-surface.

This paper describes lessons we have learnt, while undertaking an analogue study in
the Harz Mountains as part of the EU-Horizon project MEET (Multidisciplinary and multi-
context demonstration of Enhanced Geothermal Systems exploration and Exploitation
Techniques and potentials). MEET was aimed at developing cost-effective techniques for
Enhanced Geothermal Systems (EGS) in a variety of geological settings across Europe.
The western Harz Mountains were selected as an analogue for a proposed EGS project
at Gottingen (Lower Saxony, Germany), where the reservoir rocks are expected to be
folded and thrusted Devonian and Carboniferous metasedimentary rocks. EGS involves
stimulation, which is the artificial increase in fluid flow through the reservoir rocks. Our
fieldwork therefore focussed on collecting structural data that would help model the effects
of hydraulic [15] and thermal stimulation on the Devonian and Carboniferous rocks beneath
Gottingen. During the MEET project, we attempted to use analogue exposures of fractures
constrain flow models and make predictions about enhanced geothermal systems.

The aim of this paper is to pass on our experiences and the knowledge gained. While
scientific papers tend to highlight successes, here we pass on some of the problems we
encountered, lessons we learnt and advice on how to avoid such problems.

2. Rationale for Using the Harz Mountains as an Analogue

This section explains the rationale behind the use of the Harz Mountains as an analogue
for the proposed EGS at Gottingen, gives an introduction to the geology of the region, and
compares the analogue with the sub-surface geology we expect at Géttingen. In the absence
of well data and with limited seismic data for the sub-Zechstein rocks, the rocks beneath
the Permian Zechstein evaporites at Gottingen must be predicted. Devonian quartzitic
sandstones and slates, and Carboniferous greywackes and slates (predominantly Culm
flysch deposits) are exposed in the western Harz Mountains ~40 km to the NE and in the
Rhenish Massif ~70 km to the SW (e.g., [16-18]), as shown in Figure 1. We have selected
analogue sites in the Oberharz Anticline and the Culm Fold Zone, which belong to the
parautochthonous domain of the Harz Mountains (e.g., [19]) because we consider these to
be areas to have the best exposures of the sub-Zechstein rocks that are most likely to occur
beneath Gottingen [20].

The Devonian and Carboniferous rocks of the region are part of the Variscan fold-
thrust belt (e.g., [21]). Later deformation events in the region include Late Cretaceous and
Cenozoic uplift and exhumation in the Harz Mountains (e.g., [22]) and Cenozoic rifting in
the Gottingen area (the Leinetal Graben, e.g., [23]). The fractures visible in the exposures of
the Harz Mountains include veins and joints [24,25], with cleavage being well-developed
in the slates [26]. Thrusts that appear to have displacements of up to a few metres are
exposed [27], but larger thrusts are not well-exposed. The north-eastern boundary the
Harz Mountains is marked by the Harznordrand Fault, which was active during the Late
Cretaceous and Tertiary (e.g., [28]). NW-SE striking Mesozoic normal and oblique-slip
faults occur in the Harz Mountains, some of which contained economic Pb-Zn and Ba-F
deposits [29].

Table 1 shows seven key parameters that control deformation of rocks and our predic-
tions for the Variscan rocks that occur beneath Gottingen. Table 1 also includes comments
on what can and cannot be learnt from the Harz Mountains. While the exposed analogues
give useful information about lithologies, the conditions that existed during the Variscan
Orogeny and about Variscan structures, they tend to give less information about subsequent
conditions and deformation. For example, it is difficult to determine absolute ages of joints
and to determine the tectonic conditions under which they formed. Differences between
the rocks exposed in the Harz Mountains and those at a depth of more than 1.5 km beneath
Gottingen include:

1.  The Gottingen area has undergone post-Variscan rifting (the Leinetal Graben) and
still has a cover sequence of Permian and Triassic sedimentary rocks about 1.5 km
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thick. The Harz Mountains, however, have undergone several kilometres of exhuma-
tion since the Late Cretaceous and have been fully exhumed (i.e., there is no cover
sequence).

2. The different overburden and tectonic regimes of the Harz Mountains and the Got-
tingen area mean that the post-Variscan (and present-day) stress magnitudes and
orientations were different, potentially leading to different types and orientations of
structures.

3. For example, the graben formation at Gottingen is related to a set of N-S trending
fault zones that consist of NNE-SSW striking en echelon segments, which may extend
into the Variscan rocks. This set of faults is not observed in the Harz Mountains but
may be comparable with a set of NW-SE striking Mesozoic normal and oblique-slip
faults developed during the uplift of the Harz Mountains.

