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Reasons for injectivity decline were investigated in a low-enthalpy geothermal aquifer in Klaipeda (Lithuania). It is one of the study
sites within the DESTRESS project, which demonstrates different stimulation techniques in geothermal reservoirs. Due to low
injectivity, production rates from the Lithuanian field are currently reduced, which lead to negative commercial implications for
the site. Productivity from the same wells is measured to be 40 times higher. Injectivity decline in aquifers is often related to
clogging processes in spatially correlated highly permeable structures, which control the main flow volume. We subdivided
clogging processes into (1) physical, (2) chemical, and (3) biological processes and studied them by analyzing fluid and solid
samples as well as operational data. The methods we used are fluid and solid analyses in situ, in the laboratory and in
experimental setups, statistical interpretation, and numerical modeling. Our results show that the spatially correlating nature of
permeable structures is responsible for exponentially decreasing injectivity because few highly permeable zones clog rapidly by
intruded particles. In particular, field operations cause changes of the physical, chemical, and biological processes in the aquifer.
Mineral precipitation and corrosion are the main chemical processes observed at our site. Microbial activity causes biofilm while
fines migration is caused by changes in physical boundary conditions. Moreover, these processes can affect each other and
generate further reactions, for example, microbial activity triggers corrosion in surface pipelines.

1. Introduction

Fluid flow in geological media occurs at the grain scale in
spatially correlated poroperm structures where a few high
permeable flow paths control the main flow volume [1].
These highly permeable flow paths can be clogged by small
particles due to physical, chemical, and biological processes.
When these processes happen near a geothermal injection
well, net fluid flow decreases quickly, leading to negative
commercial implications for the site. In this paper, we
study clogging processes in a low-enthalpy geothermal
aquifer in Lithuania using fluid and solid analysis as well
as operational data.

Clogging processes in geological media are often related
to field operations or artificially intruded materials and can
be of physical, chemical, or biological nature. However,
which processes are triggered by field operations, how the
different processes interact, and the subsequent implications
for flow paths are not yet fully understood.

In this study, we subdivided clogging processes as
follows: (1) Physical processes refer to the structure and
hydraulic properties of the aquifer. (2) Chemical processes
represent mainly the composition of fluids and solids as well
as chemical reactions between them, for example, dissolution
and precipitation. (3) Biological processes summarize reac-
tions mainly driven by bacterial activity, for example, sulfate
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reduction or biofilm formation. The process types might not
only play an individual role, but also be coupled in the
geological media. These processes are usually investigated
by laboratory experiments and numerical modeling.

Laboratory experiments focus in general on a single
process, that is, hydraulic properties [2], scaling effects
[3, 4], and microbial activity [5]. Here, hydraulic properties
and physical behavior of rocks are important to characterize
fluid flow pathways and therefore to design hydraulic stimu-
lation experiments [6, 7]. Chemical and biological reactions
are investigated to avoid scaling and biofilm-induced perme-
ability reduction through scaling and biofilms [8, 9].

Modeling approaches are used to mostly investigate
coupled processes governing subsurface fluid flow in geo-
thermal reservoirs [10, 11]. Their primary objective is to
ensure sustainable use of geothermal reservoirs [12–14].
Previous studies show that an integrated analysis of flow
processes is essential for understanding controls of fluid
flow [15].

Nevertheless, these processes can also be understood
inherently from in situ field data. Basic analysis of fluids
and solids can be interpreted to explain fundamental param-
eters governing the fluid flow in the reservoir (e.g., [16]).

In this paper, we study physical, chemical, and biological
parameters affecting subsurface fluid flow in a low-enthalpy
geothermal aquifer in Klaipeda, Lithuania, using fluid and
solid analyses as well as operational data. Our results show
that field data already allow us elaborating on subsurface
processes. In particular, we investigate interaction between
physical, chemical, and biological processes to understand
occlusion of fluid pathways. The results show that the nature
of spatially correlating permeable structures is the main
reason for the observed exponentially declining injectivity.

This study is carried out in the framework of the
EU-funded project DESTRESS (Demonstration of soft stim-
ulation techniques of geothermal reservoirs). In this project,
sites in different geological settings are studied in order to

afterwards demonstrate the best stimulation technique. The
key goal of DESTRESS is to demonstrate the success of
stimulation treatments in long-term enhanced productiv-
ities and injectivities.

2. Site, Setup, and Precondition

Our test site, the Klaipeda Geothermal Demonstration
Plant (KGDP hereafter), is located south of the city cen-
ter of Klaipeda (Lithuania) in the free economic zone
(Figure 1(a)). The site was selected for geothermal opera-
tion during the feasibility study of the Baltic Geothermal
Energy Project, which was running from 1992 to 1994.
Drilling started in 1997, and the geothermal plant was
commissioned in 2000. Originally, the total geothermal
capacity of the power plant was 17MWth (thermal energy)
which covers ~20% of the heating demand of the city of
Klaipeda (Zinevicius et al., [17]).

