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Abstract Geothermal energy plays an increasingly
important role as a renewable energy source. However, it
induces temperature changes in natural thermally static
groundwater ecosystems. Temperature impacts can con-
siderably alter the groundwater chemical composition and
quality, the metabolism of organisms, and, consequently,
biogeochemical processes and ecosystem functions. Com-
bining original data from current studies with a compact
review of recent findings, we show that a moderate increase
in groundwater/aquifer temperature [+5 to 10 Kelvin (K)]
generally causes only minor changes in water chemistry,
microbial biodiversity, and ecosystem function in non-
contaminated and energy-poor (oligotrophic) groundwater
systems. In aquifers that are contaminated with organics,
nutrients, and heavy metals—typical in urban areas and at
sites with intensive land use (e.g., agriculture)—and par-
ticularly at temperatures >30 °C as regularly reached when
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heat is actively stored in aquifers, significant changes in
water quality and ecological patterns can result. Here most
critical are the heat-related mobilization of organic matter
and contaminants (e.g., arsenic), the reduction and deple-
tion of dissolved oxygen, and consequently the consecutive
shift to anaerobic redox processes that may produce toxic
and corrosive products (e.g., hydrogen sulfide) and green-
house gases (e.g., methane and carbon dioxide). Severe
temperature alterations lead to a reduced biodiversity of the
aquifer’s microbial community with the establishment of
atypical thermophilic assemblages. Groundwater fauna,
which is specifically adapted to the cold groundwater
habitat, may be sensitive to thermal changes at temperature
increases of only 5 K with long-term emigration or direct
lethal effects. From an ecological point of view, long-
lasting or reoccurring temperature alterations need to be
carefully evaluated and regulated in the future. We suggest
developing local and regional vulnerability concepts for the
sustainable and ecologically sound use of subterranean heat
and cold.

Keywords Geothermal energy use - Groundwater fauna -
Ecology - Aquifer microbiology

Introduction

The use of geothermal energy plays an increasing role as a
regenerative energy source (Lund and Boyd 2016).
Extraction of heat and cold from shallow aquifers induces
temperature alterations in the typically temperature-con-
stant subsurface (e.g., Pannike et al. 2006; Hecht-Méndez
et al. 2010; Hihnlein et al. 2010; Molina-Giraldo et al.
2011). Geothermal systems can be distinguished into
closed-loop systems, such as vertical borehole heat
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exchangers and horizontal heat collectors, and open-loop
systems, such as aquifer heat and cold storage systems and
wells for the extraction and recharge of groundwater for
cooling purposes (Malin and Wilson 2000). Dependent on
the type of system, temperature changes range from a few
Kelvin (K) in the direct vicinity of borehole heat
exchangers and horizontal heat collectors (Griebler et al.
2015) to large heat plumes downgradient of process water
recharge wells with water temperatures >20 °C (Briel-
mann et al. 2009). Aquifer heat storage systems may show
groundwater temperature extremes of 60—80 °C or more
(Wiirdemann et al. 2014).

Several hundred thousand closed-loop systems and
thousands of shallow open-loop systems are operative in
Germany (GtV BUNDESVERBAND GEOTHERMIE
2014). In contrast, while aquifer heat and cold storage
systems are already abundant in some European countries,
i.e., The Netherlands with >2000 systems (Bonte 2013),
these types of geothermal energy use systems are still rare
in Germany.

In addition to the positive aspects of the sustainable use
of a natural infinite source of energy from the shallow
subsurface, a critical discussion has recently gained
momentum on how anthropogenically induced temperature
changes in the subsurface impact the groundwater quality,
organismic communities, and ecosystem function (Briel-
mann et al. 2008, 2011; Bonte 2013; JesuBek et al.
2013a, b; Griebler et al. 2015). Moreover, the reconcil-
ability of geothermal energy use and drinking water pro-
duction have been controversially discussed with respect to
the possible risk of hygienic and chemical (e.g., heavy
metals) impact on water quality. While individual guide-
lines and scientific publications recommend to keep
geothermal facilities away from drinking water production
plants (DVGW 2013; Bonte et al. 2011, 2013a; Héhnlein
et al. 2013), other studies did not find evidence for an
increased risk (Kober et al. 2015).

Since there is a clear lack of knowledge about the fast
technological and economic development of geothermal
energy use from the shallow subsurface, we provide a
compilation of recent findings in terms of moderate tem-
perature changes, groundwater quality, and ecosystem
status. We briefly introduce original data on the effects of
temperature alterations on aquifers to sediment-porewater
composition obtained from a model exercise and batch
experiments considering different geological settings and
degrees of anthropogenic contamination. Moreover, results
are introduced from sediment column experiments that
evaluate temperature effects on microbiological patterns
under oligotrophic conditions and mimic contamination
with labile organic carbon and nutrients as well as with
petroleum hydrocarbons. Further, recent studies are
reviewed and critically discussed. Finally, we provide
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recommendations for the future management of heat and
cold impact in the shallow subsurface.

Materials and methods

Modeling of sediment—porewater physicochemical
equilibria

Changes in porewater chemical conditions with a consec-
utive shift in temperature were modeled for different
hydrogeological units, including (i) sands and gravels of
the Lower Rhine area, (ii) gravels and moraines of the
alpine foothills, (iii) limestones of the alpine region, and
(iv) sandstone layers of the early Triassic, to provide a
range of environmental settings. Description of the indi-
vidual hydrogeological units was provided by Kunkel et al.
(2004). For modeling, the program environment Phreeqc
(Parkhurst and Appelo 1999) version 2 was applied using
the Lawrence Livermore National Laboratory (LLNL)
aqueous model database (llnl.dat, Daveler and Wolery
1992). The model assumes equilibrium conditions in closed
systems and neglects microbial activities (i.e., respiration
and biomass growth).