4. Exhumation means that many of the post-Variscan structures observed in the Harz
Mountains, especially the joints, may not occur at reservoir depths at Gottingen. We
suggest, however, that the joints observed in the Harz Mountains give us strong
indications of the patterns of induced fractures that would be created by stimulation
of Variscan rocks beneath Gottingen. Both natural jointing and fracture development
during artificial stimulation occurs as the rock responds to changes in stresses, fluid
pressures and/or temperatures. Such observations as whether or not joints cross
bedding planes or follow pre-existing veins therefore give indications about likely
fracture behaviour during stimulation. As such, they are useful for predicting patterns
of induced fractures and for use in DFN modelling.

5. The cover sequence at Gottingen includes the Zechstein salt deposits, which may
mean both that the pore fluids in the Variscan rocks may be saline and that those
fluids could be overpressured.

|:| Cenozoic . Carboniferous

0 50 100 km - Mesozoic . Devonian

. Permian . Lower Palaeozoic

Figure 1. Geological map showing the location of the Harz Mountains, where the exposed De-
vonian and Carboniferous rocks are used as an analogue for a proposed EGS at Gottingen. Ad-
ditionally, shown is the Rhenish Massif, which also shows exposures of Devonian and Carbonif-
erous rocks. Gottingen along strike of the Variscan belt between the Harz Mountains and the
Rhenish Massif. The dominant lithologies are as follows. Lower Palaeozoic, Devonian and Car-
boniferous: metasedimentary sandstones, slates and carbonates. Permian: sandstones, marls and
evaporites. Mesozoic: shales, sandstones and limestones. Cenozoic: unconsolidated siliciclas-
tic sediments. Data source: GK1000© BGR, Hannover, 2013. Downloaded on 6 June 2022, from
https://gdk.gdi-de.org/geonetwork/srv/api/records/5f77d681-b7e4-4dd0-8f15-7b93744450b0.
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Table 1. Key parameters that control rock deformation with predictions for the Variscan rocks beneath

Gottingen and comments on what can and cannot be learnt from the exposed analogues in the Harz

Mountains. For a list of parameters to be characterised in a geothermal reservoir, see [30].

Factor Meaning Significance Variscan Rocks Beneath ~ What Can Be Learned
Gottingen from Exposed Analogues
Lithologies Rock types, their porosities ~ Controls the Devonian and Information about rock
and mechanical behaviour = mechanical behaviour —Carboniferous types and their mechanical
of the rock. This greywackes and slates properties (from
parameter can change deformation tests of
significantly through samples)
time, especially as
deformation occurs
Fluid type The chemistry and phase Controls the fluid Present-day: water. Information about fluids
of the palaeo- and pressure gradient and ~ Mineralising fluid and before, during and after the
present-day fluid(s) mineralisation events  remobilised sediments Variscan Orogeny
during the Variscan
Orogeny
Stress Magnitudes and Along with fluid While the vertical stress Information about the

orientations of the applied
stresses, including the
vertical stress (overburden)

pressure, controls the
effective stresses,
which control the

can be calculated using
the mean density of the
overburden, the

orientations and possibly
magnitudes of stresses
during the Variscan

and horizontal stresses. deformation magnitudes and Orogeny but limited
Horizontal stresses are orientations of the information about
related to the geostatic horizontal stresses are subsequent stresses,
pressure ratio, applied uncertain including present-day
tectonic stresses and to stresses
internal stresses (e.g.,
related to temperature
changes)

Fluid pressure  Palaeo- and present-day Along with the Presently probably Information about fluid

fluid pressures

stresses, controls the
effective stresses,
which control the
deformation

hydrostatic. Veins,
breccias and possible
remobilised sediments
indicate phases of
overpressure during the
Variscan Orogeny

pressure during the
Variscan Orogeny and
during later mineralisation
events, but not about
present-day fluid pressure.
The Zechstein Salt may
enable overpressure to
occur in the underlying
Variscan rocks

Temperature Palaeo- and present-day Influences the style of Depends on the Indications about
temperatures deformation, with geothermal gradient temperatures during the
present-day (~30 °C per km), but Variscan Orogeny but
temperature likely to be reduced limited information about
controlling because of the overlying  later temperatures
commercial viability ~ salt. Possibly elevated by
Tertiary igneous activity
Strain The amount of strain and Influences fluid flow = Dominated by: Information about strains

the existing structures

in the sub-surface
and present-day
mechanical behaviour
of the rocks

(1)  Variscan Orogeny,
with folds, thrusts
and veins;

(2) Late Cretaceous
and Tertiary rifting
and/or uplift, with
normal faults and
joints developing

and structures caused by
the Variscan Orogeny, but
limited information about
later deformation.
Gottingen shows
post-Variscan rifting, while
the Harz Mountains
underwent Late Cretaceous
and Cenozoic uplift and
exhumation
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Table 1. Cont.

