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Clogging by incrustations of nine groundwater heat pump (GWHP) systems in Melhus, Norway have been
investigated by field and laboratory methods for water quality and incrustation composition. Iron oxides incrust
systems extracting relatively shallow, low-saline groundwater, while iron sulfides are associated with deeper,
more saline groundwater. Hydrochemical conditions in iron oxide clogged GWHP systems are favorable for the
growth of iron-oxidizing bacteria. Also, sediment deposits clog the well systems. The variety of incrustation
problems detected in Melhus emphasizes that clogging must be expected and dealt with, instead of solely

attempted avoided through system design or re-location.

1. Introduction

Shallow aquifers function as storages for solar heat. This can be
utilized for heating and cooling of buildings by means of a groundwater
heat pump (GWHP) system. An aquifer thermal energy storage (ATES)
system additionally comprises seasonal storage and extraction of excess
building heat to/from the aquifer. Both these open-loop ground source
heat pump systems essentially comprise two groundwater wells, one for
extraction and one for injection. The extracted groundwater undergoes
heat exchange to/from a heat pump coupled to a building heat distri-
bution system before injection. The technologies reduce the electricity
demand compared to conventional electrical heating. However, their
operation is impeded by dissolved and suspended material of inorganic
and/or organic origin in the groundwater which may precipitate or
deposit to form incrustations. Incrustations have been observed to clog
vital parts of GWHP and ATES systems such as well screens and filters,
pumps, pipes and heat exchangers (Bakema, 2001; Eggen and Vangsnes,
2005; Lerm et al., 2011; Possemiers et al., 2016; Burté et al., 2019;
Gjengedal et al., 2020). Clogging impels costly rehabilitations or even
reconstructions, with the remedy depending on incrustation type and

extent (Mansuy, 1998; Bakema, 2001; Houben and Treskatis, 2007).
This underlines the importance of properly identifying and character-
izing incrustations in GWHP and ATES systems in time.

This article presents water chemical and incrustation investigations
of nine GWHP systems in Melhus, Norway which have experienced
clogging, and aims to unravel incrustation composition and genesis.

1.1. Incrustations in groundwater wells

Incrustations are categorized as either chemical, biotic or mechani-
cal, but the processes are often concomitant. The most common chem-
ical incrustations in groundwater wells are iron oxides/hydroxides (both
termed iron oxides in this article) (Houben and Treskatis, 2007). Iron
oxides form when dissolved oxygen (O5) oxidizes dissolved ferrous iron
(Fe2+) to practically insoluble ferric iron (Fe3+) which precipitates as
solid iron oxide (Fe(OH)s(s)). The reaction proceeds according to
(Stumm and Morgan, 1996):

4Fe’" + 0, + 10H,0 = 4Fe(OH),(s) + 8H' (€))

Oxidation of ferrous iron is the rate-controlling step of the iron oxide
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precipitation at circumneutral pH. The homogenous (i.e., in the water
phase) kinetic rate of iron oxidation can be described by the equation
(Stumm and Lee, 1961)

dt

d[Fe2+] i [FQH} [02] [H+]—2 (2)

where k is the homogenous rate constant and parentheses indicate
concentrations. The rate constant k generally decreases with increasing
ionic strength, but an exact value is difficult to determine since
numerous hydrochemical parameters inhibit or catalyze the reaction
Sung and Morgan, 1980). It is evident from Eq. (1) and ((2) that higher
pH and oxygen concentrations accelerate iron oxidation. Typically,
there is a vertical zonation of redox environments in soils, with oxic
conditions close to the surface which gradually become more anoxic
with depth as oxygen is depleted through redox reactions. In anoxic
environments, iron is found as reduced and dissolved Fe?* ions. Pro-
duction wells may extract water from different redox zones, causing
them to mix and trigger ferrous iron oxidation by oxygen (van Beek,
1989). Furthermore, oxygen in-leakage through improperly sealed parts
of the groundwater pipeline also poses risk of iron-oxygen reactions
(Bakema, 2001). The amorphous, unstable ferrihydrite (Fe(OH)3) that
usually first forms will recrystallize to the more stable goethite (FeOOH)
with time. Manganese oxides can also incrust well systems but are less
frequent than iron oxides. This is due to manganese’s lower earth crust
abundance, higher oxygen demands for oxidation and slower reaction
kinetics (Stumm and Morgan, 1996; Houben and Treskatis, 2007).

Eq. (2) does not consider the effect of heterogenous iron oxidation
which occurs on surfaces. The presence of oxidized iron (Fe3+) on solid
surfaces will sorb dissolved ferrous iron and catalyze oxidation. This
causes an autocatalytic effect, described by the combined homogenous
and heterogenous rate equation (Tamura et al., 1976)

_d[ie:ﬂ = (K[O,][H']* + K K[0,][H'] ' [Fe**]) [Fe*'] 3

where k’ is the heterogenous rate constant, K is the adsorption constant
for ferrous iron onto iron oxides. The heterogenous reaction’s first order
dependence on pH compared with the second order dependence of ho-
mogenous oxidation, suggest that the heterogenous effect is most pro-
nounced at lower pH levels. Iron-oxidizing bacteria (I0OB) which gain
energy from iron oxidation (e.g., Gallionella and Leptothrix) thrive on
solid surfaces and may further catalyze iron oxidation. Different genera
have different hydrochemical preferences, for instance with regards to
dissolved oxygen and iron concentrations, pH, and salinity Houben and
Treskatis, 2007; McBeth et al., 2013; Eggerichs et al., 2014). Thus, the
apparent increase in iron oxidation with pH and oxygen from Eq. (2) and
((3) may be disturbed indirectly by hydrochemical conditions which
dictate the IOB genera’s growth conditions and influence on the rate
constant k’.