The KGDP wells target a lower Devonian sandstone
aquifer at 1.1 km depth. The water is 36°C warm, highly
saline (108 g/l) and found to be one of the oldest in the world,
dated to 1.16Ma [18]. The geothermal gradient is 34.5°C/km.
Water is further heated up by gas boilers to 70°C, and the
absorbed heat is delivered to the local heating system of the
city. Since 2013, the site usually runs from October to April
depending on seasonal heat demand. Out of four wells, one
well currently serves as production well, and two others serve
as injection wells (Figure 1(b)). The fourth was in use as pro-
duction well but has been abandoned due to reduced overall
flow rates within the geothermal cycle. The theoretical flow
rate within the geothermal cycle is 800m3/h. However, it
was reduced to 200m3/h because of low performance of
injection wells. Production and injection wells are located
on a NW-SE striking profile and in ~1.5 km distance.
The wells are cased and equipped with slotted liners in 9
5/8″. Filter bags are installed at the surface of production
wells to remove solid particles, which are flushed during
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Figure 1: Location (a) and setup (b) of the Klaipeda geothermal demonstration plant. Including operational parameters of the plant and
sample locations (yellow stars).
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production of reservoir fluid. Similar filters are placed right
before injection.

In 2001, the initial injectivities were 10m3/h/bar
(injection well 4I) and 3m3/h/bar (injection well 1I).
Directly after start of fluid production, injectivities began
to decrease. A first acidation attempt in 2002 resulted in well
performance increase from 5 to 31m3/h/bar (4I) and 1 to
6m3/h/bar (1I) (Figure 2). Since then, injectivities were
constantly decreasing to currently 1m3/h/bar in both wells.
Several attempts have been undertaken to overcome the
low injectivities. Treatments include acidation, reverse
pumping, use of bactericides, radial jet drilling, and drilling
a side track in one of the injection wells. However, treat-
ments achieved only short-term improvements and at most
1.3 (1I) and 2.7m3/h/bar (4I) absolute injectivity increase
(Figure 2). The strongest decrease was observed in 2003,
when massive gypsum precipitations forced the power plant
to be shut down. At that time, the surface installations had
to be completely cleaned in addition to the wells before
starting up the operation again. Since then, a sodium
phosphonate-based gypsum inhibitor is used and precipita-
tion is successfully avoided.

Meanwhile, in the same wells, measured productivities
are 40 times higher than measured injectivities (Figure 2).
Theoretical calculation of aquifer productivity gives rather a
higher value of 60m3/h/bar. Thus, the aquifer is theoretically
capable of higher flow rates. This large difference between
productivity and injectivity in the same wells indicate a
direction-dependent fluid barrier and will be discussed later.

3. Methods and Data

The database compiled during this study consists of water
and gas samples from different points of the thermal loop,
drill cores, and filter residual from different wells, a bailer
sample from well 1I additionally to historical operational
data. Water, gas, core, and filter residual samples have been
analyzed using various methods in order to understand
physical, chemical, and biological processes in the Klaipeda
geothermal reservoir. The database and the analysis are
further described as follows:

3.1. Fluid Analysis. Physicochemical parameters of water
have been measured after sampling seven locations directly
at the site in March and July 2016 (Figure 1). Chemical com-
position of water samples has been analyzed for its chemical
composition in the following procedure: water samples were
collected in clean polyethylene bottles, each thoroughly
rinsed three times with water to be sampled after pumping
for several hours. At each sample point, two 50mL samples
were filtered using 0.45μm cellulose acetate filter paper. For
cation analyses, samples were acidified with HCl. All samples
were brought to the geochemical laboratories of the GFZ
Potsdam and analyzed with regard to major anions and
cations. For details on measurement techniques, refer to
Brehme et al. [19] and Brehme et al. [20].

Artificial reservoir water has been produced to test filter
material from the site on release of organic material. The
filter material has been exposed to the artificial reservoir
water in a leaching experiment, where the water circulated
around the unused filter material for one week. Water
samples were taken in regular time intervals and tested on
dissolved organic carbon (DOC). Dissolved organic carbon
has been determined also in natural reservoir water with a
nondispersive infrared detector.

Gas samples have been taken at the production well
2P and at the injection well 4I. The composition has
been analyzed using gas chromatography in laboratories
at GFZ Potsdam.

Microbiological analysis focus on microbial abundance
and community structure in water samples taken in March
2016 [21]. The OTU (operational taxonomic unit) has
been used to analyze the bacterial community composi-
tion. Its diversity has been determined by the Simpson
and Shannon index.

Abundant bacteria and archaea have been distin-
guished, and their abundance influencing factors have been
described. Furthermore, cell counting has been realized in
the sampled water.

3.2. Solid-Phase Analysis. A total of 18 core samples from
reservoir depth in injection well 1I and neighboring wells, a
bailer sample from injection well 1I taken in 2014 and filter
residual taken in 2016 from filters at production and
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Figure 2: Injectivity and productivity indices of two injection wells including stimulation treatments between 2001 and 2016. Lines show
daily measurements of injectivity index; dots show single production tests in well 1I (blue) and well 4I (red).
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injection sites (Figure 1), have been analyzed optically and on
its mineralogical composition using X-ray powder diffrac-
tion. Samples have been handled following the procedure in
Deon et al. [22]: first, samples have been crushed and sieved
to obtain the 63μm fraction. XRD patterns were recorded in
transmission using a fully automated STOE STADI P diffrac-
tometer at GFZ Potsdam. The diffractograms were refined
with the EXPGUI-GSAS software.

Filter residual and a core sample from injection well 1I
have been additionally analyzed on carbon, nitrogen, and
sulfur content (CNS). Samples are heated and converted into
its gaseous components before measuring following the
Dumas method [23]. Porosity of core sample from injection
well has been determined by mercury injection porosimetry
for effective porosity measurements. Different permeability
models have been applied to the dominant pore size fraction
to determine the permeability.

