Fractured continental crust: permeability, fluid-flow, and connectivity of
fractures in the crystalline basement
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The permeability of fractured crystalline basement of the upper continental crust is an intrinsic property of a
complex system of rocks and fractures that characterizes the flow properties of a representative volume of that
system. Permeability decreases with depth. Permeability can be derived from hydraulic well test data in deep
boreholes. Only a handful of such deep wells exist on a worldwide basis. Consequently, few data from
hydraulically tested wells in crystalline basement are available to the depth of 4-5 km. The permeability of
upper crust varies over a very large range depending on the predominant rock type at the studied site and the
geological history of the drilled crystalline basement. Hydraulic tests in deep boreholes in the continental
crystalline basement revealed permeability values ranging over nine log-units from 102! to 1012 m2. This large
variance also decreases with depth, and at 4 km depth, a characteristic value for the permeability is 101> m2.

At depths below the deepest wells down to the brittle ductile transition zone, evidence of permeability can be
found in surface exposures of rocks originally from this depth. Exposed hydrothermal reaction veins are very
common in continental crustal rocks and witness fossil permeability and its variation with time. The existence
of deep circulating systems (e.g. thermal springs), huge water table fluctuations due to earth tides, or long-
lasting hydraulic tests show that the fracture pore space is interconnected on a large scale and that the crust
reacts hydraulically coherent.

INTRODUCTION

Features of brittle deformation, such as fractures, faults, joints and veins, are the principal water (fluid)
conducting structures in crystalline basement rocks and provide the dominant conduits for fluid flow in the
brittle upper continental crust. Fluid flow can be described by the flow law of Darcy. Flow is driven by a
hydraulic head and controlled by the prime parameters of advective fluid, solute und heat transport in
fractured crystalline rocks namely permeability and porosity. Depending on the scale of interest, different
methods are used to determine the two parameters. These include laboratory measurements (e.g. Berckhemer
et al. 1997), fracture analysis (Mazurek et al. 2003; Jakob et al. 2003; Caine et al. 1996), geophysical modeling
of heat flow data (e.g. Hayba & Ingebritsen 1994) and in-situ testing of boreholes (e.g. Nielsen 2007; Peters
2012). Well tests provided permeability data from the crystalline basement to depths of 5 km and offered
insights into the permeability structure of the crust and its variation with depth and lithology.

Darcy flow is limited to the brittle upper crust. Below the brittle-ductile transition zone (Duba et al. 1990;
Wintsch et al. 1995), fluid cannot be transported by Darcy flow (Frost & Bucher 1994). The concept of hydraulic
conductivity is not valid in the ductile lower crust (at ~ 15 km depth and 350 °C; Wintsch et al. 1995), because
the fluid is an isolated batch and not part of a large interconnected porosity system like in the upper crust..

Fluid flow in fractured upper crustal aquifers is generally driven by hydraulic gradients, which may result from a
number of different feasible causes and imbalances including topography, thermal and chemical
disequilibrium. Pumping- or injection-tests carried out in boreholes are artificially induced hydraulic gradients
as forcing for fluid flow. Hydraulic tests provide data on the hydraulic properties and the nature of aquifers, the
permeability structure of the upper crust including the depths variation of permeability. An important and
frequently overlooked driving force for fluid flow are tidal forces that prevent fluids in fractured systems from
ever becoming truly stagnant and chemically completely inactive.

PERMEABILITY AND FLUID FLOW IN THE CRUST

The permeability k [m?] of a volume of fractured crystalline rocks forming the upper continental crust relates to
the structure and connectivity of the fluid-filled pore space. The permeability controls, together with the
viscosity and density of the fluid, the ability of the volume of rock to conduct the fluid phase. Permeability is



thus a decisive parameter controlling fluid flow. It can be retrieved from the measurement of the transmissivity
T [m? s'1] with hydraulic tests in boreholes. From the experimentally derived transmissivity T the hydraulic
conductivity K [m s!] can be modeled using competent concepts and ideas about the structure of the
underground, a hydraulic aquifer model. The model aspect of the parameter K needs to be kept in mind.