Oxygen depleted, iron-rich conditions facilitate iron sulfide mack-
inawite (FeS) and/or iron carbonate siderite (FeCO3) incrustations, if
dissolved sulfur and/or carbonate are present, respectively. Reducing,
sulfur-rich environments are characterized by the smell of rotten eggs (i.
e., HyS gas). Sulfide precipitation is accelerated by the presence of
sulfate-reducing bacteria (SRB), which nurture from sulfate (8042
reduction (Houben and Treskatis, 2007). SRB also facilitate corrosion of
metallic iron, together with high oxygen contents, low pH, and high
salinity. Corrosion will also produce iron oxides (rust) and sulfide in-
crustations. Rust possesses magnetic properties, unlike iron oxides of
non-corrosion origin (Houben and Treskatis, 2007).

Biotic incrustations, or biofouling, are caused by microorganisms
and other biotic material building up fluffy and slimy biofilms. The
group of microorganisms responsible for the formation of biofilms are
therefore often termed slime-forming bacteria (SLYM). Their build-up
around production and injection wells is facilitated by the constant
nutrient supply from locally elevated groundwater flow rates. The SLYM
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and IOB bacteria categories partly overlap. Thus, biofouling and iron
oxides incrustations are commonly found in the same wells (Mansuy,
1998).

Mechanical incrustations comprise aquifer or well filter pack mate-
rials which have entered and deposited in the well system. This is
typically caused by improper well screen and/or filter design or devel-
opment, or too high inflow velocities in and around the well screen
(Bakema, 2001). The latter could be triggered, for example, by iron
oxide incrustations gradually decreasing the available inflow
cross-section (Mansuy, 1998).

1.2. Study area

Nine GWHP systems have been established in the town center of
Melhus, Mid-Norway in the period 1999-2015, see Fig. 1. The GWHP
systems supply heating and cooling to the 6,686 inhabitants’ (Statistics
Norway, 2020) apartments, nursing homes, schools, grocery stores and
offices, by extracting water from the same aquifer. The Melhus aquifer
consists of coarse unconsolidated glaciofluvial sediments hydraulically
connected to the river Gaula (Hellestveit, 2018), and covered by a ma-
rine clay layer. The aquifer has both unconfined and confined charac-
teristics, depending on location, due to inclination and variable
thickness of the marine clay layer. The natural groundwater table is
located ~10-20 m below ground level. The area’s marine history with
isostatic uplift in Holocene (Reite, 1990) has left the aquifer with a
salinized groundwater quality, with salinity increasing with the thick-
ness of the overlying clay layer (Broste, 2017).

All GWHP systems in Melhus comprise a production well with a
submersible pump installed above the well screen. The pumped water is
then led to a heat exchanger, where the ~6-8 °C groundwater temper-
ature is reduced/increased ~3 °C. Then, the water is either re-infiltrated
to the aquifer through an injection well (6 out of 9 systems) or lead to the
local sewage system (3 out of 9 systems), see Fig. 1. All well filters are
naturally developed (i.e., not gravel packed), and with continuously
slotted well screens. Seven systems operate at a constant groundwater
pumping rate, while two operate with variable speed drive according to
the heat demand, see Fig. 1. The pumping rates range between 4 and 17
1/s (Gjengedal et al., 2020), see Table 1.

Previous investigations have revealed incrustation problems in all
nine GWHP systems. The first incrustation review by Riise (2015) sug-
gested iron oxides as the main incrustation problem. The problems have
been further studied in the national research projects ORMEL and
ORMEL 2 (“Optimal utilization of heating and cooling in Melhus (and
Elverum)”) (Brgste, 2017; Gjengedal et al., 2018, 2019, 2020). The
water chemistry, incrustation mineralogy and camera inspections of
wells have been studied previously (Riise 2015; Brgste, 2017; Gjengedal
et al.,, 2018). However, new hydrochemical measurements have been
deemed necessary since the former ones did not include air-tight
flow-through cell measurements of parameters such as pH, dissolved
oxygen and redox potentials. Supplemental analysis of incrustation
mineralogy, microbiology and camera inspections were also considered
favorable to assess the link between water quality and incrustation
genesis.

2. Methods
2.1. Water quality

The water chemistry was investigated by a combination of laboratory
analysis of water samples and field measurements between May 2019-
June 2021. Each GWHP was sampled and measured up to eight times
from taps located right before and after the heat exchangers, see Fig. 1.
The Oterholmgérden GWHP was only sampled once due to lack of water
sampling tap until spring 2021. The water chemistry of the abandoned
production well at Lenavegen 3 was also investigated while performing
biological activity reaction tests (see description below). Water samples
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Table 1.
Basic information about the GWHP systems in Melhus, see Fig. 1. Q = groundwater pumping rate. bgl = below ground level. Pumping rate data is partly retrieved from
Riise (2015).