Sampled water has been further tested on floating
particles and their size at different locations of the fluid cycle
(Figure 1). 10 l of water has been pumped through a 0.1μm
filter. Filter residual has been analyzed versus particle size.

3.3. Fluid-Solid Interaction Modelling. Chemical data from
fluids and solids have been combined in a hydrochemical
model setup in PHREEQC using the phreeqc.dat database.
The code is able to calculate potential precipitation and dis-
solution reactions within 0 to 200°C and 1 to 1000 atm based
on the Peng-Robinson state equation [19]. Precipitation and
dissolution reactions result from fluid-solid interaction and
depend on temperature and pressure changes.

Furthermore, hydrochemical data have been analyzed by
cross correlation to investigate similarity of chemical mea-
surements between different elements. Cluster analysis is
performed to objectively sort the elements into subgroups
using cross correlation coefficients as the distance metric.

3.4. Operational and Historical Data Analysis. Operational
and historical data from 2001 to 2017 have been conclusively
analyzed focusing on reservoir processes and subsurface fluid
flow structures. Here, injectivity and productivity data iden-
tify time-dependent changes in the subsurface flow system.

3.5. Wellbore Statistics and Modelling. Additionally, well logs
have been investigated to characterize natural pore connec-
tivity structures. Generally, pore connectivity structures are
characterized by a single spatial correlation process on a scale
range of cm to km. The crustal spatial correlation process is
seen as 1/fn power-law scaling of well-log Fourier power
spectra [24]. f is the spatial frequency and varies over five
decades from 1/km to 1/cm, and n is the scaling exponent.
Power-law scaling spatial correlation means that pore
connectivity and associated permeable structures cannot be
meaningfully averaged within or across geological layers.

In order to show the effect of spatial correlation on well-
bore flow, a 2D wellbore-centric radial injectivity flow decline
modelling was set up. Scenarios in spatially correlated and
spatially uncorrelated flow structures were simulated. The
permeability field κ(x, y) is determined by the flow-layer
porosity field φ(x, y), κ(x, y) = κ0 ∗ exp(αφ(x, y)), where α is

constant. Results show the depth of particle infiltration in dif-
ferent environments and related injectivity decline curves.
Details are given in the Appendix.

4. Results

4.1. Physical Processes. There are four wells at the Klaipeda
geothermal power plant targeting a lower Devonian sand-
stone aquifer at 1.1 km depth (Figure 3). Injection well 1I,
drilled in September/October 1997, has a final depth of
1130m below surface. In May 2009, a side track was deviated
with 3.5° from 897m to a final depth of 1116m. Injection well
4I was drilled in October 1998 as a straight well 1.3 km
south of well 1I down to a final depth of 1129m below sur-
face. Production well 3P was drilled in November 1997 to a
final depth of 1225m below surface while production well
2P was finished in December 1997 at a final depth of
1128m below surface.

Several hydraulic tests were performed between 1997 and
2008. These include two air lift tests (1I and 4I), two flow
profiling while injection, and one pump test to evaluate the
interference between 1I and 4I. Most suitable data for
performing well test analysis were available from an air lift
test performed in 1998. This air lift test was performed in well
4I. 4.5 hours of pumping with different flow rates having an
average of 54.1m3/h was followed by 5.5 hours of pressure
buildup. From the production phase, a 50m3/h/bar produc-
tivity and 1.1 bar corresponding drawdown were estimated
at the end of production based on the average flow rate.
The buildup data were treated analytically and numerically.
The numerical results performed with Saphir NL (Kappa
1990–2008) indicate a transmissibility of T=218Dm which
is equivalent to a permeability of 2.5D considering an aquifer
thickness of 86m. The analytical estimation of the reservoir
transmissibility was performed by decline curve analysis tak-
ing into account the superposition principle and assuming
infinite acting radial flow. A transmissibility of 79Dm and a
corresponding permeability of 2.1D were obtained. These
results are in good agreement with hydraulic aquifer prop-
erties reported by the well testing company Dansk Olie
OG Naturgas A/S.

Wells are located within the Baltic cratonic sedimen-
tary basin, which consists of weakly tectonized sediments
(Sliaupa 2016, unpublished report). The wells first cut qua-
ternary glacial deposits and Triassic gypsum-bearing clays
until 280m below surface, before they hit 50m thick Permian
limestones. Underlying sequences are of Devonian age,
which make up 70% of the well formations. 300m Devonian
limestones and dolomites overlay interbedded sandstones
and dolomitic sandstones. Tight clays and silt cover the aqui-
fer sequence above 970m. At aquifer depth (~975–1130m),
sandstones interbed with clay layers; some of which are up
to 20m thick.

The aquifer sections of all wells are equipped with 9 5/8″
liners including screens with 0.008″wire spacing at the depth
of sandstone layers. Production wells and well 4I are
additionally supplied with a 40/60 mesh gravel (grain size:
0.25–0.42mm, medium sand). Well 1I has an open hole
section between the depths of 1082 and 1116m.
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The gravel pack at production site does not prevent
reservoir rock material to be flushed into the thermal loop.
Filter bags at the surface contain aquifer rock material from
the produced fluid. 30% of the captured material is made
out of middle to fine sand and clays; the rest is magnetite
and corroded casing.

