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ABSTRACT

Fluid flow in the Earth’s crust is controlled by pore-connectivity over scales from mm to km. Micro-scale pore-connectivity structures
can appear as fractures on the meso-scale, and at macro-scales they can appear as displacement faults. Whatever their appearance,
however, pore-connectivity structures are characterized by a single spatial correlation process attested by well-log spatial fluctuation
systematics over the cm to km scale range. The crustal spatial correlation process is seen as 1/k power-law scaling of well-log Fourier
power-spectra, S(k) ~ 1/k, over five decades of spatial frequency k from 1/km to 1/cm. Because pore-connectivity structures are due to
random processes, they are inhomogeneously distributed in space. Power-law scaling spatial correlation means that one cannot
meaningfully average pore-connectivity and associated permeability structures within or across geological layers. The effect of spatial
correlation from 1/k scaling is apparent in different data related to fluid flow: well-logs, well-productivity, and well-core. Relevant
accessible datasets have been analysed from different geothermal fields in the world, e.g. Indonesia, New Zealand, Mexico, Germany
and Lithuania.

Measurements of well-core samples show that porosity spatially correlates with the logarithm of permeability. Where porosity is
greater, permeability is very much greater due to strongly increased pore-connectivity leading to increased fluid flow. The combined
effect of increased porosity and very much increased permeability results in lognormally distributed well productivities, as observed in
crustal fluid flow systems across the world. Lognormality is particularly important in convective geothermal fields, where only very few
wells give the necessary high flow output while the better part yielding low to moderate outputs are commercially useless.

These natural fluid flow pathways can be altered by effects of field operations. Physical, chemical and biological processes can trigger
blocking of natural flow structures and lead to exponentially declining injection curves. Small-scale changes in grain-scale pore-
connectivity can lead to a huge negative influence on large-scale sustainability of geothermal systems. That is, strong negative effects
caused by field operations flow can be based on the grain-scale connectivity nature of fluid flow in geological media. Such changes can
be induced by chemical processes in the reservoir and the plant (precipitation, corrosion). Also, biological reactions can either directly
affect the physical flow structure (biofilm) or interact with chemical reactions (triggered precipitation or corrosion). Therefore, it is
important to consider the interaction of different processes that occur in geothermal reservoirs. These processes have been observed and
analysed at field data from a geothermal plant in Lithuania.

In particular, the observed injectivity decline for a low enthalpy heating plant provides an example of pore-connectivity reduction
mechanisms during standard geothermal operations. Both understanding of location and structure of natural fluid pathways and how
they can be altered during field operations are of greatest interest for sustainable reservoir management.

1. INTRODUCTION

1.1 Rules for Spatial Correlation of Permeable Structures in the Earth’s Crust

Permeable structures in the Earth’s crust are of highest interest for any kind of reservoir exploitation where fluids are or were involved.
Therefore, we have to understand physical rules controlling the interaction between the Earth’s crust and its fluids.

Rule 1) describes the spatial distribution of permeable structures. As permeable structures are void spaces for fluids, they can be easily
observed in well-logs which record fluid characteristics. The spatial distribution is described by the expression S(f) ~ 1/f* where S(f) is
the Fourier power-spectrum of a well log, f is the spatial frequency and varies over five decades from 1/km to 1/cm, and n is the scaling
exponent. Exponent n would be 0 if permeable structures are uncorrelated and 2 if permeable structures are strongly linked to geological
layering. For spatially correlated structures, as observed in the Earth’s crust, n~1.
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Rule 2) defines the relation between porosity and permeability in any type of rock. This relation can be easily measured in well-cores
and is expressed by 3¢ ~ dlog(k). More precisely, a change in porosity results in a logarithmic change of permeability.

Rule 3) relates the first two rules to fluid flow in permeable structures. Therefore, it can be observed in well-capacities all around the
world. This rule describes a more detailed relation of porosity (¢) and permeability (k), k~ko10%®?) says that the logarithmic change of
permeability as answer to a change in porosity is controlled by a constant factor a. For spatially correlated permeable structures o is
observed to range between 30 and 45 for crustal reservoirs with typical fractional porosities 0.1 < ¢ <0.3.

The above described phenomena are observed in oil/gas- as well as geothermal fields around the world. Geothermal fields can be further
subdivided into Hydrothermal Systems, Geothermal Aquifers and Enhanced Geothermal Systems. This paper focuses on fluid flow
characteristics of example sites for Hydrothermal Systems and Geothermal Aquifers.