GWHP system(Start of operation) Production well screen (meters bgl) Q(l/s) Injection well(s) Clogging measures® (#)

Rehabilitations Reconstructions

A) Buen (2013-) 36-44 (29.5-32.5%) 8-9b 2 1 2

B) Gimse (2009-) 19-34 6-7 - 2 0

C) Hgvdingen (2015-2020) 66-69 (65-687) 7.5 2 0 2

D) Idegéarden (2008-) 46-60 6.5 1 2 0

E) Lena terrasse (2003-2006, 2015-) 30-36 (27-37%) 7-12° 1 8 3

F) Lenavegen 3 (1999-2013, 2014-) 39.5-43 (17.5-23.5%) 15-16 - 0 2

G) Melhuset (1999-) 24.5-34.5 4 - 1 0

H) Oterholmgérden (2010-) 36-38 5.5 1 2 0

D Thoragérden (2013-) 73-78 (79.5-83%) 4-5 2 0 1

@ Defect/replaced production wells. bgl = below ground level.
® variable speed drive (VSD) groundwater pump.

© Clogging measures in wells, heat exchangers or submersible pumps per September (2021).

were filtered with a 0.45 ym membrane filter in the field and conserved
with 0.1 M HNOs acid. All sample batches were analyzed by inductively
coupled plasma mass spectrometry (ICP-MS) (Element 2 - ICP-HR-MS,
ICP-MS Agilent 8800) at the Department of Chemistry, NTNU. The
ICP-MS instruments could detect chloride (Cl ™) and sulfur (S). The latter
could be recalculated as sulfate (SO42’), assuming sulfate was the pre-
vailing sulfur species . Earlier investigations have revealed low nitrate
concentrations (NO3™) (Brgste, 2017). Therefore, ion chromatography
analyses of anions were left out of this study. Only analyzes displaying
charge balance < + 5% between major cations and anions were included
in this study to exclude analytical errors.

Alkalinity, pH, electrical conductivity (EC), oxidation-reduction
potential (ORP), dissolved oxygen (DO) and temperature were measured
in situ. Alkalinity was measured by “Gran titration” (Stumm and Mor-
gan, 1996) with Merck MColortest, while temperature, pH (WTW Sen-
solyt 900-P), EC (WTW TetraCon 925/C), ORP (Sensolyt ORP 900-P)
and DO (WTW FDO 925) were measured by electrodes connected to a
WTW Multi 3630 IDS digital meter. The ORP values were later con-
verted to the redox potential with respect to the normal hydrogen
electrode (Eh). The electrodes were submerged in a custom-made
flow-through cell, to which water was lead from the same taps where
water samples were taken, at 0.1-0.2 1/s flow rate. The sensors were
continuously measuring every 30 s for as long as two hours, due to
sluggish Eh stabilization.

Biological activity reaction tests (BART) (Hach) were used to identify
microbiological activity in the GWHP systems. Tests for iron-oxidizing
bacteria (IOB), sulfate-reducing bacteria (SRB) and slime-forming bac-
teria (SLYM) were carried out for all GWHP systems except Oterholm-
garden during continuous pumping. Furthermore, the Idegérden, Lena
terrasse and Oterholmgarden GWHP and the old, abandoned production
well at Lenavegen 3 were BART sampled after shut-off periods ranging
from 2 h to 5 years. Longer shut-off periods are expected to increase the
number of bacteria present in the water-phase (Cullimore, 2008). Thus,
the BART samples taken after 2 hour and 5 years were not necessarily
comparable. The BART test procedure comprised of adding water
sampled from the GWHP system/well to an incubator in the laboratory.
Type and semi-quantitative count of bacteria couldbe determined based
on time until and type of reaction in the BART incubators.

2.2. Laboratory incrustation analysis

Thirteen incrustation samples were brought to the laboratory for x-
ray diffraction (XRD), ICP-MS, loss on ignition (LOI) and magnetic an-
alyses, see Table 2. XRD on single grains and bulk samples and ICP-MS of
dissolved incrustations were used to analyze mineralogical and chemical
composition, respectively. LOI was used to assess the incrustations’
organic content. Observing the incrustation materials’ attraction to a
magnet was used assess the presence of magnetic minerals (e.g., metallic

Table 2.

Summary of laboratory and field incrustation analyses in the Melhus GWHP
systems. Abbreviations: HE = heat exchanger, pipe = abandoned pipe, pipe
filter = filter in groundwater pipes right before heat exchanger, cell = deposits in
flow-through cell after water chemical field measurements, inj. = from injection
well during rehabilitation.