Sediment—porewater batch experiments

Temperature-related changes in the porewater concentra-
tions of dissolved organic carbon (DOC), nutrients, and
major ions were assessed in batch tests conducted with
aquifer sediments freshly collected from a shallow qua-
ternary aquifer outside (referred to as non-contaminated)
and from the central downtown area of (referred to as
‘contaminated’) the city of Munich, Germany. The shallow
aquifers in the area of Munich belong to the hydrogeo-
logical unit gravels and moraines of the alpine foothills as
characterized by Kunkel et al. (2004). Fifty microliters of
sediment was incubated together with 150 mL of fresh
0.2 um filtered groundwater from the respective sites in
batch tests (triplicates) first overnight at 10 °C for
acclimatization followed by incubation at 4, 10, 15, 20, 30,
45, 70, and 90 °C. Groundwater from the non-contami-
nated site incubated without sediment served as a sedi-
ment-free control. Small volumes (5 mL) of water from the
batch tests were collected repeatedly over a time period of
5 and 12 days, respectively, for the analysis of DOC and
selected ions/nutrients (K+, Na™, Ca2+, Mg”, Cl—, NOs ™,
NO,~, NH,*, and SO427). DOC was analyzed as non-
purgeable organic carbon in acidified samples using high-
temperature combustion with infrared detection of CO, on
a TOC analyzer (Shimadzu TOC-5050). Ions were ana-
lyzed by ion chromatography (Dionex Model DX 100).
Data acquisition was performed with the PEAKNET
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Fig. 1 Schematic drawing of the three basic types of geothermal energy use systems. a Borehole heat exchanger, b aquifer heat and cold storage,

and ¢ open extraction and recharge well system

software (Dionex). For quantification, commercial stan-
dards were used (Fig. 1).

Experiments in mini-sediment columns
Column setup

Fresh sediments were obtained by drilling from an olig-
otrophic shallow quaternary aquifer (hydrogeological unit
gravels and moraines of the alpine foothills) near Freising,
Germany (Brielmann et al. 2009). Prior to the experiments,
the screened medium sand fraction (0.2-0.63 mm) of the
sediment was autoclaved 3 times for 60 min at 121 °C.
Subsequently, the sediment was kept at 12 °C and con-
tinuously infiltrated with natural groundwater to establish a
stable ‘natural’ microbial community. After 3 months of
sediment conditioning, glass columns (100 mm length,
16 mm inner diameter) were packed with sediment and
fully saturated. The average saturated pore volume was
5 cm®. Glass columns were closed with a stainless steel
mesh and viton stopper (16 mm @, 12 mm length; Ochs)
and protected from light with an aluminum foil cover.
Stainless steel needles served as inlet and outlet ports.
Viton tubing (Ismatec) and stainless steel capillaries of the
same inner diameter (1 mm) were used to connect the
columns to peristaltic pumps (Ismatec), the reservoir, and
waste outlets (see Fig. 2 in Brielmann et al. 2011). The
installation of copper T-brass connections close to the
column inlets connected by stainless steel capillaries and
viton tubing to either syringe or peristaltic pumps allowed
us to control the experimental conditions as described
below. A more detailed description of the mini-sediment-
column setup is provided by Hofmann et al. (2016). Col-
umns were operated in up-flow mode at an average pump
rate of ~0.54 mL min~' with values ranging from 0.45 to

0.65 mL min~'. Based on an average porosity of 0.31
determined by the appropriate volumetric and gravimetric
measurements, the mean residence time of water in the
columns was approximately 9 min. Thus, the average pore
water flow velocity (12.4 m day ') was within the range of
natural groundwater flow velocities at the site of sampling.

Before specific treatments, the columns were kept for
preadaptation at six distinct incubation temperatures at 4,
10 °C (ambient groundwater temperature), 15, 20, 30, and
45 °C for two (toluene addition) or three (substrate addi-
tion in form of R2A medium) months. The incubated
aquifer sediments then faced two different treatments
besides the temperature change, i.e., first the addition of
modified R2A medium to overcome the possible limitation
in DOC and major nutrients, and second the addition of
toluene to simulate organic contamination with petroleum
hydrocarbons. For each treatment, three replicates and two
control columns were incubated at each temperature. The
sediment sampling was preceded by a sampling of
groundwater at the column outlets.

Supply of extra DOC and nutrients (R2A)

For a period of 1 week, a subset of the pre-incubated
sediment columns (triplicates) were continuously supplied
at each of the 6 temperatures with a modified R2A medium
(Reasoner and Geldreich 1985) consisting of 0.5 g L™'
yeast extract, 0.5 gL~"' peptone, 0.5 gL~ casamino
acids, 0.5 g L~! sodium acetate, 0.5 g L~! soluble starch,
03 gL™' sodium pyruvate, 0.3 gL~' K,HPO,, and
0.024 g L™! MgSO, x 7H,O at pH 7.2. Via the T-brass
connections, the R2A medium was mixed at the column
inlets into the continuous groundwater supply. Syringe
pump rates were adjusted to achieve an average DOC
concentration of 2.8 &= 1.9 mg L™" entering the columns.
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To avoid back growth of bacteria into the medium reser-
voir, the respective supply capillaries were equipped with
sterile filters at both ends. Duplicate columns at each
temperature receiving no medium addition (natural ingoing
DOC concentration of 0.6 mg L") served as controls.

Contamination with a petroleum hydrocarbon (toluene)

For a period of three weeks, a subset of the sediment columns
at each of the 6 temperatures received a continuous supply of
toluene as a model petroleum hydrocarbon compound.
Duplicate columns at each temperature received no toluene
addition and served as controls. Oxygen-free groundwater
containing toluene (200 mg L™") was stored without head-
space and protected from light in inert 5-L Tedlar bags (SKC,
PA, USA). A glass syringe was used as a drip feed from
which injection needles, Fluran® tubing (Ismatec), and
stainless steel capillaries distributed the toluene mixture to
the peristaltic pumps and further to the T-brass connections
downstream the column inlets. Peristaltic pump rates were
adjusted to achieve a toluene column influent concentration
of about 1.5 mg L™'. A more detailed description of the
mini-column setup is provided in Hofmann et al. (2016). The
ratio of oxic groundwater to anoxic toluene medium was kept
as high as possible to ensure well-oxygenated conditions and
to avoid the dilution of nutrients. Toluene degradation effi-
ciency was estimated from concentration differences
between the respective column inlets and outlets. Toluene
concentrations were obtained by GC-MS analysis as
described in Bauer et al. (2008).