Aquifer rock has been sampled by coring the sidetrack in
well 1I. Cores from sandstone layers show well-sorted middle
sand with grains that are poorly cemented. Cores from mud-
stone layers consist of clayey and silty particles (1–62μm).
Analysis of sandstone samples by mercury injection porosi-
metry showed a reproducible overall pore size distribution
and a porosity of about 26%. 85% of the total pore volume
is made up of pores with a size between 3 and 40μm, where
the pore size class around 20μm dominates and accounts
for about 25% in total. The remainder (15% by volume)
comprises a broad range of pore throat radii between less
3μm and about 4 nm. A Carman-Kozeny-type permeability
model applied to the dominant pore size fraction (3 to
40μm) indicates a rock permeability of around 6D. For
the same formation, Sliaupa (2016, unpublished report)
indicates porosities of 10–30% and permeabilities between
2.2 and 4.9D.

Water filter analysis shows that the main particle size
ranges from 4 to 40μm. These particles are floating in the
water and pumped into injection wells even behind installed
1μm filters. Floating particles have the same size range as
pores leading to a further clogging risk.

The structural setup of the aquifer is dominated by
horizontal layering of Quaternary, Triassic, Permian, and
Devonian sediments (Figure 3). Highly permeable zones
alternate with tighter layers in the major aquifer flow
structure. No major faults were detected in seismic profiles.
Therefore, a combination of fractures and cracked grain-
scale cement bonds is expected to locally control the fluid flow
in the aquifer. 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/fn where S(f) is the Fourier power spec-
trum 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 uncorre-
lated, and 2, if permeable structures are strongly linked to
geological layering. For spatially uncorrelated structures, as
observed in the Earth’s crust, n~1 [24].

In Klaipeda, the porosity-log spectral power-law scaling
exponents are determined to be n = 0 93 for the porosity-
log of well 3P, for well 1I it is n = 1 2, and for well 4I it
is n = 1 1 (Figure 4). The porosity sequences with 1/k (1/f)
spatial fluctuation power-law scaling show that the spatial
correlation nature of the local crustal flow structures is nei-
ther uncorrelated Gaussian fluctuations (spectral scaling
exponent ~0) nor strongly correlated spatial scaling due to
geological layering (spectral scaling exponent ~2). With ref-
erence to injectivity flow modelling below, it can be noted
that the Figure 4 1/k (1/f) spatial correlations also apply
along the lateral extent of the major flow system aquifer.

4.2. Chemical Processes. The chemical composition of water
has been analyzed since 1997. Recent measurements for this
study in 2016 show that it is a highly saline brine with an
electrical conductivity of ~129mS/cm, total dissolved solids
of 93 g/l, and a pH of ~6.6. The produced water has a temper-
ature of 36°C and is injected at 11°C. Main components of the
water are Cl, Na, Ca, Mg, SO4, and Br. Also, Sr and HCO3
have increased concentrations (Table 1).

Long-term observation of water composition shows that
concentrations of several elements are changing since the
start of production. At a production site, the most prominent
changes are in HCO3, Si, and Li concentrations. At an injec-
tion site, HCO3, Si, Fe, and Li concentrations change most.
Generally, HCO3, Fe, and Mn increased at the production
site and injection site by 18–40%. Si and Li principally
decreased by 30–34%. Only at well 4I, also HCO3 decreased
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by 31%. Additionally, a single strong signal (−50%) is
observed in K concentrations at well 4I.

Additionally, the produced fluid in the Klaipeda produc-
tion wells contains at 39°C a total amount of 4.5% gas under
15 bar pressure (GTN 2011, unpublished report). The main
composition of the gas content consists of N2 (80.1%), CO2
(19.8%), few CH4 (0.024%), and H2S (0.0005%).

The aquifer formation is an interlayering of sand-
stones, siltstones, and mudstones of lower Devonian age
(>400Ma). The formation has been sampled and mineralog-
ically analyzed from the Klaipeda well 1I and several nearby
wells. The results show that typical sandstone samples are
composed of quartz, calcite, dolomite, and some biotite.
Whereas mudstone generally consists of quartz, muscovite,
biotite, pyrite, kaolinite, illite, and some hematite.

Solid material transported from the aquifer well casing or
surface pipelines is accumulated in filters right after produc-
tion and directly before injection. Beside sandstone and
mudstone, gypsum minerals were identified. 60% of the
solids can be related to corrosion occurring both in the pro-
duction well and before injection. Corrosion products form
small ferromagnetic plates of 1–10mm in diameter. They
are mainly composed of magnesioferrite, spinelloid, and
lepidocrocite. Similarly, the bailer sample from well 1I yields
a mixture of sandstone, mudstone, and corrosion minerals.

Corrosion processes are confirmed also by the observa-
tion of relatively high total concentrations of Mn, Fe, and Si
in water. Mn, Fe, and Si are components of “4140” or “L80”
steel which is used as material in wells and pipes. Addition-
ally, these element concentrations positively correlate with
each other at all locations of the thermal cycle (Figure 5).

That means that increasing Mn concentration (probably
from dissolution processes) implies increased Fe and Si
concentration. Overall, Mn and Fe concentrations increase
from production to injection site indicating a higher or
accumulating chemical reactivity towards the injection site.

The interaction of fluids with solids also leads to leaching
and precipitation processes in the aquifer. This process can
be observed in correlation of specific element concentrations
in water (Figure 5). Positive correlation and increasing
concentrations indicate dissolution of minerals; decreasing
total concentrations show precipitation of minerals. Hence,
the correlation of HCO3, Ca, and Mg concentrations suggests
leaching of dolomite and calcite from reservoir rocks
probably by mechanical force.

