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CHAPTER 1

Introduction

Chapter 1: Introduction

1.1 AN INTRODUCTION TO ASR
Aquifer storage and recovery (ASR) is a water resource management method to balance
water supply with demand. During periods of excess water, water is injected and stored in an
aquifer for subsequent recovery and use in times of water demand (Pyne 2005, Maliva and
Missimer 2010). Wet months and strong rain events constitute the most plausible examples
of excess water periods. According to Pyne (2005), we should consider operating reservoirs
DW ORZHU OHYHOV WR FDSWXUH SHDN ÀRZV DQG WUDQVIHU WKHP WR$65 VWRUDJH UHFRYHULQJ WKH
water when needed. Periods of water demand usually appear during dry seasons or due to
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higher total demand such as during tourism season. Storage may, therefore, have a broad
duration range depending on whether it aims at covering emergency, seasonal, or long-term
demand.
The stored water typically extends a few tens to 600 m away from the ASR well. A buffer
zone separates the recoverable stored water from the surrounding native water, and
consists of a kind of mixture between the two water types. Towards the ASR well, this mixing
GRHVQRWFRQVLVWRIWUXHPL[LQJEXWLWUHÀHFWVWKHK\GURJHRFKHPLFDOVLPLODULW\EHWZHHQWKH
injected water that underwent strong reactions with the aquifer, and the native groundwater
that underwent several of the same reactions. Towards the interface, this mixing is true
physical mixing. The volume of the buffer zone therefore depends mainly upon the extent
of geochemical reactions and natural dispersion in the aquifer. Sources of water suitable for
injection and use within previous ASR applications include treated drinking water (Stuyfzand
1998a, Izbicki et al. 2010), treated or untreated groundwater (Pyne 2005), rainwater (Dillon
and Barry 2005, Barry et al. 2007), high quality reclaimed wastewater (Vanderzalm et al.
2006, Maliva et al. 2007), and desalinated seawater (Mukhopadhyay et al. 1998, Rashid
and Almulla 2005).
7KHZDWHULVW\SLFDOO\VWRUHGLQGHHSFRQ¿QHGDTXLIHUVEXWWKHUHDUHFDVHVZKHUHXQFRQ¿QHG
aquifers are used (Gerges et al. 1998). The latter are generally not preferred since they are
more vulnerable to surface contamination and to complications resulting from the mound
of water during injection which creates a temporary radial hydraulic gradient (Herrmann
2005). About one third of ASR schemes store water in brackish or even saline aquifers with
total dissolved solids (TDS) concentrations up to 20,000 mg/L. The abstracted water may
require treatment for one or more constituents in order to achieve compliance with drinking
water quality standards, due to water-rock interactions or mixing with ambient groundwater
(Pyne 2005). Ideally, however, this is not needed. Observation wells are usually installed at
increasing distance from the ASR well to monitor the movement of the stored water and the
buffer zone during the various stages of ASR (injection, storage, and recovery) as well as
the changes in water quality that may occur.


Figure 1.1$65VFKHPHLQFURVVVHFWLRQGHSLFWLQJWKHLQMHFWLRQRIUHF\FOHGZDWHULQDFRQ¿QHGDTXLIHUDIWHUEHLQJ
treated at a local treatment plant.