Factor Meaning Significance Variscan Rocks What Can Be Learned
Beneath Gottingen from Exposed Analogues
History The relative and absolute Controls the typesof (1)  Sedimentation Information about the pre-

timing of deformation
(including mineralisation)
events and structures

fractures (faults,
veins, joints, etc.) and
therefore their effects
on fluid flow in the
sub-surface

during the Devonian
and Carboniferous.
(2)  Variscan Orogeny.
(3) Permian and
Mesozoic
sedimentation and
basin development.
(4) Cretaceous and
Tertiary regional

and syn-Variscan history,
but not about subsequent
deformation. While the
Variscan rocks beneath
Gottingen have undergone
rifting and have not been
fully exhumed, the Harz
Mountains have
undergone several

uplift. kilometres of Late
(5) Tertiary rifting and Cretaceous and Cenozoic
volcanism exhumation

3. Lessons Learnt about the Use of Analogues

We experienced the following problems and learnt the following lessons about the
use of analogues for fractured geothermal reservoir rocks during the course of the MEET
project.

3.1. Aims of Using an Exposed Analogue

A problem we had with the fieldwork in the Harz Mountains arose because it was
undertaken for several different reasons. Although at the start of the project the aim was
to develop a numerical model for fluid flow through the rocks [31], various other aims
were introduced. These included: to create general and conceptional structural models
for the Harz Mountains, to determine the histories of deformation and fluid flow, to make
predictions about the sub-surface at Géttingen, and to provide data that could be used
by colleagues to perform discrete fracture network (DFN) modelling of fluid flow in the
sub-surface. While these different aims were not necessarily conflicting, they did lead
to some confusion in deciding what types of structures were important to analyse, how
best to analyse them, and what data were needed. For example, one of the methods used
was to map traces of veins, joints and other fractures exposed on rock surfaces to provide
inputs into DFN models. We realised, however, that these maps lacked vital information
that would enable realistic DFN models for the sub-surface at Gottingen to be created
(Section 3.3), although they did help us interpret the histories of deformation and fluid flow
in the Harz Mountains.

A study of an exposed analogue needs to be set up carefully, including definition
of the problems being addressed and the aims of the work. These aims then need to
be translated into specific objectives, with careful consideration of the priorities of each,
determination of the data needed, and establishment of the appropriate methods. It is also
important to keep evaluating the work, to determine whether the approach is working,
and to make changes as needed. General questions that may typically be asked about a
potential exposed analogue include:

e  Isthe aim to make specific predictions about the rocks and structures in the sub-surface
or is it to understand certain processes?
What lithologies and lithological relationships occur?
Can rock samples be collected that are suitable for determining geomechanical and
petrophysical properties, and for geochemical analyses?
What structures occur in the exposed analogues?
What are the spatial and temporal relationships between those structures?
What frequencies and patterns of open fractures occur in different lithologies, and
what controls their development?
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e Is there information about active fluid flow in the sub-surface, such as evidence of
hydrothermal fluids in spring water?

An important lesson from our fieldwork in the Harz Mountains was not just that we
needed to be clear at the start of the work what problems were being addressed, but that we
needed to frequently review our progress in solving (and ability to solve) those problems
and be prepared to adjust the approaches used.

3.2. Choice of Exposed Analogue

The Harz Mountains were an obvious choice for an analogue study because similar
rocks are expected to occur in the sub-surface at Gottingen and are likely to have similar
structures and deformation histories (Section 2 and Table 1). Furthermore, geographical
proximity meant that long journeys and overnight accommodation were not needed for
fieldwork. There are, however, two main problems with the Harz Mountains as an analogue
study area. Firstly, the exposure quality is commonly poor, being restricted to steep road-
cuts, abandoned quarries and natural exposures that are typically up to a few tens of metres
long and a few metres high. Many of the best exposures are cliff faces formed by the
dominant set of joints, which are steeply dipping and strike at a high angle to the Variscan
folds, thrusts and cleavage. While these exposure surfaces are ideal for analysing the
Variscan structures, they are poor for analysing the fracture networks, especially the joint
systems, because it is difficult to analyse those structures in three dimensions. Secondly,
while the Harz Mountains have undergone several kilometres of exhumation since the Late
Cretaceous, the Gottingen area is in a Late Cretaceous and Cenozoic rift and has undergone
far less exhumation (Table 1). Both areas, however, underwent post-Variscan, pre-Zechstein
exhumation.