Porewater characteristics

The temperatures in the incubation chambers were inde-
pendently measured with a thermometer. Porewater analysis
further included pH measurements in the column influents
and effluents using a pH electrode (WTW). DOC, nutrients,
and major ions were analyzed as described above and in
Brielmann et al. (2009). For each experimental setup at each
temperature, planar oxygen sensor spots (PreSens GmbH,
Regensburg, Germany) were attached to the inner wall at the
upper and lower end of one column. Accordingly, porewater
oxygen concentration/saturation was determined regularly
as described elsewhere (Warkentin et al. 2007). Special care
was taken to individually calibrate each spot according to the
manufacturer’s specifications. Occasionally, the sediment-
porewater microbial communities were analyzed for total
cell counts (TCC) (data not shown).

Sediment microbiological characterization

At the end of the experiments, all columns were subjected
to sediment microbiological analysis. The abundance of
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sediment prokaryotic cells was determined as TCC by
means of flow cytometry (FCM) following the protocol
described in Bayer et al. (2016). FCM measurements were
performed using a BD LSR II flow cytometer equipped
with a blue 488-nm laser. Following the method of
Hammes and Egli (2005), green (B530) and red (B610)
fluorescence intensities were collected at 550 and 650 nm,
respectively, and combined to separate the bacterial pop-
ulations from background particles and to minimize back-
ground noise. All analyses were performed at a minimum
flow rate (about 10 pL min~'). The standard instrument
error on FCM measurements was always below 5 %.

Bacterial production in the column sediments was esti-
mated via leucine incorporation into bacterial protein
(Kirchman 1993) following a modified protocol of Buesing
and Gessner (2003). In short, three replicate samples and
one blank sample (0.5 cm’ sediment each) were amended
with non-labeled and [3H]-labeled leucine (final concen-
tration 100 nM; ARC Research Products) and 750 pL of
autoclaved, 0.22 pm filtered porewater. Blanks were stop-
ped immediately with trichloroacetic acid [final concen-
tration 5 % (v/v)], and replicates were stopped after
incubation for 6 h at each respective incubation tempera-
ture. Samples were centrifuged at 15,000 g for 10 min, and
the supernatant discarded. Following a washing step with
Milli-Q water, the samples underwent an alkaline extrac-
tion (0.6 M NaOH, 25 mM EDTA, 0.1 % SDS) of the
proteins on a thermomixer for 1 h at 99 °C and 1000 rpm.
After cooling, the samples were centrifuged (15,000g;
10 min), and an aliquot (100 pL) of the supernatant was
submitted to liquid scintillation counting.

Amplicon pyrosequencing of bacterial 16S rRNA genes
was performed on a 454 GS FLX Titanium system (Roche,
Penzberg, Germany) as reported by Pilloni et al. (2012).
Briefly, bar-coded amplicons for multiplexing were prepared
using the primers Ba27f and Ba519r and extended with the
respective adapters, key sequences, and multiplex identifiers
(MIDs) as recommended by Roche. Emulsion PCR was
performed in a Mastercycler ep gradient (Eppendorf, Ham-
burg, Germany), and the amplicons were subsequently
purified and sequenced following the manufacturer protocols
(Pilloni et al. 2012). Quality filtering of the pyrosequencing
reads was performed using the automatic amplicon pipeline
of the GS Run Processor (Roche). Reads were further trim-
med and de-noised as described previously (Pilloni et al.
2012; Karwautz and Lueders 2014). Read affiliation was
done using the RDP classifier (Wang et al. 2007) with a
confidence threshold set to 80 % (default).

Statistics

One-way ANOVA was used to test the hypothesis that
there were no significant differences between several
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measurements of an individual variable within the selected
temperature incubations. Here, the level of significance
was set at P < 0.001. If significant differences were
obtained, in a second step, a multiple comparison test
(Holm-Sidak) was run to identify the ones significantly
different (significance level P < 0.05) from the ‘natural
condition’ (10 °C). Both tests were run in SigmaStat ver-
sion 12.0.

Results and discussion

Groundwater quality is related to temperature
changes

The chemical composition and quality of groundwater are
determined by a multitude of factors including its origin,
the properties of the aquifer matrix, the water residence
time, as well as physicochemical and biological processes.
A central parameter for water chemical composition in
sedimentary systems is temperature, which is directly
related to the density and viscosity of water, the solubility
of gases, geochemical processes such as dissolution or
precipitation of minerals, and biological processes. Chan-
ges in temperature consequently go along with abiotically
and biotically induced compositional changes of the
groundwater (e.g., Bonte et al. 2013a; JesuBek et al.
2013a).

Modeling of the porewater chemical composition with
changing thermal conditions in four hydrogeological set-
tings revealed considerable changes in concentration for
some of the nutrients and major ions tested, particularly at
temperatures >40 °C. In general, we observed a negative
relationship between temperature and porewater pH
(Fig. 2), which was not only caused by an increase in CO,.
In fact, modeled CO, did not show any pronounced change
in the sandstone formation, but had a positive correlation
with temperature in all other settings (Fig. 2). It is impor-
tant to note that although CO, at higher temperatures
partitions from water to the atmosphere due to reduced gas
solubility, the model assumes the system to be closed,
leading to a pronounced CO, increase in sediment-pore-
water. Similarly, porewater calcium and magnesium con-
centrations declined with increasing temperature for all
hydrogeological settings tested except for the sandstone
aquifer (Fig. 2). Sulfate, for example, showed a clear
decreasing trend with increasing temperature for the sands
and gravels of the Lower Rhine area only (Fig. 2). Nitrite
increased in all porewater samples. However, the concen-
trations were below the routine analytical limit of detection
(Fig. 2). For sodium, only a slight increase over time was
indicated by the model. The model indicated no significant
change with temperature for nitrate, chloride, and

potassium, independent from the geological setting tested
(Fig. 2).

The model described above assumed equilibrium con-
ditions in closed systems and ignored any microbial
activities (i.e., respiration and biomass growth). Therefore,
as an extension further open batch experiments were per-
formed with groundwater and respective sediments from
the hydrogeological unit gravels and moraines of the alpine
foothills (Kunkel et al. 2004), mimicking processes in the
shallow aquifer close to the groundwater table. Material
was collected at a rural (referred to as non-contaminated)
and at an urban (referred to as contaminated) location.

As depicted in Figs. 3, 4, and 5, contaminated and non-
contaminated groundwater was considerably different in
chemical composition. While groundwater from the non-
contaminated aquifer outside Munich contained about
1 mg L™" DOC, the contaminated groundwater from
downtown Munich exhibited a fivefold higher concentra-
tion (Fig. 3). A striking difference was found with sulfate,
which was below 10 mg L™' in the non-contaminated
groundwater and above 100 mg L™" in groundwater from
the urban area (Fig. 4). Groundwater from the contami-
nated aquifer was also higher in sodium, potassium, and
calcium, but was lower in chloride (Fig. 5).