No.  GWHP system Sampling Sample Analyses*
site (year) appearance XRD ICP- LOI
MS
1 Buen Pipe filter Black, hard + + +
(2019)
2 Gimse Pipe Orange, brittle + + +
(2020)*
3 Hgvdingen Pipe filter Orange, brittle ~ +° + +
(2019)
4 Idegarden Pipe filter Black, hard, + N/A +¢
(2020) magnetic
5 Lena terrasse HE (2018) Orange, gray, + + +
brittle
6 Lena terrasse HE (2019) Orange N/A + N/
(rinsing fluid) A
7 Lena terrasse Inj. (2020) Sediments, +P + +
orange
8 Lena terrasse HE (2021) Orange N/A + N/
(rinsing fluid) A
9 Lenavegen 3 Pipe Rusty red, +¢ + +
(old)® (2017)? brittle
10 Lenavegen 3 Cell (2020) Sand, gravel + N/A +
(new)?
11 Melhuset Pipe Orange, + + +
(2019)* layered
12 Oterholmgérden HE (2021) Light yellow N/A  + N/
(rinsing fluid) A
13 Thoragérden Cell (2020) Black, flaky, +P + N/
magnetic A

*XRD, LOI and ICP-MS of used rinsing fluids were carried out continuously (i.e.,
shortly after sampling), while ICP-MS analysis of nitric acid dissolved in-
crustations were carried out in May 2020.

@ Two (Gimse, Lenavegen 3) and five (Melhuset) years storage under atmo-
spheric conditions prior to sampling.

® XRD analysis of single grain.

© Ignited at 450°C (all others at 400°C).

@ samples from old, abandoned production well and new, currently operating
GWHP system.

© Data from Broste (2017).

iron). Houben and Treskatis (2007) recommend sampling fresh incrus-
tation material to avoid maturation and contamination. It was difficult
to obtain fresh samples from the GWHP systems. Consequently, in-
crustations which had been stored up to five years under atmospheric
conditions prior to sampling were included in the sampling program.
The samples analyzed by XRD (Bruker D8 Advance) and for LOI
(Nabertherm B180) were mortared and dried at 35/65°C (XRD) and
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105°C (LOI) prior to analysis. The LOIL, measured as % weight loss after 4
h of ignition at 400°C, was assumed to equal the incrustation sample’s
organic content, as suggested by McLaughlan (1992). This temperature
is conservative compared with the custom 550°C, but reduces the risk of
igniting carbonates. ICP-MS analyses were performed both on (1) solid
incrustations dissolved in nitric acid (HNO3) and filtered in the miner-
alogy lab at the Department of Geoscience and Petroleum, NTNU (Perkin
Elmer ELAN DRC II), and (2) rinsing fluid samples containing both
dissolved incrustations and rehabilitation chemicals in the chemistry lab
at the Department of Chemistry, NTNU (Element 2 - ICP-HR-MS, Agilent
8800). All other analyses were carried out in the mineralogical lab at the
Department of Geoscience and Petroleum, NTNU.

2.3. Camera inspection and other field observations

Well camera inspections have been carried out in eight out of nine
GWHP system in Melhus, see Table 1, to assess incrustation type and
extent, and evaluate well rehabilitation success. The inspections were
carried out from 2013 onwards by local water and wastewater entre-
preneur Gjgvaag AS. Some of the inspections have already been
described by Riise (2015) and Gjengedal et al. (2018; 2020).

Field observations of water quality were performed, including
observation of suspended solid deposition in the flow-through cell and
HsS gas odor. Furthermore, mud color registered during drilling of the
observation wells, see Fig. 1, was used to assess redox conditions. The
depth where the color changed from orange/red to clear/gray was
interpreted as the transition depth from oxic to anoxic iron conditions.
This was based on the characteristic rusty color of iron oxides which
forms under oxic conditions.

3. Results
3.1. Water quality

The GWHP systems’ key hydrochemical data are summarized in
Table 3. The coexistence of different water types in the Melhus aquifer is

evident from the range of total dissolved solids. Most GWHP systems
extract a typical seawater Na-Cl water quality, while a mixed Ca-HCO3/

Table 3.

Geothermics 100 (2022) 102349

Cl water type is found at Gimse and Lena terrasse. The groundwater is
neutral-basic and alkaline. Dissolved oxygen, iron and manganese con-
centrations correspond to an anoxic, iron-reducing redox regime, while
measured redox potentials (Eh) indicate iron oxidation as the dominant
redox process (Stumm and Morgan, 1996).

None of the BART tests from the first batch (i.e., taken after longer
periods of continuous pumping of the GWHP system) had reacted after 9
days in the incubator. This indicated “non-aggressive” activity of IOB,
SRB and SLYM. For the second batch of BART testers (i.e., taken after
pump shut-off periods), the Lenavegen 3 (abandoned production well),
Lena terrasse and Oterholmgarden IOB incubators yielded brown clouds
and rings after 3-8 days. This indicated “moderate” (5-8 days to reac-
tion) to “aggressive” (0—4 days to reaction) bacteria activities, see Fig. 2.
“Non-aggressive” IOB activity (> 9 days to reaction) was detected at
Idegérden even after pump shut-off. Some of the IOB samples reacted to
form bubbles and blackened liquids. This is indicative of anaerobic and
SLYM bacteria (Cullimore, 2008), respectively. The long reaction times
of the SLYM and SRB incubators imply “non-aggressive” growth of these
bacteria groups, see Fig. 2.