Furthermore, the strength of correlation between differ-
ent chemical elements can be further analyzed with a hierar-
chical clustering tree based on correlation-derived Euclidean
distances (Figure 5(b)). Element families with high cross-
correlation show similar response to chemical reactions.
The lower the Euclidean distance (y-axis in Figure 5(b)),
the higher the strength of correlation. Three main groups
have been distinguished which also reflect the above-
described processes. B, Si, Fe, Li, Ba, and Mn correlate while
Mg, HCO3, Ca, and Br build another group. Also Cl, SO4, Na,
F, K, and Sr show similar chemical behavior. The first group
represents corrosion of pipelines and therefore increases in
Mn, Fe, and Si concentration. The second group shows
dissolution of reservoir minerals and therefore correlation
of HCO3 with Mg and Ca. Elements of the third group are
responsible for the high salinity and therefore correlate with
the electrical conductivity. The highest reverse correlations
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occur for elements which cannot form chemical reactions or
build minerals in this environment.

Fluid-rock interaction was additionally assessed by
hydrochemical modeling. The oversaturation of specific
minerals is an indicator for possible precipitation. It was
calculated under different circumstances (production/injec-
tion) and additionally considers the effect of acidation and
remaining drill mud (mainly montmorillonite) at injection
site (Table 2).

The results from hydrochemical modeling with PHREEQC
(see “Methods and Data”) show that at production site
several silica (albite, anorthite) including clays (chlorite,

montmorillonite, and talc) and different sulfate minerals
(celestite, gypsum, and barite) are oversaturated. However,
gypsum inhibitor is used since 2004 and precipitation is
successfully avoided.

According to hydrochemical modeling, similar minerals
are oversaturated at injection site. When modelling the effect
of acidation on these oversaturated minerals, it results in
slightly less clay precipitation. However, the overall effect is
hardly measurable. In contrast, including the remaining drill
mud into the model results in clearly more precipitation of
Mg-silicates (chlorite, chrysotile, and sepiolite) and sulfate
minerals (gypsum, celestite, and barite).
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Figure 5: (a) Correlation of chemical elements in the geothermal fluid (−1: highest reverse correlation, 0: no correlation, and 1: highest
correlation); (b) strength of correlation shown by subgrouping of chemical elements using cluster analysis based on cross-correlation-
derived Euclidian distances. EC: electrical conductivity.

Table 2: Results of hydrochemical modeling. Saturation index shows the possibility of precipitation of indicated minerals in the respective
scenario (2P: production site, 1I: injection site, and equ.: equilibrium).

Supersaturated minerals 2P in equ. with rock 1I in equ. with rock
1I in equ. with
rock + acidation

1I in equ. with rock +
acidation + drill mud

Mineral phase Mineral formula Saturation index Saturation index Saturation index Saturation index

Albite NaAlSi3O8 4.99 4.99 4.99 5.45

Anhydrite CaSO4 0.54 0.09 0.09 0.61

Anorthite CaAl2Si2O8 8.43 7.55 7.54 8.39

Barite BaSO4 0.33 0.59 0.59 0.87

Ca-Montmorillonite Ca0.165Al2.33Si3.67O10(OH)2 0.06 −0.17 −0.17 0

Celestite SrSO4 0.71 0.07 0.07 0.19

Chlorite (14A) Mg5Al2Si3O10(OH)8 64.45 65.39 65.38 69.24

Chrysotile Mg3Si2O5(OH)4 37.16 38.34 38.33 40.63

Gypsum CaSO4:2H2O 0.58 0.22 0.22 0.68

Hausmannite Mn3O4 4.11 3.69 3.68 5.56

Pyrochroite Mn(OH)2 4.04 5.61 5.6 6.22

Sepiolite Mg2Si3O7.5OH:3H2O 23.42 24.93 24.92 26.39

Sepiolite(d) Mg2Si3O7.5OH:3H2O 20.23 22.37 22.36 23.82

Talc Mg3Si4O10(OH)2 40.34 41.02 41.01 43.34
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4.3. Biological Processes. Former studies at the Klaipeda
geothermal site from 2008 show that there were different
organic populations at production and injection sites.
Sulfate-reducing bacteria were mostly detected at the pro-
duction site. The amount of Archaea was nearly same at pro-
duction and injection sites. In 2008, the total amount of
Archaea and sulfate-reducing bacteria was lower at the
injection site (3.2∗104 cells/ml) than at the production
site (5.5∗104 cells/ml). Recent cell counting suggests that
the number of cells/ml has generally decreased during the last
8 years and is lower at the production site (3.04∗102 cells/ml)
compared to the injection site (8.58∗102 cells/ml).

A study on microbial activity and community structure
shows that 89.9% of the community is composed of bacteria
and only 1.1% of Archaea [21]. The Simpson and Shannon
index describes the microbial diversity which is very high in
the Klaipeda aquifer (4.32/0.97). Further investigations show
that the microbial diversity is mainly influenced by pH. A pH
of 6.6 defines the aquifer as slightly acidic with a moderate
temperature of 36°C. This is an optimal environment for
the growth of Desulfobacca, a sulfate-reducing bacterium
detected in the sampled water. Its existence confirms the
anaerobic conditions and high sulfate concentration in
water. The detected high evenness (0.29) can be explained
by seclusion of the aquifer [21].