Lessons learnt about the choice of field areas from use of the Harz Mountains include
the following:

e  Gottingen lies between exposures of Devonian and Carboniferous metasedimentary
rocks in the Harz Mountains and the Rhenish Massif (e.g., [21]). The field area and
the geothermal reservoir rocks are therefore assumed to show similar lithologies
(including lithological relationships, bed thicknesses, weathering, etc.), structural
geometries, age relationships between those structures, tectonic histories, kinematics,
mechanical properties and fluid flow histories. Although no exposed analogue is
likely to show fractures (especially joints) that are a perfect match to the sub-surface,
the analogue should show enough commonality to the reservoir to enable reasonable
comparisons to be made about aspects of the geology.

e  Exposure quality is important in controlling the data that can be obtained. The
Harz Mountains are only approximately 50 km away from the proposed geothermal
reservoir at Gottingen, and we aimed to correlate our results with those of partners
in the MEET project who were carrying out fieldwork in the Rhenish Massif. An
alternative, however, would have been to study more distance but better-exposed
areas to make it easier to investigate fracture systems in three dimensions. For example,
the Devonian and Carboniferous rocks in Cornwall, UK, are very well exposed in
coastal cliffs and on wave-cut platforms (e.g., [32]). Even though the exposures on the
coast of Cornwall are approximately 1000 km west of Gottingen, they may provide
additional valuable information about the structures developed in Upper Palaeozoic
sedimentary rocks in the Variscan Belt.

e  There may be greater flexibility on the choice of analogue if the aim of the fieldwork is
to understand processes rather than to obtain specific data about such information as
the lithologies and types of structures that are likely to occur in a geothermal reser-
voir. For example, one question the fieldwork in the Harz Mountains addressed was
whether slates can fracture, which would help us determine their reservoir properties
and behaviour during stimulation. Veins and joints in the Upper Palaeozoic slates of
the Harz Mountains (Figure 2) show that the slates have been prone to fracturing at
different times in their history, so they have potential as reservoir rocks. The same



Geosciences 2022, 12, 318

7 of 16

observations could have been made on slates in other regions. Indeed, observations
from a range of slates of different compositions, of different ages and subjected to
different deformation histories, are likely to have improved knowledge about the
reservoir properties of slates, thereby improving predictions for the sub-surface of
Gottingen.

Joint ¢
surface

&

Figure 2. Photograph of a syncline in Upper Palaeozoic slates at Schulenberg im Oberharz, Harz
Mountains, Germany. Most of the exposure surface is defined by a set of steeply dipping joints that
strike at a high angle to the fold.

3.3. What Exposed Analogues Can and Cannot Tell You

One of the main aims of the fieldwork in the Harz Mountains was to provide data
about fracture networks and their relationships to folds to create a conceptual model that
could be used in DEN modelling to predict fluid flow rates in the sub-surface at Gottingen.
Such modelling requires such data as the in situ stresses as well as the apertures and
connectivities of open fractures in the sub-surface (e.g., [33]). This information cannot
be provided from rocks exposed at the surface. For example, joints commonly develop
during exhumation (e.g., [34]), with the apertures, frequencies, sets and patterns of joints
seen at the surface not necessarily being the same as those at reservoir depths. While the
joints analysed in the Harz Mountains may give some indications about open fractures in
the sub-surface at Gottingen, such as whether open fractures may be expected to occur in
slates, they did not provide sufficient information about sub-surface fractures to enable
meaningful DFEN modelling to be undertaken.

Exposed analogues may provide information about such characteristics of sub-surface
geology as lithologies, the geometries and kinematics of certain structures (e.g., folds, faults,
veins), the histories of deformation and fluid flow, and aspects of mechanical behaviour
(e.g., mechanical stratigraphy). Exposed analogues cannot, however, provide with much
certainty information that is important for reservoir modelling, such as the presence and
geometries of open fractures, fracture porosity, stresses, temperatures and fluid flow. Some
certainty about conditions in the sub-surface will only be obtained when well data become
available.