3.2. Laboratory incrustation analysis

The laboratory incrustation analyzes are summarized in Fig. 3.
Goethite (FeOOH), mackinawite (FeS), quartz (SiOy) and other silicates
were the main phases detected during XRD analysis. However, the XRD
analysis only yielded information about the crystalline part of the
incrustation samples, which was generally low. Iron was the main
element detected during ICP-MS of dissolved incrustations, with smaller
amounts of calcium, sodium, and sulfur. The iron oxide dominated in-
crustations’ ferrihydrite (Fe(OH)3) weight percentages were estimated
from the incrustations’ iron concentration (from ICP-MS). The calcula-
tions assumed that all dissolved iron stemmed from ferrihydrite. Iron
sulfide weight percentage was not estimated for the sulfide dominated
Buen incrustation sample, since the nitric acid was ineffective dissolving
this sample. The incrustations which contained iron oxides displayed a
higher loss on ignition than those primarily consisting of iron sulfides
and/or silicates. Most incrustation samples displayed a low degree of
magnetism. The exceptions were the Thoragdrden and Idegérden

Summary of key water chemical parameters measured in the GWHP systems, represented as mean =+ two standard deviations (SD). See Table 1 for explanation for

GWHP system abbreviations.

GWHP Water samples (ICP-MS) Field measurements
Fe?* (mg/1) Mn*t (mg/  Ca** (mg/  ClI”(mg/  SO,* (mg/  TDS (g/1) Alk pH Eh (mV) DO (mg/1)
D D D D (mM)
A) Buen 4.03 £1.97 0.63 + 0.06 99 +9 552 + 81 176 + 19 1.53 + 49+02 7.46= 42 + 28 0.03 + 0.01
0.12 0.07
B) Gim. 1.70 £ 0.73 0.17 £+ 0.02 87 +9 17 £ 4 130 £17 0.50 + 3.5+ 0.6 7.40 £ 47 + 58 0.04 + 0.00
0.05 0.21
C) Hov. 0.21 (0.14- 0.07 + 0.02 47 £5 998 147 203 + 22 2.24 + 45+02 813+ 75 + 48 0.7 (0.3-2.4)*
1.01)? 0.18 0.12
D) Ide. 3.97 +1.00 0.61 + 0.06 107 + 16 556+103 180 + 24 1.56 + 50+05 747+ 40 + 41 0.03
0.15 0.05 (0.03-0.19)*
E) Len.t. 3.49 £ 0.63 0.60 £+ 0.09 138 + 14 301 + 64 201 +£ 25 1.20 + 5.4+0.4 7.31 £ 107 + 33 0.04 + 0.01
0.12 0.11
F1) Len. 3 (old) 5.20 + 0.21 0.58 + 0.02 119+5 246 + 32 170 + 10 1.24 + 78+05 713+ 49 + 65 0.03 + 0.01
0.05 0.02
F2) Len. 3 4.18 +1.99 0.52 + 0.05 69 +5 610 + 142 139 £ 16 1.55 + 4.5+0.2 7.45 + 8+29 0.03 £ 0.01
(new) 0.22 0.09
G) Mel. 1.32 + 0.47 0.27 + 0.04 51+8 378 £ 77 115 + 21 1.10 + 40+03 792+ 11 +£10 0.03 + 0.00
0.16 0.12
H) Oter. 2.31 +0.10 0.37 £ 0.01 52 +1 326 +11 85+2 1.00 + 43+01 771+ 15 + 41 0.04 + 0.01
0.02 0.02
1) Thor. 0.28 £+ 0.07 0.05 £ 0.01 49+ 3 948 + 137 206 + 24 221 + 5.0+0.3 8.11 + —-19+37 0.03 £+ 0.00
0.19 0.14

GWHP system (number of samplings): A (n = 8), B (n = 5 water samples (ws) + alkalinity (alk), n = 6 for other field measurements (fm)), C (n = 4 ws + alk, n = 3 fm), D
n=8),E(mn=7ws+alk,n=8fm),Fl1 (n=1),F2(n=6ws + alk,n=7fm),G(n=8),H(n=1),1(n="7 ws + alk, n = 8 fm). Where n = 1, analytical mean and error is

displayed.

@ Measured values vary considerably, thus median and range of values is displayed instead of mean+2SD.
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BART-IOB
incubator
(time after
sampling)

time (days)

SRB rx.
time (days)

GWHP Lenavegen 3 (old) Idegarden Lena terrasse Oterholmgarden
Date(s) 03.09.20 02.12.20 02.12.20 | 22.01.21 17.03.21
Shut-off 5 years 2 hours 2 hours 2 days 1 day
period

Q (I/s) 1.0 6.5 8.1 121 55
Sampling 10 90 10 120 30 120
time (min)

I0B rx. time

(days)

Fig. 2.. Results from biological activity reaction tests (BART) taken after pump shut-off periods. Sampling time refers to time after re-start of pumping. Old =
abandoned, defect production well, see Fig. 1. Rx. = reaction. “-“ means reaction after > 9 days. Color refers to bacteria activity: red = aggressive, yellow =

moderate, green = non-aggressive. N/A = not sampled.
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incrustations, which contained the magnetic mineral magnetite (Fe3O4)
(from XRD).