The permeability k [m?] can then be derived from the modeled hydraulic conductivity using the fluid property
data viscosity p [kg m? s or Pa s] and density p [kg m™3]: k = K p/gp. Both fluid parameters depend on the
temperature, the pressure, the mineralization and the gas content of the fluid. This means that hydrochemical
analyses must be available from sampling points at depth in addition to depth and temperature data (Stober
1995).

The hydraulic test produces information on the hydraulic properties of the ground to a certain distance from
the wellbore. This distance depends strongly on the test duration. The hydraulic properties of the rocks in the
vicinity of the wellbore are commonly altered by the drilling process itself or by drilling mud and added
chemicals. Thus, short-term hydraulic tests will not be able to “see” beyond this alteration zone near the
wellbore.

The permeability of rocks can also be measured on drill cores in the laboratory. It is difficult or impossible to
correctly represent fractures, faults and larger cavities in core samples. The lab-measured permeability typically
characterizes a property of the unfractured rock matrix. In general it is significantly lower than the permeability
of large volumes of fractured basement derived from well tests (Stober & Bucher 2007).

Hydraulic tests in wellbores to 5000 m depth worldwide revealed a remarkable variation of permeability k of
the crystalline basement from 102! to 101> m2. The upper 1000 m are generally characterized by the higher
values but also by a greater variance (Stober 1996; Stober & Bucher 2007). The mean variation of the hydraulic
conductivity decreases rapidly with increasing depth. The decrease of the permeability k with depth has been
derived from well tests in the basement of SW Germany, NE France and N Switzerland (Stober & Bucher 2007)
and can be described by

logx=-1.38logz-15.4 (1)

with z the depth in km and « in m2. Ingebritsen and Manning (1999) in their geophysical study of terrestrial
heat flow derived a surprisingly similar power-law function for the permeability decrease with depth. The
described decrease of the hydraulic conductivity with depth (eq. 1) is mainly controlled by the properties of
biotite gneiss and other metamorphic rocks. We suspect that the decrease of the hydraulic conductivity in
granitic basement would be slower with depth, because of contrasting mechanical properties of mica and
feldspar. Granitic basement has a higher expected permeability at a given depth and tectonic environment
than gneissic basement, given that granite is dominated by feldspar and quartz and gneiss typically contains
significantly more mica than granite (Stober 1995). In tectonically inactive areas, the hydraulic conductivity of
large volumes of granite can be very low (Stober & Bucher 2007).

With increasing depth the vertical pressure component exceeds the horizontal pressure components (Brown &
Hoek 1978) with the result that the open water conducting fracture system changes from predominantly
horizontal to mostly vertical orientation. Vertical fluid flow and fluid exchange becomes dominant at depth,
particularly in areas with significant topography. The steep fluid conducting fractures support deep fluid
circulation systems (Bucher et al. 2009). Thermal springs and hydrothermal alteration zones along vertical
fractures document the existence of significant vertical permeability (Lee et al. 2011).

Hydrochemical and isotope data suggest that thermal spring waters represent upwelling deep waters. The
conclusions from chemical data are supported by the evidence from numerical modeling (e.g. Kukkonen 1995).
Topography driven hot water flow from several thousand meter deep sources have been reported (Toth 1978;
Bucher et al. 2009). Topography driven deep water circulation in the Black Forest region (Germany) resulted in
the outflow of warm saline deep water (Stober et al. 1999, Rolker et al. 2015). Hydrothermal circulation
systems, ascent and descent channels alike, use open highly permeable steep fracture systems. Ascent
channels must be extremely conducting structures permitting high flow rates if hot water reaches near the
surface environment at high temperature and finally appears as hot spring. The ascent flow may follow zones
of strongly fractured granite or highly permeable fault zone. In areas lacking topography or in the absence of
suitable steep high permeability structures, deep-reaching vertical circulation systems may not develop and
natural hot springs will not be present.