The experiments with the ‘non-contaminated’ and the
‘contaminated’ aquifer sediments revealed clear tempera-
ture-related dynamics with respect to organic matter. The
concentration of DOC in the sediment-free control batch
tests slightly increased with increasing temperature in the
first 24 h of incubation before leveling off during the
additional incubation period (data not shown). In sediment-
porewaters, DOC concentration increased with increasing
temperature and incubation time. In the non-contaminated
set, this trend was not significant at temperatures below
45 °C (Fig. 3a). Here, variations were in the range of the
analytical error. A systematic pattern was observed at
temperatures between 70 and 90 °C, with a 2.5-12-fold
increase in porewater DOC over time (Fig. 3a). Similarly,
with the aquifer material from downtown Munich, the
temperature increase led within 12 days to a significant
mobilization of DOC at higher incubation temperatures
(Fig. 3b). At 45 °C, the DOC concentration in the pore-
water doubled; at 70 °C, it increased by sixfold; and at
90 °C, a 30-fold DOC concentration was found (Fig. 3b).

In all control incubations containing groundwater
without sediments, no effect or clear trend was observed
with regard to the nutrients and major ions tested (Figs. 4,
5). With the non-contaminated aquifer material, nitrate and
sulfate had elevated concentrations in sediment-porewater
after 5 days of incubation. SO, concentration increased
at temperatures above 30 °C, and NO;3;™ increased at tem-
peratures >45 °C (Fig. 4). With both species, the original
concentrations increased by about 30 %. With the
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Fig. 2 Temperature-related changes in the porewater concentration
of selected hydrochemical species as modeled for four different
hydrogeochemical aquifer units using Preeqc. Note that the blue

contaminated aquifer material, the effects were more pro-
nounced. Sulfate porewater concentrations showed a
striking positive correlation with temperature (Fig. 4).
After five days of incubation, the sulfate level was twice as
high at 90 °C compared to ambient conditions (10 °C).
While nitrate did not show a systematic change with tem-
perature, a positive correlation was detected for nitrite and
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ammonium. Both were detected in porewater at tempera-
tures >30 and 45 °C (Fig. 4).

Sodium (Nat) as well as potassium (K*) showed an
increase in concentration already in the control ground-
water samples, while magnesium (Mg®") decreased with
temperature (Fig. 5). Calcium (Ca”) showed a slight
decrease at a moderate temperature increase before it
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decreased again at temperatures >70 °C (Fig. 5). No clear
effects were obtained for chloride (Cl17) in the control
groundwater. With the sediment incubations, the patterns
were more pronounced. In the porewater of the non-con-
taminated aquifer material, Na*, K*, and ClI~ showed a
positive relationship with temperature. A negative rela-
tionship was observed with Ca*" and Mg®" decreasing at
temperatures >45 °C (Fig. 5). The porewater of the con-
taminated aquifer material contained higher concentrations
for all cations, but Mg>". Temperature-related patterns
followed similar trends as for the non-contaminated aquifer
material, with an increase of Nat, K, and Cl~ and a
decrease of Mg®". However, here, no significant patterns
were observed for Ca** (Fig. 5).

Sorption/desorption kinetics and dissolution/precipita-
tion equilibria are temperature dependent. It is well docu-
mented that a substantial increase in temperature leads to
the mobilization of organic matter (Brons et al. 1991;
Christ and David 1996; Kaiser et al. 2001; Bonte et al.
2013a). In column experiments with Tertiary lignite sands,
JesuBek et al. (2013a) observed a threefold release of DOC
at 70 °C when compared to columns at ambient ground-
water temperature. Similar results were obtained by Bonte
et al. (2013a), who showed an increase in DOC at tem-
peratures >60 °C with different sediments tested. The
mechanisms behind the mobilization of DOC include
desorption of DOC from sediment surfaces including metal
oxides (Filius et al. 2000), as well as partial abiotic and
biotic transformation of sediment particulate organic mat-
ter (Brons et al. 1991). Our data, in particular, emphasize
that with sediments from aquifers with considerable
organic contamination, DOC mobilization at high temper-
atures may exceed values reported so far, generating a vast
pool of substrates and electron donors for microbial growth
and activity (see the section on ‘ecosystem functions’
below).

An increase in water temperature leads to a reduction in
the solubility of gases. Considering that dissolved oxygen
(DO), which is required for aerobic processes, becomes

Temperature [°C]

less available when water gets warmer, and taking into
account that microbial activities are at the same time
stimulated and more OM becomes available, a switch from
aerobic to anaerobic processes and from oxic to reduced
conditions is likely at thermally impacted conditions (more
details in the section on ‘ecosystem functions’ below).
Besides DO, CO, is also increasingly lost from heated
waters (Brons et al. 1991), resulting in new equilibria,
especially in carbonate-buffered systems. The decrease in
Ca*" and Mg”" ions can be attributed partly to the out-
gassing of CO, and the subsequent precipitation of Ca®"
and magnesium carbonate (Griffioen and Appelo 1993).
While other studies did not reveal pronounced changes in
Ca”** and Mg>" concentrations in sediment-porewaters at
temperatures <40 °C (JesuBlek et al. 2013a; Brons et al.
1991), our modeling approach showed that this is related to
the sediment mineralogical composition. In the carbonate-
rich sands and gravels, the effects are already visible at
moderate temperature changes (Fig. 2). Similarly, Ca®"
concentrations already decreased in groundwater and sed-
iment-porewater from the non-contaminated aquifer at
temperatures >15 °C (Fig. 5). Mg>" decreased at temper-
atures >30 °C. Only at high temperatures (70 °C), a
decrease of Ca®t and Mg** as well as an increase of K™
was observed in the column experiments of Jesufiek et al.
(2013a). With respect to Na™ and K™, our modeling indi-
cated only a slight increase for Na™ but no change for K
with temperature in the sediments tested (Fig. 2). However,
in the batch tests with carbonaceous non-contaminated
groundwater and aquifer material, a clear increase in both
Nat and Kt was observed, at 90 °C in the groundwater
and at >70 °C in the sediment incubations (Fig. 5). No
significant effects were observed in the sediment column
experiments with a similar sediment material for a tem-
perature range between 4 and 45 °C (Brielmann et al.
2011). Batch tests with the contaminated aquifer material
showed a clear positive relationship between the two
cations and temperature (Fig. 5). Differences between the
in silico and batch study may be partly related to
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Fig. 4 Mobilization of nutrients within five days of incubation at different temperatures from aquifer sediments in batch experiments. Values are