1.2 Hydrothermal Systems

Hydrothermal Systems are middle to high enthalpy geothermal fields with high temperatures and pressures. Its permeable structures
release high amounts of brine and/or steam. Characteristics of permeable structures and its relation to fluid flow in hydrothermal
systems is of special interest in hydrothermal systems because porosities are generally low and few permeable structures transport the
main flow volume. In such systems, it is important to drill at the right location in order to obtain sufficient production rates. Throughout
this study, we introduce and analyze geothermal fields from Indonesia, the Philippines, Mexico and New Zealand.

1.3 Geothermal Aquifers

Geothermal Aquifers are shallow geological structures hosting elevated temperatures in highly porous environments. Compared to
Hydrothermal Systems Geothermal Aquifers are characterized by higher porosities due to geological development. One can observe an
overprinting effect of geological layers on spatially correlated permeabilities. Nevertheless, the characteristics of permeable structures
and its relation to fluid flow is especially of interest for injection scenarios. In particular, if fine particles are injected into few highly
permeable flow paths they clog the fluid pathways and force lowering of flow rates. In this study, we show data from a low enthalpy
geothermal field in Lithuania.

2. OBSERVATIONS

2.1 Well-logs — Rule 1)

Well-logs provide valuable information of a geothermal field over a great depth range. If the scaling exponent of the Fourier power-
spectra of the well-log is ~1, permeable zones are correlated within the spatial frequency of the log. This phenomenon has been
observed in various well-logs of georeservoirs, e.g. in the Los Azufres hydrothermal field in central Mexico and in the geothermal
aquifer in Klaipeda-Lithuania.

The Los Azufres geothermal field runs since 1982 and has nowadays an installed capacity of >220 MW. (Negrin and Lippmann, 2016).
39 production wells tap a vapour-dominated reservoir at 240-320°C. Eight different well-logs from one well in the Los Azufres field
have been analysed using the Fourier power-spectrum. The average scaling exponent is 1.24+0.2. Effective porosity and Atime-P have
the lowest values with 1.03 and 1.10 most clearly reflecting the spatial correlation of permeable zones. The highest values are seen in
the Atime-St and y logs (1.41 and 1.57) showing the strongest sensitivity to geological layering (Fig.1). In summary, the well-logs
indicate spatial correlation of permeable zones in the Los Azufres geothermal field over four decades from 1/km to 1/m.
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Figure 1: Spectral Power of well logs with scaling exponents from the Los Azufres well 01D. The average scaling exponent is
1.24+0.2 (Leary et al., 2013)

Well-logs from the geothermal aquifer in Klaipeda show similar behaviour in the Fourier power-spectrum analysis. Spectral power-law
scaling exponents are determined for porosity-logs in three wells. n is observed to be 0.93 for the porosity-log of well 3P, for well 11 it
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is 1.2 and for well 41 it is 1.1 (Fig.2). The porosity sequences with 1/fn spatial fluctuation power-law scaling show the spatial correlation
nature of the local crustal flow structures.
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Figure 2: Fourier power spectra of porosity well logs for Klaipeda wells 3P, 11 and 41

2.2 Well-cores — Rule 2)

Well-core data on porosity (¢) and permeability (k) as well as their relation have been analyzed in many oil/gas and geothermal fields.
The general relation is described by 8¢ ~ dlog(k). Hence, a plot of porosity over log-permeability values would show a strong
correlation (Leary et al., 2018). Several examples from georeservoirs show also correlating porosity and log-permeability logs, e.g. in
the Bulalo-Phillipines and Ohaaki-New Zealand geothermal field below.

The Bulalo geothermal field in the Philipines is located on the Luzon Island and provides 426 MW.. Wells target a 260-340°C hot
liquid-dominated reservoir at ~2 km depth (Stimac et al., 2006). The Ohaaki geothermal field in New Zealand provides >110 MWk since
1989. More than 70 wells target a reservoir at 1.4 km depth with 300°C (Mroczek et al., 2016, Kortright, 2015). Porosity and
permeability logs show a strong correlation in both fields. High porosity values show a similar peak in log-permeability (Fig.3).
Absolute values of porosity range between 5 and 15% in the Bulalo field and 20 to 40% in the Ohaaki field (Fig.4). Porosity data are
normally distributed while permeability values show a log-normal distribution. Permeabilities range between E*'® and E''7 m? for the
Bulalo field and E-'* and E*'> m? for the Ohaaki field (Fig.4).
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Figure 3: Porosity and permeability well-logs show a strong correlation in the Bulalo-PHI and Ohaaki-NZ field (Stimac, 2007)
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Figure 4: Absolute porosity and permeability values in the Bulalo-PHI and Ohaaki-NZ field
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2.3 Well-capacities — Rule 3)