Advantages of ASR
$65QRUPDOO\RIIHUV¿QDQFLDOEHQH¿WVDQGZDWHUTXDOLW\LPSURYHPHQWV7KHPDLQ¿QDQFLDO
advantages compared to surface water storage consist of (1) an increased security of water
supply and reduced well maintenance, (2) little land occupation, (3) reductions in costs of
ZDWHUVWRUDJHDQGHYDSRUDWLRQORVVHVDQG  GXULQJZDWHUSXUL¿FDWLRQVWRULQJWKHWUHDWHG
water in the subsurface can decrease the peak factor allowing the facility to have a smaller
capacity (Pyne 2005).
As opposed to single purpose groundwater abstraction wells, ASR wells offer a decreased
ZHOOFORJJLQJULVNGXHWRÀRZUHYHUVDOVZKLFKSUHYHQWRUGHOD\WKHDFFXPXODWLRQRIFORJJLQJ
material along the borehole wall. With respect to water quality improvements, processes
VXFK DV ¿OWUDWLRQ VRUSWLRQ DQG ELRGHJUDGDWLRQ DUH UHVSRQVLEOH IRU WKH ZDWHU ³UHF\FOLQJ´
during its passage through the aquifer. The intentional use of the natural attenuation
processes to improve water quality has been referred to as natural aquifer treatment
0DOLYD DQG 0LVVLPHU   1$7 LV D EHQH¿FLDO VLGHHIIHFW RI$65 V\VWHPV KRZHYHU LW
could be used as an integral component of the treatment processes for reclaimed water
RUVXUIDFHZDWHU1$7KDVDOUHDG\EHHQXVHGIRURYHU\HDUVLQULYHUEDQN¿OWUDWLRQDQG
subsurface iron removal systems. With respect to surface water storage, therefore, water
TXDOLW\LPSURYHPHQWVGXULQJ$65PD\FRQVLVWRIGHQLWUL¿FDWLRQELRGHJUDGDWLRQRIRUJDQLF
micropollutants like chlorination byproducts (Pavelic et al. 2005) and pharmaceuticals
(Overacre et al. 2006), and removal of pathogens (Page et al. 2010). Moreover, ASR
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closely resembles the technique of subsurface iron removal (SIR) where a limited amount
of oxygenated water is injected into the aquifer to reduce originally high concentrations of
ferrous iron, manganese and ammonium in the zone close to the injection point (Van Beek

(smaller grain size) and thus oxidizing faster as compared to euhedral pyrite (McKibben
DQG%DUQHV   FRDWLQJE\LURQK\GUR[LGHSUHFLSLWDWHVZKLFKLQKLELWWKHUDWHDVWKH
UHDFWLRQ FRQWLQXHV *ROGKDEHU  1LFKROVRQ HW DO   DQG   WHPSHUDWXUH ZLWK

1983, Rott and Friedle 1985, Braester and Martinell 1988, Appelo et al. 1999, Mettler 2002,
Van Halem 2011). A similar process takes place in ASR systems during the recovery phase,
when iron and manganese (mobilized in the outer zones of the ASR bubble) show a retarded
breakthrough due to adsorption in the oxidized zone around the ASR well (Stuyfzand et al.

oxidation rates increasing with temperature (Prommer and Stuyfzand 2005) and becoming
very slow below 10oC (Stuyfzand 1998b).
Dissolution processes mainly refer to carbonate minerals and metal oxides. Silicate

clay minerals (Appelo et al. 1999).

minerals do not really affect the water quality during ASR due to their low solubilities and
slow dissolution rates (Appelo and Postma 2005). Carbonate dissolution is promoted when
the source water is undersaturated with respect to these minerals when present in the

Disadvantages of ASR

storage zone. The degree of dissolution depends on the solubility of the mineral at the given
pH, temperature, and partial pressure conditions and may result in elevated concentrations

On the other hand, disadvantageous aspects of ASR include water losses due to migration of
the stored water through the aquifer and adverse water quality changes that need additional

of dissolved iron and manganese (Ibison et al. 1995, Pyne 2005, Stuyfzand et al. 2005b).
Mineral dissolution may also be triggered by oxidation reactions as a buffering response

treatment. Interaction between injected water and native groundwater and sediments can
result in quality deterioration of the injected source water. Upon injection of the source

to the generated acidity, especially when the bicarbonate content is low. Carbon dioxide
released by microbial activities (Herczeg et al. 2004) and oxidation of sedimentary organic

water, mixing with the native groundwater, mineral dissolution and precipitation processes,
cation exchange, and redox reactions may all contribute to the alteration of the injected
water quality.

matter can contribute to the dissolution of carbonate minerals. Iron- and manganese-oxide
dissolution can also occur by proton-promoted and reductive pathways (Scot 2005) and
may cause similar deteriorating effects.