3.3. Camera inspection and other field observations

Observations from camera inspections and drilling logs are shown in
Fig. 4 and plotted versus location in Fig. 5, where observations are
simplified to one single point representative for each incrustation type.

Camera inspection and laboratory incrustation analyses pointed to
iron oxides and iron sulfides as the main chemical incrustation minerals.

Observations during camera inspections were interpreted based on
laboratory incrustations analyzes (XRD, ICP-MS) and the authors’
experience with incrustation appearance (color, structure). Orange in-
crustations were interpreted as iron oxides. Black, hard incrustations
were interpreted as iron sulfide incrustations. The latter were first
wrongly interpreted as manganese oxides due to their similar visual
appearance. Followingly, it could be distinguished that Gimse,
Hgvdingen, Lena terrasse, Lenavegen 3 (abandoned well), Melhuset and
Oterholmgéarden suffered from iron oxide incrustations, while Buen,
Idegérden and Thoragarden suffered from iron sulfides. Both iron oxide
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Fig. 4.. Photos from camera inspections: Lena terrasse’s injection well screen in 2018 (left), Hpvdingen’s injection well screen in 2016 (middle left), Oterholm-
garden’s injection well screen in 2017 (middle right), and the production well screen at Thoragarden in 2016 (right).
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Fig. 5.. Camera inspections and drilling logs. Observations during camera inspections of production (left) and injection wells (right). X-axis not to scale. “Redox
boundary” refers to transition from oxic to iron-reducing conditions, and is interpreted from visual observations during well drilling. GW = groundwater. The
glaciofluvial layer bottom could not be indicated entirely along the profiles since drilling was often stopped before reaching bottom of the layer.

and sulfide incrustations were accompanied with varying levels of sed-
iments (silicates), most likely stemming from the aquifer formation or
well filter pack (i.e., mechanical incrustation). The new Lenavegen 3
GWHP production well has not been camera inspected, but deposition of
gravel sized (> 2 mm) sediments in the flow-through cell have been
observed several times during hydrochemical measurements.

4. Discussion

Kinetic calculations show that the water residence times (on the scale
of minutes) of GWHP systems incrusted by iron oxides are well below
the homogenous iron oxidation half-times (on the scale of hours to
days). Half-times were calculated by modifying Eq. (2), and assuming a
rate constant k around 1.4 x 102 mol/min (Houben, 2004). The dis-
crepancies between reaction half- and residence time indicate that
abiotic, homogenous iron oxidation is not intense enough to clog the
systems alone. Severe iron oxide clogging has been detected under
similar redox conditions as in the Melhus aquifer, in water supply wells
in Belgrade, Serbia (Barbic et al., 1974; Dimkic et al., 2012) and an ATES
system in Berlin, Germany (Lerm et al., 2011; Eggerichs et al., 2014).
The activity of iron-oxidizing bacteria was identified to control the
clogging at the latter two sites (Barbic et al., 1974; Lerm et al., 2011).
These results suggest heterogenous, biotic catalysis should be consid-
ered for the GWHP systems in Melhus as well.

Microbes prefer to inhabit solid surfaces if nutrients are continuously
supplied (e.g., around a production well screen during continuous
pumping), but will start to move out in the liquid phase under more
stagnant conditions (Cullimore, 2008). Thus, BART samples taken dur-
ing continuous pumping is likely to reflect the background microbio-
logical activity in the aquifer, while samples after pump shut-off periods

probably reflect microbes in and around the well screen incrustations.
Iron-oxidizing bacteria (IOB) and slime-forming bacteria (SLYM) in-
cubators taken after pump shut-off periods reacted much faster than the
ones taken during continuous pumping in iron oxide incrusted systems
(Lena terrasse, Lenavegen 3 (old), Oterholmgarden), while long reaction
times were observed in the iron sulfide incrusted system (Idegérden), see
Fig. 2. This implies good growth conditions for IOB and SLYM bacteria in
iron oxide incrusted GWHP systems.

There also seems to be a link between chemical incrustation type and
hydrochemistry, see Fig. 6. Most strikingly, iron oxides seem to incrust
systems extracting water of lower salinity (TDS). On the other hand,
there is no distinct relation between concentration of the redox sensitive
species dissolved oxygen, nitrate (Riise, 2015; Brgste, 2017; Solberg
et al., 2014), iron, manganese and sulfate, and incrustation type. One
exception is the Hpvdingen GWHP system which measured considerably
higher dissolved oxygen levels than the other systems, probably due to
oxygen in-leakage through a sediment filter installed in the groundwater
pipes just before the heat exchanger. The rest of the systems extract
water with similar redox conditions.

The salinity’s apparent effect on incrustation type could also be in-
direct, by its influence on the microbial community. The two most
common iron-oxidizing bacteria Gallionella and Leptothrix have been
observed to prefer lower salinities (McBeth et al., 2013; Eggerichs et al.,
2014). This is in correspondence with the observed iron oxide in-
crustations and activity of iron-oxidizing bacteria in Melhus, see Fig. 6.
The higher loss on ignition (i.e., a proxy for organic matter content) in
the low-saline, iron oxide incrusted GWHP systems indicate that bac-
teria thrive more in these systems.