means of triplicates =SE

differences in the sediment mineral composition. The
hydrogeological unit gravels and moraines of the alpine
foothills are defined by a mean mineral composition that
may not necessarily reflect the situation in the periphery of
the city of Munich. At temperatures >50 °C, NaHCO;
precipitates to Na,CO; while releasing CO,. Here, the
carbonate partially binds to Ca®" and Mg, reducing their
amounts in solution by a concomitant increase in free Na™.
Moreover, the modeling did not consider the contribution
of any biological processes. Interrelated with the dissolu-
tion and precipitation of cations is the negative relationship

@ Springer

between temperature and pH, which has been repeatedly
reported (Balke 1978; Brielmann et al. 2011; JesuBBek et al.
2013a; Bonte et al. 2013a; this study).

For the anions tested, the model did not indicate changes
in the concentrations of nitrate and chloride, but with nitrite
and sulfate, the latter, however, only in the sands and
gravels of the Lower Rhine area (Fig.2). The batch
experiments underline these findings and extend them to
some degree. Measureable changes in nitrite concentration
were seen in the contaminated aquifer material. Here,
ammonium also appeared (Fig. 4). The batch tests also
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Fig. 5 Dissolution and precipitation of cations and anions in groundwater and at sediments in sediment-porewater incubations at different
temperatures. Values are means of triplicates =SE

revealed changes in porewater nitrate with higher temper-
atures, independent of contamination (Fig. 4). Most sur-
prisingly were the findings for sulfate dynamics. While the
model experiments revealed a decrease in sulfate with
increasing temperature due to precipitation with Ca®" to

CaSQ,, our batch experiments revealed the opposite pat-
tern. One reason for the elevated sulfate concentrations in
groundwater from the city sediments is sulfate contained
and leached from construction and artificial fillings with
construction waste (Jang and Townsend 2001). Sulfate is
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contained in bricks, gypsum wallboards, and gypsum and
anhydrite [CaSO,4] which are basic ingredients of cement.
An increase in sulfate in solution with elevated temperature
may be related to a different dissolution behavior of indi-
vidual sulfate minerals not considered in the model.
Changes in nitrate and sulfate concentrations have also
been reported in other studies, however, here in combina-
tion with microbial activity, i.e., nitrate and sulfate
reduction, which consequently led to a decrease and/or
complete depletion of these anaerobic electron acceptors
(JesuBek et al. 2013a, b; Bonte et al. 2013a).

Most studies available conclude that a moderate
increase in temperature has little impact on the quality of
groundwater and drinking water (Brielmann et al.
2009, 2011; JesuBek et al. 2013a; Possemiers et al. 2014,
this study); in particular, this is the case when the
groundwater is of good quality as characterized by low
concentrations of DOC and nutrients as well as the
absence of contaminants. However, it has been shown that
in anoxic aquifers, a moderate increase in aquifer tem-
perature from 10 to 25 °C can mobilize sediment-bound
arsenic (Bonte et al. 2013a). Additionally, at temperatures
of 60 °C, increased concentrations of molybdenum,
boron, vanadium, and fluorine were detected in sediment-
porewater (Bonte et al. 2013a). The authors suggest the
mobilization of these trace elements to be related to the
temperature-related increased solubility of silicates, a
process reported by numerous authors (Carroll and Wal-
ther 1990; Kdohler et al. 2003; Arning et al. 2006; JesuBiek
et al. 2013a, b).

Groundwater temperature alterations and effects
on biological patterns

Since groundwater ecosystems are generally poor in
biodegradable carbon, nutrients, and energy, a weak
resistance and resilience against disturbances such as
temperature alterations are assumed (Griebler et al. 2014).
Temperature, in particular, is a key factor influencing the
physiological activity, growth, and consequently the pres-
ence/absence of individual groups of organisms and species
(Lengeler et al. 1999). Organisms in groundwater are
physiologically adapted to constant environmental condi-
tions, such as the constant groundwater temperature, with
an often narrow range of high performance and tolerance,
specifically for Metazoans. Groundwater temperatures
resemble the local mean annual air temperature, with val-
ues in Germany typically ranging between 9 and 14 °C
(Tiehm et al. 2012) and an annual fluctuation of 1 °C. As
known from other ecosystems, changes in the temperature
regime (e.g., climate change) cause dynamic changes in
community composition and ecosystem processes (Zogg
et al. 1997; Bradford et al. 2008; Castro et al. 2010;
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Yergeau et al. 2012). A similar effect is thus true for
groundwater ecosystems.

Ecosystem functions impacted by changes in thermal
conditions and OM availability

Although still hardly considered, organisms in aquifers—in
particular microorganisms—are related to important
ecosystem services, including the natural purification of the
infiltrating water, the biodegradation of pollutants, the
elimination of pathogens, and carbon and nutrient cycling
(Griebler and Avramov 2015). An increase in temperature
generally leads to the enhancement of metabolic activities
and a decrease in temperature to an activity reduction. It is,
however, important to consider that every (eco) species has
its individual temperature range with an optimum and a
lower and upper limit for individual activities (e.g.,
growth). Thus, the moment the tolerated temperature range
of an individual species is exceeded, activities will cease,
and then, organisms will switch to dormancy or die (Price
and Sowers 2004). It is expected that with alterations of
groundwater and aquifer temperature, biologically medi-
ated processes will potentially be stimulated or impaired.
Consequently, results from laboratory cultures need to be
interpreted with caution when dealing with complex com-
munities in the environment.