Additional complications arise during ASR applications in brackish/saline aquifers due to

Cation exchange is always present during ASR causing typically sorption/desorption reactions
between Ca, Mg, K, Na, NH4, Fe, and Mn. The effects of such reactions are usually too
small to affect the intended use of the recovered water (Maliva and Missimer 2010). These
effects will have a greater magnitude when ASR is performed in a brackish/saline aquifer with
the freshening process resulting in stronger sorption of Ca to the sediment and subsequent

2005b). Adsorption is taking place in SIR systems on the newly formed iron-hydroxides and
on the original cation-exchangers, mainly composed of sedimentary organic material and

buoyancy effects between the source water and the heavier native groundwater. These
effects result in an earlier chloride breakthrough deteriorating the recovered water quality
and reducing the theoretically recoverable fraction due to mixing only.
Hydrogeochemical reactions
Upon injection of oxic water, oxygen is mainly consumed during the oxidation of aquifer
FRQVWLWXHQWV VXFK DV LURQVXO¿GHV H[FKDQJHDEOH LURQ PDQJDQHVH DQG DPPRQLXP DQG
sedimentary organic material. Pyrite oxidation may result in elevated concentrations of
released ferrous iron, arsenic, and other trace elements such as nickel and cobalt (Stuyfzand

desorption of Na (and frequently also K, Mg and several trace elements) to the injection water.

1998a, Pyne 2003). Arsenic release has been reported during ASR operations in different
parts of the world and is attributed to oxidation of arsenic-bearing pyrite, a trace component
(~0.1%) of the aquifer matrix. In Florida, United States, for example, recovered arsenic
concentrations reached 1.5 μmol/L despite concentrations of <0.13 μmol/L in the native

2002, Stuyfzand et al. 2005b). The latter usually involves necrosis of microbial communities
that develop during the injection phase and subsequently die-off due to lack of nutrients
and oxygen during the storage phase. In such cases, elevated concentrations of iron,
manganese, ammonium and arsenic may cause less water to be recoverable as compared

groundwater and the source water (Mirecki 2004, Pyne et al. 2004, Price and Pichler 2006,
Arthur et al. 2007, Jones and Pichler 2007, Stuyfzand and Pyne 2010). Arsenic mobilization
was also noted during ASR applications in Australia (Vanderzalm et al. 2007) and the
Netherlands (Stuyfzand 2001).

to the previously injected volume. The ratio between recovered water and injected water
YROXPHGH¿QHWKHUHFRYHU\HI¿FLHQF\RIHDFK$65F\FOH 3\QH 

Various studies indicate that pyrite oxidation rates strongly depend on: (1) the amount and

RQWKHLUTXDQWL¿FDWLRQEDVHGRQNLQHWLFUDWHH[SUHVVLRQV&DOLEUDWHGPRGHOVFDQEHXVHGWR
predict the recovered water quality from an ASR well after a number of cycles as well as to

reactivity of organic material competing for reaction with oxidants (Stuyfzand 1998a, Hartog
HWDO   WKHVL]HRIS\ULWHJUDLQVZLWKIUDPERLGDOS\ULWHKDYLQJDJUHDWHUVXUIDFHDUHD
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Water quality may deteriorate further during an extended storage or recovery phase due
to migration of the stored water or due to reducing conditions triggered by anaerobic
degradation of organic material in the proximal zone of the ASR well (Vanderzalm et al.

Reactive transport modeling is an important tool that can aid on the acquisition of a better
understanding of the hydrogeochemical processes taking place in the aquifer, as well as

study the temporal and spatial leaching of minerals around the ASR well.
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1.2 KNOWLEDGE GAPS

1.4 THESIS OUTLINE

The hydrogeochemistry behind processes affecting the recovered water quality during ASR
KDVEHHQH[WHQVLYHO\VWXGLHGLQWKHOLWHUDWXUHVRPHRIWKHVHVWXGLHVZHUHPHQWLRQHGDOUHDG\

The thesis is organized as follows:

in Section 1.1. Some studies describe the evolution of these hydrogeochemical processes
in time and with consecutive ASR cycles. Descourvieres et al. (2010), for example, was able
to successfully quantify reaction rates of competing redox and buffering reactions during the
injection of oxidized aqueous solutions into anoxic groundwater systems. Certain processes
seem to fade out in time due to an overall leaching of the reactive phases and due to sideprocesses dampening the reactivity of the aquifer.