The GWHP system which has suffered the most clogging issues (i.e.,
the iron oxide incrusted Lena terrasse (Table 1)) is furthermore
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characterized by relatively high iron concentrations (> 3 mg/1) and a
circumneutral pH (7.2-7.4), see Fig. 6. These pH conditions are favor-
able for the neutrophilic (i.e. thrive at circumneutral pH) Gallionella and
Leptothrix genera (Eggerichs et al., 2014), while higher iron concen-
trations at least are favorable for the Gallionella bacteria. The Lena
terrasse GWHP also display the highest measured redox potentials
(Fig. 6), which indicates that iron oxidation is most active in this system.

From a purely abiotic point of view, a lower pH imposes slower
homogenous and heterogenous iron oxidation rates, see Eqs. (2) and (3).
Thus, the hydrochemistry of the iron oxide incrusted Oterholmgéarden
and Lena terrasse suggest faster iron oxide clogging at Oterholmgarden
than Lena terrasse. Using mean/median values from Table 3 inserted in
Egs. (2) and (3), suggest 60-310% faster iron oxidation at Oterholm-
girden than Lena terrasse, depending on whether homogenous or
heterogenous oxidation is rate controlling. This assumes the same rate
constants for both systems, due to comparable salinities in the two
GWHP systems (Sung and Morgan, 1980). More clogging related re-
habilitations and reconstructions (Table 1) and higher redox potentials
measured at Lena terrasse than Oterholmgarden, rejects the hypothesis
of a purely abiotic cause of iron oxide clogging. This further highlights
the microbes’ importance on iron oxidation and incrustation.

Odor of HyS gas has been documented in the GWHP systems in
Melhus, which together with high ferrous iron concentrations facilitates
iron sulfide precipitation. Measured redox potentials (Fig. 6) suggest
sulfate reduction is not a governing redox process. This indicates that the
iron sulfide formation at Buen, Idegérden and Thoragarden could be a
pure precipitation reaction. Limited sulfate reduction around the well
systems also may explain the low sulfate reducing bacteria (SRB) ac-
tivity deducted from BART tests, see Fig. 2. Possibly, the mechanical
incrustations often found together with the iron sulfides (Fig. 5) may be
the major clogging process in these well systems.

The hydrochemistry at Lenavegen 3 resembles that of Idegérden and
Buen, see Fig. 6. Iron sulfides are thus expected to incrust this produc-
tion well as well. Furthermore, the gravel size (> 2 mm) sediment de-
posits found in the flow-through cell during measurement at Lenavegen
3 isindicative of serious abrasion/corrosion of the 1 mm production well
screen slots. This could possibly have been mediated by incrustations
blocking the formation filter and/or well screen.

The magnetism of the incrustation samples from Idegarden and
Thoragérden indicates that these GWHP systems suffer from corrosion.
Holes detected in a steel valve in the groundwater pipeline at Idegérden
in December 2020 further confirms the corrosion problems. The “non-

aggressive” SRB activity at Idegarden from BART tests is thus surprising,
since these bacteria often form essential parts of corrosion processes
(Houben and Treskatis, 2007). However, more detailed investigations of
the microbiology must be conducted to disprove the presence of SRBs.

The camera inspections show that iron oxides incrust shallower
while iron sulfides incrust deeper production wells, see Fig. 5. This
corresponds with proximity to the oxic to iron-reducing redox boundary.
Still redox species concentrations and measured redox potentials are
comparable in the shallow and deep systems. The depth tendency for
iron oxide formation also correlates with changing salinity and pH with
depth, which could influence microbial activity, as mentioned above.

Some exceptions to the trend of shallow iron oxide and deep iron
sulfide incrustations are also found. What resembles iron sulfides have
been observed in the bottom part of the relatively long well screens at
the Gimse production well (15 m) and the Lena terrasse injection well
(10 m). Non-uniform flow through well screens may lead to stagnant
zones in the bottom part of the well screens which promotes anoxic
conditions (Mansuy, 1998). This could explain the observations at
Gimse and Lena terrasse. On the other hand, iron oxides are found in
some deep injection wells at Idegérden and Hgvdingen, which is prob-
ably caused by oxygen in-leakage through the surface part of the
groundwater pipes. Relatively high oxygen concentrations (> 0.1 mg/1)
have been detected in both these GWHP systems, see Table 3. The
corrosion holes at Idegérden and a leaky sediment filter at Hgvdingen
are probably responsible for these oxygen levels.

Mechanical incrustations (i.e., sediment deposits) seem to be a bigger
problem for injection than production wells. This can be explained by
injection wells functioning as a sink for sediments mobilized in the
production well. The cementation of mechanical incrustation with iron
oxides or sulfides may explain why injection wells suffer more from
deteriorating clogging problems. Mobilization in the production well
can both be caused by improper well development or filter design, or
incrustations blocking the inflow cross-section and causing turbulent
flow (Mansuy, 1998; Bakema, 2001). It is noteworthy that the GWHP
systems which have suffered the most from mechanical incrustations
have (1) relatively short production well filters (3.0-3.5 m) (Buen,
Hgvdingen, Lenavegen 3, Thoragérden) and/or high pumping rates
(Lenavegen 3, Lena terrasse), see Table 1. Longer well filter designs and
lower pumping rates thus may be a viable measure against mechanical
clogging problems in Melhus.