STAGNANT FLUIDS, AN UNREALISTIC CONCEPT

The Darcy flow law implies that fluid flow ceases if the pressure gradient disappears. The major forces driving
fluid flow in the crust are thermal disequilibrium and topographic relief. If the driving force approaches zero,
fluid flow stops. The fluid becomes stagnant. The concept of stagnant fluid thinks of a fluid residing in the
fracture pore space at no-flow and chemically interacting with the rock matrix at a very slow rate. The fluid
interacts with solids and pores by diffusion.

This view ignores a very efficient driving force for fluid flow, the Earth tides. Two times every day a tidal wave
moves through the Earth crust. The rise and fall of the Earth surface amounts to some tens of cm (Emter et al.
1999). The Earth is not a rigid body; it reacts elastically to the gravitational forces of moon and sun. The moving
layers of rocks exert compressional and extensional forces on each other. The pore space of the rocks also
deforms elastically as a reaction on tidal forces with the result that the fluid residing in the pore space suffers
an everlasting alternation of compression and extension. The consequence of the ever-changing tidal forces
can be observed as water table fluctuations in boreholes. The magnitude of the fluctuations depends on the
position of the sun and the moon (e.g. Bredehoeft 1967). Therefore, the highest amplitudes occur at full moon
and new moon. In the fractured crystalline basement at the deep drilling site Urach 3, water table fluctuations
related to tidal forces of up to 20 cm per day have been measured (Stober 2011).

It can be concluded from the observed alternations of the water table in the wellbore that they indicate the
reaction of a very large volume of deep water. The conclusion is in accord with the very low fracture porosity of
about 0.002 and the very low compressibility of deep fluid cw = 5.3 10'1° PaX. A pressure change of Ap = 1 bar
results in a relative change of the volume of water of AVw/Vw = 5.3 101° and relative to the crust of AVw/Vrock =
1.1 102, This implies that the fracture pore space is interconnected on a large scale and the crust reacts
hydraulically coherent.

Hydraulic long-term tests in deep boreholes confirm that a large volume of fluid hydraulically react on the test
signal and prove that the fracture porosity of the basement is an interconnected network of water conducting
structures. The one year long pumping test at the 4000 m deep research drillhole (KTB-VB) in SW Germany
extracted a total of 22,300 m? saline thermal fluid from the open hole at 3850 — 4000 m at a rate of 0.5 L s* and
later 1.0 L s’X. The composition of the thermal fluid remained constant during this time (Stober & Bucher 2005).

In regions with high topographic relief deep flow systems develop in the crystalline basement. Temperature
profiles in very deep boreholes can be used for estimating the water circulation depths. For instance, in the
5000 m deep geothermal well GPK-2 in Soultz-sous-Forets near Strasbourg, France (Genter et al. 2010) efficient
water circulation reaches to 3700 m depth, which is 2300 m into the crystalline basement. Below 3700 m the
geothermal gradient is identical to the regional average (~ 27 K km™). Above this depth water temperature
decreases only a little indicating advective heat transfer by upwelling hot deep water. Finally, in the near
surface area fluid temperature decreases very rapidly resulting in a very high geothermal gradient (> 100 K km~
1). Thermal signatures of advective fluid flow may be absent in some areas because permeability of the
basement is low or because pressure gradients as a required driving force gradually disappear.

Temperature profiles of km-deep boreholes, data and observations from hydraulic tests and tidal water level
fluctuations all consistently show that fluids in the continental crust occupy an interconnected communicating
pore space that permits fluid flow on a large scale, provided that an appropriate driving force exists in addition
to the tides. In the examples above, topography drives the fluid flow at Soultz-sous-Férets and pumping, an
anthropogenic force, at KTB. Hot springs discharging highly mineralized waters from crystalline basement for
2000 and more years are clear evidence for deep fluid circulation and an interconnected fracture network
providing sufficient permeability for fluid flow in the brittle crust.

Deep waters in the brittle upper crust are never truly stagnant because tides keep them permanently in
movement.
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