Fieldwork in the Harz Mountains, and our subsequent attempts to use the data to
make predictions about the sub-surface geology at Gottingen taught us the importance
of understanding what you can and cannot do with field data, and of conveying that
information clearly to other people who may rely on those data. Both field geologists
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and reservoir modellers need to be aware of the limitations of field data, as to be aware
of the uncertainty limitations of subsequent models. We found that field data are useful
for developing initial models and for testing concepts (e.g., [35]), and we used data and
observations from the field to make simple predictions about the effects of hydraulic
stimulation in the potential geothermal reservoir rocks at Gottingen [15].

An important consideration in the comparison between an exposed analogue and
a reservoir is that they have different histories, especially their burial and exhumation
histories. Many of the structures that occur in the surface exposures in the Harz Mountains
that are likely to be important in a geothermal reservoir at Gottingen probably post-date
the Variscan Orogeny. These include the joints, many of which are likely to have been
caused by exhumation (e.g., [36]). Such differences must be considered when comparing
an exposed analogue with a reservoir.

3.4. Avoid Distracting Topics

Fieldwork in the Harz Mountains taught us the importance of focussing on the key
aims of the study and of being careful to avoid spending too much time on by other
interesting topics. Two aims of the project were: (1) discovering the ways and methods to
use an exposed analogue for predicting the properties of enhanced geothermal systems,
and (2) to use the exposures in the Harz Mountains to help us predict the characteristics
and behaviour of the reservoir rocks beneath Gottingen. Fieldwork often leads to new,
unexpected discoveries, and these should not be ignored. It is important, however, that
such discoveries do not cause too much distraction from the aims of the field study. We were
occasionally distracted by discussions about Variscan tectonics, which were not directly
related to the aims of the fieldwork but did lead us towards new research projects. While
an academic environment provides freedom to follow new ideas and research interests, it
is still important to do the work expected by academic partners and by funding bodies.
The need to stay focused on solving particular problems is more intense in industry, where
managers and clients will expect particular outcomes from a study:.

While the Harz Mountains were selected as an analogue because they show similar
rocks and structures that are expected to occur beneath Gottingen, and these were compared
with exposures in the Rhenish Massif, a more distant analogue site could have been selected,
for example if the more distance analogue has better exposure. Key factors to consider in
the choice of an analogue site include how well the lithologies and structures match the
geothermal reservoir, and the quality of the exposure. As such, the ages of the rocks and of
the deformation may be irrelevant.

3.5. Use of the Term “Fracture”

Our work in the Harz Mountains, and the subsequent attempts to use this work to
make predictions about the sub-surface at Gottingen, showed the importance of specifying
fracture types in the field. Reservoir modellers commonly use the general term “fracture”,
and often do not distinguish between faults, veins, joints and other types of fracture. When
field geologists also use “fracture”, they cannot properly understand the geometries, age
relationships, tectonics, mechanics and fluid flow histories of the rocks and the fractures
they contain [37,38]. Different fracture types have different origins, distributions and prop-
erties, hence different significance in predicting the engineering behaviour of a reservoir.
For example, veins are fractures that are partly or completely sealed by minerals, while
joints are not mineralised (Figure 3). Thus, veins will tend to have greater mechanical
cohesion and are less likely to be conduits for present-day fluid flow, than joints. Veins also
tend to be clustered, such as in fold hinges (e.g., [39]) and around faults (e.g., [40]), whilst
joints tend to be more widely distributed in a rock mass (e.g., [41,42]). Such differences
have significance for the properties of an EGS and on the ways the reservoir rocks respond
to stimulation. Merging these different types of structures together as “fractures” during
initial fieldwork in the Harz Mountains meant that important interpretations about the
histories and significance of those structures could not be made.
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-3 Partl‘;yv-ﬁlied“duéi'tz vein

Joint plane

Figure 3. Photographs of different types of “fractures” in the Harz Mountains. (a) Partly filled quartz
vein in a sandstone, which resulted from and gives information about palaeo fluid flow. The vein
was either never completely cemented or has been subjected to weathering. The quartz will hinder
present-day fluid flow through the vein. (b) Joints in sandstones and slates. Veins are (by definition)
not mineralised, so are potential pathways for present-day fluid flow in the sub-surface.