Bacteria are fed by organic material, nitrogen, or sulfur in
fluids and solids. Therefore, increased CNS content could be
an indicator for microbial activity. Especially, high S con-
centrations are an indicator for sulfate-reducing bacteria.
However, it is probably also increased due to high gypsum
content. At the Klaipeda site, the CNS content in filter
residual is higher than the reservoir rock (Table 3). More
precisely, the highest C, N, and S concentrations occur
in filter residual at the injection site. This suggests that
microbial activity develops mainly within the surface infra-
structure of the power plant and that calcite and gypsum
mineral precipitation occurs in the surface water cycle.

Dissolved organic carbon (DOC) values have been mea-
sured at production and injection sites. Results indicate
DOC values of 1.6 to 2.4mg C/l geothermal water. The
values are increased at the injection site, especially behind
filters.

DOC has also been measured during an experiment with
artificial geothermal fluid that reproduces the natural com-
position. The artificial geothermal fluid was circulated
around an unused filter from the Klaipeda site for five days,
to test leaching of DOC from the filter into the water. DOC
concentration measured at the end of the experiment was
4.0mg C/l.

5. Discussion

Geothermal flow systems are highly sensitive environments
defined by physical, chemical, and biological boundary
conditions operating in geological time scales. However, field
operations introduce agents that can more rapidly change the
natural environment. Due to the sensitivity, small changes
can lead to a significant negative influence on fluid flow

near injection wellbores and hence sustainability of the
geothermal system.

We illustrate this in reference to Figure 4, by considering
that particles injected into an aquifer with high pressure can
alter the natural flow pathways in the aquifer in long term.
Here, the main alteration effect is the changes in grain-scale
connectivity. These changes in the aquifer flow pathways
can be induced by chemical processes in the aquifer such
as precipitation and when corrosion plates block pore
space. Additionally, biological reactions can either directly
affect the physical flow structure (biofilm) or trigger
chemical reactions (triggered precipitation or corrosion).
We can consider these effects in terms of particulate matter
that occludes natural grain-scale flow channels in a medium
with spatially correlated poroperm properties as illustrated
in Figure 4.

Power-law scaling porosity distribution overprints the
horizontal geological layering of the aquifer in Klaipeda
similar to observations in many geological environments all
around the world [25]. The same spatial correlations exist
laterally along the aquifer. The importance of these spatial
correlations can be seen in part by noting that uncorrelated
spatial well-log fluctuations have a flat or white noise
spectrum. However, power spectra of the porosity well logs
show that the Klaipeda sedimentary sequence is spatially cor-
related over two orders of magnitude in scale length (m-Hm)
(Figure 4). Spectral scaling systematics in crustal well logs
extends the observed range of scaling relations of porosity
for five orders of magnitude. Spatial correlation extending
to the grain scale means that few large-scale high perme-
able pathways control the fluid flow in the general crust
(e.g., [1]). We discuss how applying the spatial correlation
phenomenology to the connection of injection borehole to
the formation results in exponentially declining injectivity
curves (Figure 6).

Following a flow modelling method in the Appendix,
explicit modeling of flow clogging in spatially correlated
versus spatially uncorrelated poroperm media illustrates
this exponential injectivity decline behavior. Figure 6(a)
shows a model fit to injectivity decline at Klaipeda assum-
ing fluid flow in a spatially correlated poroperm medium.
Figure 6(b) contrasts Figure 6(a) exponential curve with
a best fit to fluid flow in a medium having a spatially
uncorrelated poroperm flow structure. The quasilinear best
fit decline curve of Figure 6(b) is a poor fit to the observed
Klaipeda injectivity decline. Such linear to quasilinear
decline curves are regularly associated with “deep filtration”
models of injectivity decline [26].

Accordingly, Figure 7 compares 2D wellbore models
within spatially correlated and uncorrelated poropermmedia

Table 3: CNS concentrations in core material and filter residual
from the production (2P) site and injection (1I) site.

Name % N % C % S

KLA_1I filter 0.30 3.26 9.85

KLA_2P filter 0.06 0.72 1.73

KLA_1I core 0.00 0.05 0.64
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based on a power-law scaling permeability distribution. The
occlusion is confined to the vicinity of the wellbore in the
models, which is widely known as skin effect. For a spatially
uncorrelated poroperm medium, the damage zone extends
arbitrarily far into the poroperm medium surrounding the
wellbore. Remediation of a near-wellbore skin effect is signif-
icantly more likely than remediation of flow damage extend-
ing far from the wellbore. This simulation reflects the results
from this study in general. At the Klaipeda site, fines migra-
tion, precipitation, biofilm, and corrosion lead to a skin effect
around the borehole and are the main causes for the expo-
nential injectivity decline. Especially, their interaction results
in reservoir-damaging effects as described in the following.

The large difference between productivity and injectivity
in the same wells indicates a direction-dependent fluid
barrier. Thus, when sucking water, the skin surrounding
the wellbore is believed to detach from the reservoir and
clears fluid pathways which are clogged during injection.