A field study targeting an oligotrophic shallow porous
aquifer impacted by the recharge of warm process water
revealed no significant changes in groundwater microbial
activities, such as bacterial carbon production (carbon
turnover) and extracellular phosphatase activity (P acqui-
sition), in the temperature range of §—18 °C (Brielmann
et al. 2009). Similarly, the microbial biomass (total
prokaryotic cell counts), a result of bacterial growth, did
not show any significant differences in groundwater sam-
ples from temperature-impacted and non-impacted areas.
This early study was later evaluated in laboratory sediment
column experiments. Using the same aquifer material, the
temperature impact was experimentally extended to 45 °C,
and the analysis included not only groundwater but the
sediment fraction, which carries the majority of the
microbial biomass (Alfreider et al. 1997; Griebler et al.
2002). More recently, microbial-driven carbon turnover
and nutrient acquisition were found to be significantly
changed at temperatures >20 °C (Brielmann et al. 2011).
These observations are quoted as evidence for changed
ecosystem functions. The authors of both studies, the field
and sediment column study, speculated that the energetic
limitations (lack of sufficient labile DOC and essential
nutrients) present in the studied aquifer caused the small
changes observed at temperatures <20 °C (Brielmann et al.
2009, 2011). Consequently, in anthropogenic impacted
aquifers, e.g., at urban sites and in areas of intense land use,
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significant changes in microbial activities and biodiversity
may be expected at small temperature changes (+5 K)
(Brielmann et al. 2011).

Building on the experiments of Brielmann et al. (2011),
the sediment columns were run simulating two types of
contamination, i.e., (i) a simultaneous increase in labile
dissolved organic carbon and nutrients and (ii) a moderate
petroleum hydrocarbon contamination (in this study,
toluene). Both treatments were compared to control col-
umns that were run under close to in situ conditions with
respect to groundwater and sediment characteristics, but
were incubated as well at different temperatures, i.e., at
lower (4 °C) and higher (1545 °C) temperatures when
compared to the ambient aquifer temperature (10 °C,
referred to as the reference columns). The results depicted
in Fig. 6 strikingly underline the effects when overcoming
the energetic limitations for microbes in oligotrophic
aquifers. At all temperatures, the number of bacteria (as
measured by TCC) attached to the sediment as well as their
growth performance (as measured by BCP) was signifi-
cantly higher (P < 0.001) in the two treatments with car-
bon addition (labile DOC and toluene) than in the
uncontaminated columns. TCCs in general were two orders
of magnitude higher in the substrate-fed columns and more
than one order of magnitude higher in the toluene-fed
columns. With respect to BCP, the substrate-fed columns
exhibited one order of magnitude higher rates than the
controls. In the toluene-fed columns, BCP increased on
average by a factor of 2.5. However, while both parame-
ters, TCC and BCP, sensitively reacted to the addition of
substrate and toluene at all temperatures tested, they did
not reveal significant changes within the different temper-
atures in the contaminated sediments when compared to the
control (10 °C). The only exceptions were the toluene-
contaminated sediments incubated at 45 °C (Fig. 6). We
also observed that treatment with organic carbon was fol-
lowed by its aerobic degradation, resulting in a significant
lowering of porewater oxygen (DO) concentrations. Where
additional DOC and nutrients were continuously fed to the
columns, the DO concentration decreased by about
4 mg L™" compared to the non-fed columns (Fig. 6),
which was in line with the amount of substrate converted at
the different temperatures. In contrast, microbial toluene
degradation efficiency varied with the different tempera-
tures, being significantly lower at 4 °C and highest at
20 °C. The degradation efficiency for toluene was signifi-
cantly stimulated at 20 °C. Again, toluene degradation
patterns were mirrored by the deviation of DO values from
the untreated controls (Fig. 6).

The hypothesis of Brielmann et al. (2009, 2011) men-
tioned above was not supported by our current results.
Unexpectedly, we did not find striking temperature-related
effects to microbial activities at conditions with a

considerable background contamination (elevated DOC,
nutrients, and/or organic pollutants). Differences between
the amended and non-amended columns were mainly dri-
ven by overcoming the organic carbon and nutrient limi-
tations, with temperature playing a minor role in
additionally steering carbon turnover, bacterial growth, and
biomass. Note that there was also considerable variability
between control columns and treatment, most likely a time
effect caused by different times of preadaptation and
experiments. However, more importantly, the organic
contamination immediately led to a decrease in porewater
oxygen concentrations, reaching critically low or even
hypoxic conditions at temperatures >30 °C in our experi-
ments. The switch from oxic to anoxic conditions in an
aquifer is without doubt linked to severe changes in water
quality, microbially catalyzed processes, and community
patterns. However, since our sediment column study sim-
ulated only moderate contamination (addition of 1.3-3 mg
carbon L™') and covered a rather short time scale
(819 days), no switch to reduced conditions was
observed. Patterns from the short-term experiments await
midterm and long-term evaluation and need to be inter-
preted with caution when transferred to field conditions.

Convincing evidence that a temperature increase in
aquifers can readily lead to a switch of biogeochemical
processes and consequently to active ecosystem functions
comes from other studies. Using aquifer sediment (tertiary
lignite sand) and tap water, Jesuek et al. (2013a, b)
showed in column experiments that with increasing tem-
perature, redox processes changed. At ambient temperature
(10 °C), oxic conditions and aerobic respiration prevailed.
At 25 and 40 °C, conditions changed to nitrate- and iron
reducing, respectively. At 70 °C, sulfate reduction domi-
nated (JesuBek et al. 2013a). In a follow-up experiment, the
continuous addition of acetate led to the establishment of
sulfate-reducing conditions at all four temperatures tested.
At 40 °C, the highest sulfate reduction kinetics were found,
followed by 25, 10, and 70 °C. At 25 °C, methane was
found in solution, but not at other temperatures (Jesuiek
et al. 2013b). A similar study, conducted by Bonte et al.
(2013a), showed that by performing column experiments
with sediments from an unconsolidated anoxic sandy
aquifer that a temperature increase from 11 °C (ambient) to
25 °C could cause a shift from iron-reducing to sulfate-
reducing and methanogenic conditions. A further temper-
ature increase (>45 °C) resulted in the emergence of a
thermophilic microbial community specialized in fermen-
tation and sulfate reduction (Bonte et al. 2013a). These
studies underline the potential impact of temperature
alterations to ecosystem processes.