Well-capacities in geothermal fields around the world have been extensively analyzed by World-IFC report (IFC, 2013). Over 2600
geothermal wells are the database for studying successful drilling. Of special interest for this study are well capacities and its drilling
history. Well capacities compiled from all studied fields show a lognormal distribution regardless of geological environment. This
distribution suggests that most of the drilled wells have low-moderate capacity and only few wells have a high capacity (Fig.5).

Similar behavior is seen in single fields, e.g. the high-enthalpy geothermal field Lahendong in Indonesia. In Lahendong only two wells
provide 50% of the total installed capacity (40 MWe). Ten wells were drilled to cover additional 40 MWe. Moreover, the two highly
productive wells were drilled after completing nine wells with moderate capacity (5 MWe) and 13 non-productive wells (Brehme et al.,
2014, Brehme et al., 2017a).

This statistical distribution of well capacities is a result of the relation between porosity (¢) and permeability (k): k~k010a(p-@0).
Analysis of oil/gas and geothermal fields all around the world show an average o-factor of 30-45 for crustal reservoirs with typical
fractional porosities 0.1 < ¢ < 0.3 (Leary et al., 2018).
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Figure 5: Distribution of well capacities in the world and in the Lahendong field Indonesia show a lognormal distribution
regardless of geological environment (ICF, 2013)
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2.4 Effect of Operation on Spatial Correlation

As seen in above presented examples, fluid flow in the Earth’s crust occurs in spatially-correlated poroperm structures. Presented rules
are proper descriptions of deep hydrothermal systems and geothermal aquifers. In geothermal aquifers operators often have to deal with
proper injection strategies to maintain reservoir pressure. During injection of cool fluid also fine particles enter the permeable horizons.
These artificially injected particles can clog permeable zones. When these structures are clogged e.g. near an injection well fluid flow
decreases quickly. This can have negative commercial implications for the site because also production has to be decreased.

Clogging processes are related to field operations and can be of physical, chemical or biological nature. Here, physical processes refer to
the structure and hydraulic properties of the flow medium. Chemical processes represent mainly the composition of fluids and solids as
well as chemical reactions between them, e.g. precipitation. Biological processes summarize reactions mainly driven by bacterial
activity, e.g. coagulation. The process types might not only play an individual role but also be coupled interacting in the geological
media.

In this frame we studied a low-enthalpy geothermal field in Lithuania. Wells in Klaipeda target one of the oldest groundwater on earth
in 36°C warm Devonian sandstones. The geothermal plant was commissioned in 2000 and has a total capacity of 17 MWu. Since 2002
the injection wells face decreasing injectivities while productivities from the same wells are remarkably higher (Brehme et al., 2017b).

Results show that chemical processes active onsite are precipitation and corrosion. Chemical reactions lead to the release of fines
particles. These artificially generated particles mix with clay particles and are injected into the aquifer. These particles then clog pores in
highly permeable sandstone layers. Additionally, biofilm has been found to cause blocking of pore space. Also, the interaction of
physical, chemical and biological processes is important to consider, e.g. microbiologically triggered corrosion. The reasons for pore
clogging should be understood as early as possible to avoid long-term aquifer degradation. The nature of spatial correlation of
permeable zones is responsible for exponentially declining injectivity curves.

SUMMARY AND IMPLICATIONS

Examples presented in this study show that physical rules that describe spatial correlation of permeable zones in the Earth’s crust are
valid both for hydrothermal systems and geothermal aquifers. The spatial correlation is described in well-capacities, well-logs and well-
cores. Despite the description of geothermal reservoirs and aquifers, spatial correlation of permeable zones has direct implications on
daily operation. During injection, e.g., the few highly permeable zones can be rapidly clogged by injection of fines particles (Brehme et
al., 2017b). Thus, well-stimulation techniques have to be adapted appropriately. During drilling, the challenge is to target the high
permeable areas. Therefore, a tool for mapping highly permeable zones in georeservoirs is strongly needed. However, structural
characterization is important not only to ensure sustainable use of geothermal reservoirs but also to implement hazard mitigation
measures (e.g. Bulut et al., 2018).
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