Whilst geologists are generally well-aware of the significance of different types of
fracture, engineers are more likely to think of a fracture simply as a surface across which
the rock mass may lose cohesion or frictional resistance. To a reservoir engineer, a fracture
may assume the role of a large void that facilitates fluid flow. A major problem occurs
when these different groups start to communicate referring to everything as a “fracture”,
mainly in the interest of finding a common language. In the MEET project, geologists
investigating faults, veins, joints and other types of fracture would present their field data
as measurements of the geometries and topologies of “fractures”. This can easily result
in vein data being used to estimate fluid flow in DFNs (i.e., treated as “open” fractures,
modelled by flow between parallel plates; see Section 3.7).

3.6. Palaeo Fluid Flow vs. Present-Day Fluid Flow

The fieldwork in the Harz Mountains taught us the importance of differentiating
between studies of palaeo fluids and studies to make predictions about present-day fluid
flow. This issue is related to use of the term “fracture” (Section 3.5), because the minerals
within veins tend to give information about palaeo fluid flow (e.g., [43]), while knowledge
about joints and other open fractures helps in predicting present-day fluid flow (Figure 3).
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For example, while the maps of fracture traces we created (Section 3.1) turned out to be of
little use for DEN modelling, they did provide a basis for understanding the palaeo fluid
flow through veins and the potential for present-day fluid flow through joints.

When the aims of the fieldwork are decided, it is important to study the appropriate
fractures using appropriate methods. For example, a study of an ancient hydrothermal
system should focus on veins and the minerals they contain, while a study to predict
present-day fluid flow would tend to focus on joints and other open fractures.

3.7. Understanding the Needs of Other Disciplines

One of the original aims of the fieldwork in the Harz Mountains (and of other analogue
areas used in the MEET project) was to obtain field data that could be used to create models
to predict fluid flow in the sub-surface. A particular problem, however, was that the field
geologists were not able to collect key data that the modellers, who were not geologists,
needed to make realistic DFN models (Section 3.3). Such data included information about
the apertures and connectivities of open fractures (e.g., joints) in the sub-surface. This led
to mutual frustration. It is therefore important that field geologists are clear about what
can and cannot be learnt from analogues, including what data can be collected. Another
problem was that the field geologists would use terminology that the reservoir modellers
did not understand and vice versa. An example of such miscommunication was the use of
“fracture” by the reservoir modellers to mean a discontinuity along which fluids can flow
in the present-day, while the geologists would use the term for any brittle discontinuity,
regardless of the potential for fluid flow (Section 3.5). For example, if a field geologist
reports an abundance of veins with apertures of 1-10 mm, this does not justify a modeller
using open fractures with apertures of 1-10 mm in a DFN model.

Lessons from our experience of working with reservoir modellers to make predictions
about the sub-surface at Goéttingen include: (1) it is important to understand the data
they need to develop their models; (2) modellers must be informed about what data can
and cannot be provided from field data, and this should include information about the
uncertainties in the field data; (3) a common understanding of the terms used by both
geologists and non-geologists must be established.

4. Integration of Exposed Analogues in the Analysis of Geothermal Reservoirs

This section discusses how exposed analogue studies may be best integrated in the
analysis of geothermal reservoirs.

4.1. Improved Understanding of the Contribution of Exposed Analogue Studies

The starting point of any scientific study is generally a question or problem that needs
to be solved. The initial aims of the use of exposed analogues in the MEET project are
described by [31]. Table 2 shows some of the questions that should be asked when setting
up a study, either of a geothermal reservoir or an exposed analogue, along with elements
that need to be considered in such studies. It also shows how exposed analogues may help
answer those questions. Table 2 aims to show the importance of deciding what problems
are to be addressed and determining the appropriate ways to solve those problems. We
suggest four steps in determining how best to use an exposed analogue:

1.  Decide whether the analogue is being used to understand a palaeo-hydrothermal system
or to make predictions about present-day conditions in the sub-surface (Section 3.6).

2. Determine what aspects of the analogue need to be characterised. Table 1 gives infor-
mation about key parameters that control rock deformation, about which information
is likely to be needed.

3. Determine what data are needed and that can be obtained.

4.  Determine the appropriate analysis type or types. Analysis types commonly used to
analyse geothermal reservoirs are shown in Table 2.
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Table 2. Examples of questions that should be asked when planning a study of a geothermal reservoir
or of an exposed analogue. Additionally, shown are typical elements that need to be considered and

comments about how exposed analogues can be used to study these elements.