As already mentioned, an increase in temperature gen-
erally leads to an increase in the metabolic activity of
organisms. This can also be seen as a stimulation of
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ecosystem functions and thus a beneficial effect, in par-
ticular at sites with organic background contamination (see
below). In fact, with regard to the natural cycling of car-
bon, an increased turnover may not necessarily be desired,
because at the same time, dissolved oxygen is depleted, as
discussed earlier. Another aspect is the long-term depletion
of natural organic carbon pools. As a consequence, the
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microbial communities attached to sediments. Values are means of
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with an asterisk are significantly different (P < 0.05) from the
reference (value for the 10 °C incubation, highlighted by the gray
background) within similar treatments

initially stimulated turnover rates will cease at a later time
point (Bradford et al. 2008; Frey et al. 2008). Moreover,
temperature shifts influence interactions within food webs.
For ciliates (protozoa), it has been shown that for a con-
stant production more energy (food) is needed when the
ambient temperature shifts to lower or higher values. At

elevated temperatures, negative growth rates were
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observed (Weisse et al. 2002). The consequent reduction or
even loss of a predator to bacteria will also affect the
overall carbon turnover. Numerous feedback mechanisms
such as these are known from different environments, but
are not yet well understood and/or considered for ground-
water ecosystems.

Currently, a frequent topic of discussion is whether
thermally enhanced bioremediation, i.e., the application of
geothermal energy use at sites where the subsurface is
already organically contaminated, is a promising and
beneficial treatment approach (JesuBek et al. 2013b;
Zuurbier et al. 2013; Kober et al. 2015). The potentially
enhanced microbial activity at increased temperatures is
assumed to accelerate contaminant biodegradation. Zeman
et al. (2014) showed in laboratory microcosms that at 22
and 30 °C a higher biogas (methane) production, a sig-
nificant degradation of monoaromatic hydrocarbons, and
an overall greater loss of hydrocarbons was achieved in
comparison with lower (4 and 9 °C) and higher (35 and
40 °C) thermal conditions. A comparable study by Friis
et al. (2007) revealed complete dechlorination of TCE to
ethane between 10 and 30 °C and ceasing TCE transfor-
mation only at temperatures >50 °C. Our toluene experi-
ments exhibited the highest biodegradation rates at 20 °C,
5-10 K above a typical aquifer temperature (Fig. 6). Thus,
further investigations for specific groups of chemicals and
environmental conditions are highly recommended.

Temperature-related effects on groundwater ecosystem
biodiversity

Microbial communities The direct effect of temperature
changes on microbial community composition is indis-
putable. Microbial communities at ambient groundwater
temperatures as found in Germany (8-14 °C) are mainly
composed of psychrophilic and psychrotolerant prokary-
otes. An increase in temperature to 20 °C may already
cause a shift to a dominance of mesophiles and tempera-
tures above 40 °C to thermophilic microbes. This will not
only affect biodiversity but likely also microbial processes.
As repeatedly shown for soil systems, changes in microbial
community composition occur already with a moderate but
chronic temperature increase of only 2-3 K (Zogg et al.
1997; Bradford et al. 2008; Castro et al. 2010; Yergeau
et al. 2012). Similar selective forces act on groundwater
fauna. To date, studies for groundwater ecosystems are
scarce.

In a field study by Brielmann et al. (2009), in an olig-
otrophic shallow aquifer dynamically impacted by a heat
plume from the recharge of warm (>20 °C) process water,
a significant positive correlation was shown between
groundwater bacterial diversity and temperature. A sig-
nificant decrease in sediment bacterial diversity at 4 and

45 °C compared to ambient conditions (10 °C) was sub-
sequently reported by Brielmann et al. (2011) for sediment
column experiments packed with aquifer material from the
same oligotrophic aquifer. In the present study, sediments
amended with R2A-medium (labile DOC and nutrients) or
toluene showed a significant loss in bacterial diversity
compared to non-amended controls (Fig. 6). In the toluene
treatments, the diversity loss was highly related to tem-
perature, with a significantly higher diversity at 4 °C and a
significantly lower diversity at 30 and 45 °C. No significant
differences in Shannon diversity between the temperature
treatments were found for the R2A-amended columns. It is
clear that the results from the simulation of elevated
nutrient and DOM concentrations with the treatment of
easy degradable compounds can only be translated into
more complex environmental conditions with caution.

Pyrosequencing libraries of sediment-attached micro-
biota revealed marked distinctions in dominating taxo-
nomic lineages for the different treatments (Fig. 7).
Generally, substrate treatment was connected to a
decreased abundance of Alphaproteobacteria and a stim-
ulation of Betaproteobacteria (or also Gammaproteobac-
teria). Under R2A-treatment, a stimulation of Duganella
spp. was especially observed at 4 and 15 °C, which was
replaced by an increased frequency of Lysobacter spp. at
30 and 45 °C. Both appeared to be competing in a tem-
perature-dependent manner for resources provided by the
treatment. Under toluene addition, microbes related to
Methyloversatilis spp. were highly stimulated, especially
with increasing temperature (Fig. 7). Methylibium spp. also
appeared to be stimulated under toluene treatment, albeit
only below 45 °C. Both are well-known methylotrophs
which have been described to harbor toluene catabolism
(Kane et al. 2007; Smalley et al. 2015). Intriguingly,
Methyloversatilis was consistently stimulated at 45 °C,
albeit to a lesser extent, irrespective of toluene treatment.

These results highlight just some of the pronounced
temperature impacts observed for defined lineages in our
column experiment and also for those which may be
readily linked to defined functions such as toluene degra-
dation. An in-depth discussion of our sequencing libraries
would be beyond the scope of this manuscript. It is not
impossible but generally difficult to link environmental
microbes observed in sequencing libraries to putative
functions and also to infer more general ecological traits
(Langille et al. 2013). We also have to caution such
interpretations since amplicon libraries were
replicated.