Microbial activity and the use of gypsum inhibitor is an
example for the interaction between biological and chemical

processes: the total microbial activity is measured in cell
counts, which is ranked to be low (102 cells/ml) at the
Klaipeda site. In contrast, microbial activity at other geother-
mal plants ranges from 103 to 107 cells/ml [27–29]. The total
value at the Klaipeda site is lower at the production site (3.04
∗102 cells/ml) compared to injection site (8.58∗102 cells/ml).
Thus, the natural environment at the Klaipeda site provides
only small resources for the existence of organisms compared
to artificially triggered microbial activity.

The natural DOC in water is low ranging around 2mg C/l
(increasing from production to injection site). H2S can be
caused by microbial activity [30]. At the Klaipeda site, it is
only 0.0005% of total gas content. Therefore, the use of
organic-based gypsum inhibitor, which is injected at the
production wellhead, is presumably responsible for the
microbial activity. Additionally, organic content is leached
from surface filter installations. Hence, the microbial activ-
ity mainly develops due to surface infrastructure of the
plant triggered by artificially introduced organic content.
In later stages, microbial activity most probably leads to
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Figure 6: Observed and modeled decline curves for spatially correlated (a) and spatially uncorrelated (b) poroperm flow properties.
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Figure 7: 2D wellbore model showing depth of penetration of wellbore occlusion damage for fluid flow in spatially correlated poroperm
media (wellbore near skin effect, (a)) with spatially uncorrelated poroperm media (deep damage zone, (b)).
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the formation of biofilm, which has a direct impact on
fluid flow pathways by clogging pores. To overcome this
problem, bactericides have been injected at the production
site. However, no long-term effect has been proven provid-
ing injectivity increase.

On the other hand, the use of gypsum inhibitor
(4-5mg/m3) successfully prevents clogging of surface pipes
since 2004. Condition of the pipelines has been checked by
video inspection by the site operator in 2016. Before the
use of gypsum inhibitor, massive gypsum precipitations
had clogged the wells and surface infrastructure.

Hydrochemical modeling suggests precipitation of
other minerals such as silica/clays and sulfate minerals,
which are also accumulated in filter residual. Especially,
during the standby of the power plant in summers, the
possibility of mineral precipitation is increased. Further-
more, element concentrations in water increase due to
mineral dissolution in the aquifer. Especially, the increase
of HCO3 indicates the dissolution of the carbonatic sand-
stone matrix. The dissolution of carbonates and fine parti-
cles is enhanced by acidation. Additionally, acidation can
damage the aquifer formation containing aluminosilicates
by dissolving aluminum and forming hydrated silica [31].
Acid stimulation is also known to trigger clay mobilization
[32]. Clay particles later block pores in sandstones. The
best acid formulation preventing precipitation is selected
using simulators [33].

In Klaipeda, Fe and Mn concentrations increase
especially from the production to injection sites. This is an
indicator for corrosion in wells and surface pipes in both
sites. At injection wells, corrosion is additionally triggered
by acidation treatments. However, correlation of Mn, Fe,
and Si shows that corrosion also occurs at the production site
and in pipelines. Indeed, analysis shows that 60% of solid
filter residual is related to corrosion.

Physical properties of the aquifer can cause negative
effects on fluid flow. At the Klaipeda site, pores in sandstone
have the size of clay and silt particles (3–40μm). The inter-
layering of clay and sandstones is favorable for clay particle
movement. During injection, clay particles can completely
block the pores in sandstones. Additionally, the poor cemen-
tation of sandstone favors a leaching of matrix particles
especially during acidation. If a pumping test is not per-
formed after acidation, dissolved particles remain in the
aquifer and block pores during injection phases. During
production phase, these particles are removed causing high
productivity indices.

The variety of reasons for injectivity decrease at the
Klaipeda site mentioned above are typical mechanisms for
injectivity decrease in clastic sedimentary aquifers. Addi-
tional problems can occur, that is, caused by temperature-
related precipitations or flow velocities [34]. Nevertheless,
our study shows that changes of physical, chemical, and
biological properties in the aquifer causing injectivity prob-
lems are visible in the field data at an early stage. Corrosion
particles and precipitated minerals accumulate in surface
filters, and their size can easily be compared with the
pore radius of the aquifer formation. Changes in element
concentrations or microbial cells can be directly measured

at water samples taken from different locations at the
geothermal cycle.

A risk of pore clogging should be determined as early
as possible enhancing the chance of avoiding aquifer deg-
radation. A feedback adjustment procedure can support
the implementation of impeding treatments aiming for a
sustainable use of geothermal aquifers [35].

6. Conclusion

The Klaipeda geothermal field faces decreasing injectivities
while productivities from these wells are remarkably higher.
Results of this study indicate that the Klaipeda aquifer is
characterized by spatially correlated permeability structures.
Only few highly permeable pathways control the main
fluid flow in the aquifer. These permeable structures are
blocked by particles originating from field operations,
and therefore, injectivity drops rapidly leading to a well-
bore near damage zone.

In particular, field operations cause changes of the
physical, chemical, and biological processes in the aquifer.
Chemical processes observed at the Klaipeda site are mainly
mineral precipitation and corrosion. This study shows that
especially cross-correlation of chemical elements and its
strength analysis are feasible to cluster different element
groups which respond to similar chemical reactions. These
reactions are confirmed by sample analysis and hydrochemi-
cal modeling. Microbial activity at the site could cause
biofilm formation. Repeated cell counting shows decreased
activity over time. Additionally, leaching experiments with
filter materials demonstrated the release of organic material
from power plant equipment which might cause increased
microbial activity at injection site. Analysis of physical
boundary conditions and filter residual at the site determined
fines migration from the reservoir. Moreover, physical,
chemical, and biological processes can affect each other and
generate further reactions. In Klaipeda, for example, micro-
bial activity triggers corrosion in surface pipelines.