Questions Elements Use of Exposed Analogues
Wh . Information about a palaeo hydrothermal system can be obtained
at type of system is P . .

being studied? Palaeo hydrothermal rom mlr}erals, from either exposeq analogues or from well Qata.
Information about present-day fluid flow in a reservoir requires
information about porosity and open fractures, ideally supported

Modern geothermal by production data. There are problems involved in using exposed

analogues to predict fluid flow in the sub-surface (e.g., Section 3.3)

What aspect of the Rock Ref. [30] present the “hexagon concept” to show the six elements of

system is of interest? Fractures a geothermal reservoir that need to be analysed. Exposed

Pressure regime
Temperature regime
Fluid phase
Gaseous phase

analogues can provide important information about the “rock” and
“fracture” elements (next two rows)

What aspects of the rocks
are of interest?

Lithologies

Ages

Tectonostratigraphy
Diagenesis, metamorphism
Geometries and structures
Mechanical behaviour
Porosity and permeability

Exposed analogues can give vital information about the rocks in a
reservoir, although care is needed. The reservoir rocks and exposed
analogues will have different amounts of burial and exhumation, so
some elements may differ

What aspect of the Basic geology Ref. [38] describe seven types of analysis that can be used to study
fractures are of interest?  Geometry and topology fractures in rock. The appropriate analysis type is needed to answer
Age relationships specific questions about fractures in a geothermal reservoir or in
Kinematics exposed analogues
Tectonics
Mechanics
Fluid flow
What information is Geophysical data Typical information that may be available, obtainable or desired to
needed? Well data study geothermal reservoirs, including exposed analogues

Exposed analogues
Similar reservoirs
Reservoir models
Conceptual models
Geochemical data

What disciplines are
appropriate?

Geophysics

Rock mechanics and petrophysics
Geochemistry

Sedimentology

Igneous geology

Metamorphic geology

Structural geology

Numerical modelling

Typical types of study (disciplines) used to study the geology of
geothermal reservoirs, including exposed analogues

4.2. Modelling Techniques

As discussed in Section 3.3, exposed analogues cannot provide some information
that reservoir modellers may need to create realistic DFN models. To make predictions
about the sub-surface at Gottingen before well data are available, we therefore had to use
modelling techniques. We used Mohr diagrams with realistic ranges of input parameters
(mostly using data from the exposed analogues in the Harz Mountains) to make predictions
about how the Devonian and Carboniferous rocks expected to occur beneath Gottingen
will respond to stimulation [15]. Modelling techniques need to be used that are suited
to answering the right questions at early stages of geothermal assessment, and that are
feasible based on the data available at the pre-drilling stage.
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4.3. Ranges and Variabilities of Parameters

The modelling approach we used to predict the response of rocks in the sub-surface at
Gottingen used information obtained from the exposed analogues in the Harz Mountains
(Section 4.2; [15]). This included information about the ranges and variabilities of such
factors as rock mechanical properties and the geometries of structures (e.g., folds, veins
and joints). Exposed analogues are therefore useful for providing realistic ranges of input
parameters for modelling. In our experience, non-geologists tend to want a single value or
answer for any given parameter. Exposed analogues are therefore particularly useful for
informing people from other disciplines (such as reservoir modellers and drilling engineers)
about such geological variabilities.

4.4. Knowledge Transfer

Another way exposed analogues can be used in the analysis of geothermal reservoirs
is in improved communication and knowledge transfer between scientists from different
disciplines (e.g., between geologists, reservoir modellers and drilling engineers). Discus-
sions about exposed analogues, especially when undertaken in the field, can help geologists
and non-geologists appreciate potential and actual links between surface and sub-surface
geology, and between geology and other disciplines. Exposed analogues can be used to
help answer a series of key questions, such as:

1.  What measurements are (and are not) needed for a specific model?

Can geologists make such measurements?

How much certainty do we have in those measurements?

How can measurements be scaled for modelling purposes?

Does the parameter-space in modelling adequately encompass the geological variabil-
ity and uncertainty?

SR

Expressing a model purely in terms of black-box equations will not usually help a
geologist understand what the model does or how different parameters are used. Similarly,
field data fed to modellers needs to be accompanied by information that captures potential
factors that are important in its use (e.g., “open” vs. “closed” fractures, scale ranges over
which data were collected).