Some uncertainties are associated with the field water quality and
the laboratory incrustation analyses. Redox potentials did not stabilize
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during the two-hour measurement period in any of the GWHP systems.
Still, consistent redox levels prevail for each GWHP system over the two-
year sampling period. The two-hour reading was thus believed to be
indicative of the relative Eh level between the nine GWHP systems.
Furthermore, measured oxygen levels are lower than the zero-point of
the oxygen sensor. Still, correlations between temperature and oxygen
even below the zero-point are observed, which indicates that at least
some oxygen is present in the pumped-up groundwater. Lastly, the long
storage time of incrustation samples made them vulnerable to oxidation
of sulfides and organic matter, and maturation of amorphous iron ox-
ides. Few samples displayed a partition between sulfides and oxides,
neither analytically nor visually between core and surface, as would
have been expected for partial oxidation of sulfide samples. Organic
matter contents (LOI) of iron oxide samples were comparable to those
found by McLaughlan (1992) despite long storage periods. This is
interpreted as a sign of modest organic matter decomposition with time,
and backs up the reliability of the analytical method. The crystallinity of
iron oxide incrustation samples detected during XRD analysis were
generally low , and thus rule out substantial maturation to have
occurred. Consequently, the results and analysis presented here are
concluded to be valid.

4.1. Practical implications

Both iron oxides and sulfides incrust the GWHP systems, although
most systems extract anoxic water from well below the iron redox
boundary. Thus, vertical mixing of water from different redox zones in
the production well is probably not triggering the iron oxide precipita-
tion. Furthermore, iron sulfide incrustations are also found. This means
locating the production well screen deep beneath the iron redox
boundary, as suggested by Possemiers et al. (2016), will probably not
prevent incrustation problems in Melhus. The well owners should rather
focus on regular maintenance with appropriate rehabilitation methods.
Still, this study reveals which conditions are favorable for oxide and
sulfide formation, meaning the well designers could to some extent pick
their problems from well location and dimensioning.

The range of deteriorating problems detected in the GWHP systems
in Melhus justifies proper monitoring and analysis of the incrustation
problems. System performance monitoring of pressure, temperature and
flow rate, as described in Gjengedal et al. (2020), is a prerequisite for
early clogging detection, but does not necessarily provide implications
for further actions. This can be illustrated by the difference between iron
oxides and sulfides: While iron oxides are best dissolved by the reducing
agent sodium dithionite (NayS,04) under pH neutral conditions (Hou-
ben, 2003), this measure will not dissolve iron sulfide incrustations,
which are best dissolved by inorganic acids (e.g., hydrochloric acid
(HCI) (Houben and Treskatis, 2007)), or an oxidizing agent (e.g., sodium
hypochlorite (NaClO) (van Beek and Kooper, 1980)).

Incrustation samples can be hard to obtain but will help to interpret
the observations during camera inspections. The GWHP system design
should thus facilitate easy access for water and incrustation sampling
and camera inspections, as already suggested by Gjengedal et al. (2018).
The combination of flow-through cell measurements and BART tests
have proven to yield valuable information on biochemical incrustation
potential. Both methods are therefore advised to be included for GWHP
clogging risk assessment.

5. Conclusions

The investigations presented in this article show that:

Iron oxides and iron sulfides, together with aquifer sediments, in-
crust groundwater heat pump (GWHP) systems extracting water
from the same saline (total dissolved solids = 0.4-2.4 g/1), anoxic
(dissolved oxygen < 0.05 mg/1), and iron-rich (dissolved ferrous iron
=0.14-6.44 mg/1) aquifer in Melhus.
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e Water quality seems to dictate problem type, with sulfides incrusting
systems extracting deeper, more saline groundwater, while shal-
lower systems extracting fresher groundwater suffer from iron oxide
incrustations. The identification of iron-oxidizing bacteria (IOB)
from biological activity reaction tests (BART) solely in iron oxide
incrusted GWHP systems, also point to biotic influence on
incrustations

The most frequent clogging problems were detected in the Lena
terrasse GWHP system which is clogged by iron oxides and sedi-
ments. This GWHP system displays the highest redox potential, high
organic matter (LOI) to iron oxide ratios in the incrustations, IOBs
present (BART), relatively high groundwater pumping rates and high
iron concentrations. This combination of hydrochemical, biotic and
hydraulic conditions seems to facilitate severe clogging

Though type and severity of iron incrustations to some extent could
be controlled by location and design of the systems, these clogging
issues must be expected in groundwater heat pump systems. Thus,
more focus should be directed towards tailored and timed re-
habilitations. Detailed water quality and incrustation investigations
should be compulsory prior to and during operation to customize
cost-effective rehabilitation techniques.
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