Still, several other laboratory (batch and column sedi-
ment microcosms) and aquifer mesocosm studies are partly
consistent with our present findings. At aquifer tempera-
tures above 30 °C, the microbial diversity repeatedly
declined as a consequence of considerable community

non-
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reorganization, with the disappearance of psychro- and
mesophiles and a shift toward thermophilic representatives
(Aragno 1983; Adinolfi et al. 1994; Schippers and Reich-
ling 2006). Detailed information on community composi-
tion changes comes from a sediment column study
applying sediments from an unconsolidated anoxic sandy
aquifer testing temperature variations of 5-80 °C (Bonte
et al. 2013b). DNA fingerprinting analysis and pyrose-
quencing of bacterial 16S rDNA from porewater (column
effluent) and sediments revealed differences with changing
temperature. While the bacterial communities were quite
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similar in the column inflow and outflow at temperatures
between 5 and 25 °C, at 60 °C a clear change in commu-
nity composition was observed, especially for the sediment
communities, which shifted from Proteobacteria domi-
nated to Firmicutes and Chloroflexi. Temperature-related
shifts in the occurrence of bacterial taxa that could be
linked to specific redox processes were evident. At mod-
erate temperatures, a high diversity of putative sulfate
reducers from Proteobacteria and Firmicutes was abun-
dant, while sulfate-reducing Proteobacteria disappeared at
60 °C. Likewise, proteobacterial genera known for their
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iron-reducing capabilities were no longer detected. Already
at 25 °C, Desulfuromonas and Geobacter were present at
lower abundance in the sediments than at 5 and 11 °C, in
line with the observed lower iron reduction inferred from
hydrochemical data. Finally, Archaea were found to be
more abundant at moderate temperatures (Bonte et al.
2013b).

Research on the microbiology and biogeochemistry of
(deep) aquifer thermal energy storage plants revealed
dynamic changes in microbial community composition in
the fluids related to periods of heat recharge, discharge, or
plant switch-off times (Wiirdemann et al. 2014; Westphal
et al. 2015). The microbes and their mediated processes
that bear a serious risk for corrosion and clogging of
pipelines were always less in abundance in the hot
(68-73 °C) than in the cold (46 °C) fluids and considerably
differed in composition (Lerm et al. 2013). These studies,
although not directly comparable to geothermal heat
impacts in shallow groundwater ecosystems, again
emphasize the pronounced effects of temperature on
microbial community composition and dominating
processes.

Groundwater fauna With higher organisms, i.e., meta-
zoans, different terminology is used with respect to tem-
perature adaptation. Animals with a narrow temperature
tolerance are called stenothermic, and those with a broad
temperature range are eurythermic. Representatives of the
true groundwater fauna (stygobites) are cold-stenothermic
with only a few exceptions (e.g., Issartel et al. 2005).
Effects of short-term on long-term temperature changes to
stygobites have been little studied. The few studies avail-
able show that an increase in temperature at the species-
and specimen level goes along with an increase in meta-
bolic activity, typically causing stress and mortality
(Glatzel 1990; Issartel et al. 2005; Colson-Proch et al.
2010; Brielmann et al. 2011; Avramov et al. 2013). At the
level of groundwater communities, evidence showed a
negative correlation between temperature in aquifers and
faunal diversity (Brielmann et al. 2011). A study on
groundwater microbes and fauna in local aquifers below
basins collecting surface runoff during extreme rain events
found that groundwater fauna was almost absent at spots
that were impacted by significant temperature dynamics,
with maximum temperatures of up to 22 °C, although these
sites were characterized by the highest microbial biomass
(Foulquier et al. 2011), i.e., a potential food source for
these invertebrates. In fact, due to the enhanced recharge of
DOC and the elevated temperatures, temporary hypoxic
and even anoxic conditions were established. The key role
of temperature deviations versus the availability of suffi-
cient dissolved oxygen awaits further clarification. Without
a doubt, the fluctuating conditions, causing increased

microbial activities but the absence of the fauna, led to a
temporal disconnection of the energy flow between the
trophic levels from microbes to invertebrates at that site
and consequently impaired carbon cycling (Foulquier et al.
2009).

A recent survey on the relationship between aquifer
thermal regimes and groundwater fauna composition and
diversity in southwest Germany was recently conducted
by Spengler and Hahn (in prep.). In this survey, temper-
ature was identified as the main driver shaping ground-
water faunal communities at the regional scale in addition
to organic matter. Increasing temperatures revealed a
reverse trend for groundwater faunal diversity. In partic-
ular, typical groundwater amphipods and cyclopoids
species seem to be specifically sensitive to elevated
groundwater temperature, while other groups and species
(e.g., representatives of the Bathynellidae) turned out to
be more tolerant.

Conclusions and outlook

The use of geothermal energy as renewable energy source
will increase in the future, as well as the storage of heat and
cold in the subsurface. When planning the intensified use of
the subsurface, aspects related to the protection of
groundwater as a drinking water resource as well as related
to groundwater ecosystem properties such as biodiversity
and ecosystem functions need to be considered. Tempera-
ture is a key factor influencing abiotic and biotic processes.
The data summarized in this paper underline that temper-
ature changes in aquifers go along with changes in
groundwater chemical composition, biodiversity, commu-
nity composition, as well as microbial processes and con-
sequently ecosystem functions. The effects include the
mobilization of heavy metals and organic matter, a
decrease in gas solubility, as well as increased dissolution
and precipitation of major elements. Importantly, the
depletion of oxygen, as a concerted effect of elevated
temperature, lower gas solubility, and stimulated microbial
activities, may turn the groundwater ecosystem anoxic,
with a serious change in carbon and nutrient cycling,
meaning a significant change in ecosystem functions. A
change in temperature is always accompanied by a change
in microbial community composition. It is noted that at
sites highly impacted by organic pollution and character-
ized by a biocenosis way off from a natural reference
status, an increase in temperature might be beneficial in
stimulating microbial biodegradation processes. For the
generally cold-stenotherm groundwater fauna, even tem-
peratures exceeding 14-20 °C may be lethal in the long
run. The long-term consequences of such changes on the
ecosystem level have been little studied, and more
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experiments and field studies are needed to gain a funda-
mental understanding that will allow predictive prognoses.

We are aware that there are initiatives and working groups
that claim an intensified use of the subsurface in terms of
geothermal energy use and heat/cold storage. The compara-
tiveness between a loss in biodiversity and changes in
ecosystem functions and the more comprehensive use of the
subsurface is a point that deserves intensive scientific evalu-
ation and discussion. From an ecological point of view, we
highly recommend restricting temperature changes to a min-
imum, especially in systems where freely available energy,
i.e., considerable amounts of degradable organic matter and a
surplus in nutrients, is present to microbes. Here, special
attention should be on avoiding the transition from oxic to
anoxic conditions in aquifers. In the future, we recommend
systematic planning and management of the subsurface to not
only optimize its economic usage for energy production but
also to clearly prevent ecological impacts and foster the sus-
tainable protection of essential resources.
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