5. Discussion of Other Uses of Analogue Exposures of Fractured Rock

Although we have used exposures in the Harz Mountains as analogues to make
predictions about a proposed EGS, our experiences can give useful insights into the use of
exposed analogues for other situations in which it may be important to predict fluid flow
through fractures in the sub-surface. This includes use of analogues for studies on other
types of geothermal systems (e.g., [44]), hydrogeology (e.g., [45]), nuclear waste storage
(e.g., [46]), CO; sequestration (e.g., [47]), mineral extraction (e.g., [48]), and petroleum
resources (e.g., [49]). Any study using analogues has to be carefully planned and focussed
so that specific questions about the sub-surface can be answered. The fieldwork must be of
use to, and understandable by end-users from other disciplines.

As discussed in Section 3.3, it is important to understand what can and cannot be learnt
from exposed analogues, and this will change based on the intended use of the analogue.
For example, if the fieldwork is to collect information about veins that formed during
particular time periods or tectonic events, then this information is likely to be directly
applicable to understanding those vein systems that occur in the sub-surface (e.g., [50]).
Note that certain minerals can be utilised for chemical stimulation (e.g., [51]). More care
is needed, however, if the exposed analogue is used to map joint systems for direct use
in DFN models of the sub-surface, especially if those joints formed during exhumation.
For example, while the Devonian and Carboniferous rocks beneath Gottingen may have
joints related to exhumation during and immediately after the Variscan Orogeny, they are
less likely than the Harz Mountains to have joints related to Late Cretaceous and Cenozoic
exhumation. Joints exposed at the surface may therefore not equate in a simple way to
open fractures in the sub-surface.
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6. Conclusions

While exposed analogues can provide critical information that can be used to make
predictions about the sub-surface, including the behaviour of enhanced geothermal systems
(EGS), care is needed in planning and executing fieldwork. We highlight key learning
gained during our use of the Harz Mountains (Germany) as an analogue for an EGS at
Gottingen, which will be applicable to studying analogues elsewhere:

1.  The aims of the analogue study need to be clearly established, with focus being placed
on what questions will be addressed by the fieldwork (Table 2).

2. A field area needs to be selected that is best suited to solving the problems being
addressed. For example, an analogue should not necessarily be selected just because
it is the nearest exposure of the rocks that are expected to occur in the EGS. While
more distant field areas may show better-quality exposure, they must provide useful
insights into the geothermal reservoir.

3. Itisimportant to understand, and to be clear with people from other disciplines, what
information exposed analogues can and cannot give about the sub-surface. Exposed
analogues may not provide the specific data required by, for example, dynamic
modelling. Fieldwork can, however, provide critical insights into the likely behaviour
of rocks in the sub-surface, such as whether natural or induced fractures will cut
across bedding planes.

4. Science is generally about solving problems, and exposed analogues for EGS must
answer particular questions about the behaviour of reservoir rocks. It is therefore
important to avoid letting interesting new topics cause too much distraction from the
main aims of the fieldwork.

5. It is unhelpful to use the term “fracture” as a field description, and the types of
“fractures” must be defined during fieldwork. While veins give useful information
about palaeo fluids, they are less likely to contribute to fluid flow in the sub-surface
than are such open fractures as joints.

6. A key decision about the exposed analogue is whether it is being used to obtain
information about a palaeo hydrothermal system or to provide information about
present-day fluid flow in the sub-surface.

7. Because exposed analogues are often used to provide information to people from
other disciplines, it is important to understand what those people need and to gain a
common understanding between field geologists and the people who will be using
the field data.

We make several suggestions for how studies of exposed analogue studies can be
better integrated into the analysis of geothermal reservoirs:

1. Improved understanding of the contributions exposed analogues can and cannot
make to predicting the behaviour of geothermal reservoirs will help analogue studies
be used more effectively.

2. Modelling techniques need to be used that are appropriate to the data that are avail-
able.

3. The fieldwork must establish the ranges and variabilities of parameters that will be
used to understand an EGS. This information can then be used to predict the ranges
of structures that are likely to be encountered in the sub-surface, and to help explain
well data in the reservoir evaluation stage of EGS development.

4. Exposed analogues can play a vital role in knowledge transfer between different
disciplines, especially between field geologists, modellers and drilling engineers.

While we focus on the use of exposed analogues for EGS, much of this paper is
applicable to other situations in which it is important to make predictions about fluid flow
in the sub-surface. For example, understanding the behaviour of rocks, the structures
within those rocks and their effects on fluid flow is vital to nuclear waste storage, CO,
sequestration, hydrogeology and the petroleum industry. In each of these applications, an
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appropriate exposed analogue should be studied in suitable ways to answer key questions
that will enable predictions to be made about the sub-surface.
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