This study shows that reasons for pore clogging should be
understood as early as possible to avoid long-term aquifer
degradation. However, our results show that field data
already allow verifying potential risks at early stages. Espe-
cially, the interaction of physical, chemical, and biological
processes is important to consider, for example, microbiolog-
ically triggered corrosion. Our results show that spatially
correlating nature of permeable structures is responsible for
exponentially declining injectivity curves.

Appendix

A. 2D Wellbore-Centric Radial Injectivity Flow
Decline Modelling into Spatially Correlated
and Spatially Uncorrelated Flow Structures

Figure 7 illustrates the potential roles that spatially correlated
versus spatially uncorrelated aquifer flow structures play in
the observed Klaipeda injectivity decline process. We here
outline the 2D injectivity decline flow modelling procedure.
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Wellbore-centric fluid flow simulation in 2D computes a
planar Darcy fluid velocity field v x, y subject to constant
pressure P boundary conditions at an internal wellbore
radius and external far-field radius,

v x, y = κ x, y
μ

∇P x, y , A 1

for a fluid of viscosity μ in a model permeability field κ(x, y).
A computational grid is shown in Figure 8.

The permeability field κ(x, y) is determined by the
flow-layer porosity field φ(x, y),

κ x, y = κ0 exp αφ x, y , A 2

where α is a constant. For a normal distribution of porosities
0<φ(x, y)< 1, if α<~3, the associated permeability field is
normally distributed, whereas if ~15<α<~35, the perme-
ability field is lognormally distributed. When, as indicated
in the body of the text, the porosity field is spatially corre-
lated, the associated permeability fields are only weakly
correlated for α<~3 but are strongly correlated for
~15<α<~35. The value of α determined from well core
in hydrocarbon field worldwide is of order ~15<α<~35, that
is, crustal reservoir flow is observed worldwide to be both
spatially correlated and lognormally distributed. Figure 7
illustrates these spatial correlation effects.

We are interested in circumstances in which small
amounts of debris from the wellbore enter into the flow
spatially correlated permeability flow channels and begin to
occlude the channels. To simulate this occlusion process,
we allow the value of α to vary with time and space, α where
index n denominates an iterative time step from an initial
state α0 = constant to a final state αn(x, y), which can vary
according to the grid location (x, y). If at iterative step n,
the grid location fluid velocity vn(x, y) is above a threshold
velocity vthresh, it is assumed that the fluid is moving fast
enough to transport an occlusion particle, and the value of
α at (x, y) is decremented, αn(x, y)→ f⋅αn(x, y), f< 1, as if
the occlusion particle lodged in the grain-scale connectivity
channel through which the fluid was passing. If the fluid
velocity at (x, y) is below the threshold velocity, it is assumed
that no occlusion particle is being transported, and αn(x, y)
remains unchanged.

The modelling process then proceeds to match a model
injectivity decline curve derived from fitting an exponential
decay curve to the observed Klaipeda injectivity declines.
The model decline curve is modelled by a parameter search
in which the threshold velocity vthresh parameter and the α
decrement factor f are varied to produce a series of iterative
trial decline curves until the computed decline curve opti-
mally matches the observed curve.

The curve fitting process is then run for a sequence of
values of α0 in order to see if the modelling process can fit
suitable parameter pairs (f, vthresh) to fit to the observed
Klaipeda decline curves.

We find that

(i) for ~15<α0<~35, it is straightforward for model
decline curves to match the observed exponential
decline curves;

(ii) for α0<~3, no (f, vthresh) parameter pairs pro-
vide decline curves that match the observed
exponential decline;

(iii) for ~15<α0<~35, the majority of the decline
curve occlusion process occurs in the vicinity of
the wellbore;

(iv) for α0<~3, the decline curve occlusion occurs
throughout the model radius as a steady growth of
the occlusion zone.

From the last of the above model findings, it appears that
the α0<~3 case of spatially uncorrelated flow connectivity
effectively duplicates the standard assumption of “deep filtra-
tion” processes commonly used to model wellbore injectivity
declines [25]. The first two above model findings suggest,
however, that the “deep filtration” processes do not properly
reflect the nature of crustal flow at the reservoir scale. If this
proves to be that case—that wellbore injectivity declines
do not proceed by “deep filtration” processes in spatial
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Figure 8: 2D Darcy flow simulation grid for computing wellbore-
centric velocity variations due to spatially correlated porosity
distributions documented in Figure 4 for Klaipeda geological
sections. The above-illustrated flow simulation shows the case for
low-poro-connectivity parameter α~3 characteristic of the “deep
filtration” assumption for particulate transport. In the present
simulation particulates are transported arbitrarily distances into
the surrounding rock. If the poro-connectivity parameter is given
values in the range 15< α< 30 widely observed in hydrocarbon
reservoirs, then particulate transport is confined to the vicinity of
the wellbore because most active flow channels become clogged
with particulates; this case is illustrated in Figure 7(a). Figure 6
indicates that observed exponential injector decline at Klaipeda
is consistent with near-wellbore occlusion rather than deep
filtration occlusion.
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uncorrelated poroperm flow media—then there may be
useful remediation strategies that focus on near-wellbore
treatment of occluded material.
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