Chapter 2 gives an improved mechanistic insight in hydrogeochemical patterns and processes
and water quality improvements during a long term ASR application in a pyritiferous and
Mn-carbonate containing sandy aquifer (Herten, The Netherlands). The ASR pilot study in
Herten was run by drinking water supply company WML (Water Maatschappij Limburg) in
RUGHUWRWHVWWKHIHDVLELOLW\DQGHI¿FLHQF\LQWHUPVRIUHFRYHUHGZDWHUTXDOLW\DQGTXDQWLW\
A mass balance approach was followed to quantify the water-sediment reactions and the
leaching rate of reactive solid phases.

Enhancing the processes that are responsible for water quality improvements, while at the
same time inhibiting the processes causing quality deterioration, seems possible, but very
few attempts have been made to put certain methods into practice. The ASR concept and
the cumulative effects to water quality due to the various hydrogeochemical processes have
never been studied in the lab under controlled conditions.
ASR pilots have been simulated using reactive transport models able to simulate the
recovered water quality over time (Gaus et al. 2002, Petkewich et al. 2004, Greskowiak et
al. 2005, Brown and Misut 2010, Wallis et al. 2011). These models, once calibrated, can
however also be used as predictive tools for many aspects related to the ASR plant operation.
It is possible to predict the time frame under which the various water quality deteriorating
processes related to the oxidation or dissolution of reactive phases will fade away. Running
scenario simulations can help assessing the effects on recovered water quality of various
source water types and to test methods (such as source water treatment or aquifer treatment)
that may improve the ASR operation with respect to recovered water quality.

1.3 RESEARCH OBJECTIVES
%DVHGRQWKHNQRZOHGJHJDSVGHVFULEHGDERYHWKUHHNH\REMHFWLYHVZHUHGH¿QHGIRUWKLV
research study:
1. Acquiring an improved insight in hydrogeochemical patterns and processes and
water quality improvements through long term monitoring of a drinking water ASR
pilot and through lab experiments with an innovative column setup (combined with
modeling).
2. Improving ASR operation with optional treatments (O2, NaOH, permanganate)
DV LQYHVWLJDWHG LQ WKH ¿HOG ZLWK FROXPQ H[SHULPHQWV DQG ZLWK UHDFWLYH WUDQVSRUW
modeling.
3. Assessing and optimizing ASR performance through reactive transport modeling
alone, by evaluation of variations in operational aspects (different source water
compositions, implementation of a buffer zone, and bubble migration during a
prolonged storage phase).
20

Chapter 3 presents the development and calibration of a reactive transport model that
simulates and predicts the water quality developments of the previous case study. For this
SXUSRVHZHIROORZHGDQRYHODSSURDFKZKHUHWKHPRGHOFDOLEUDWHGZLWKGDWDIURPWKH¿UVW
ASR cycle, was allowed to run a series of 14 later cycles and its longer term performance
was validated by comparing the model predictions to the actual observations of these later
ASR cycles.
Chapter 4 uses the calibrated reactive transport model to test the behavior of the Herten
aquifer upon injection of 3 different source water types (pre-treated drinking water,
desalinated and urban storm water). We investigate on how to optimize the cycling scheme
by means of enriching the source water with O2 and/or NaOH and by implementing a buffer
]RQHWKDWZRXOGDOORZDVXEVHTXHQWLGHDOUHFRYHU\HI¿FLHQF\RIZLWKUHVSHFWWR)H ,, 
0Q ,,  DQG$V :H ¿QDOO\ VWXGLHG WKH GHWHULRUDWLQJ HIIHFWV RI D SRVVLEOH EXEEOH PLJUDWLRQ
following the injection of the different source water types in combination with the source
water enrichment.
In chapter 5 we describe the implementation of a realistic, bi-directional column-based ASR
VLPXODWLRQZKLFKDOORZHGWKHLQMHFWLRQRIR[LFWDSZDWHULQDEUDFNLVKDQGDQR[LF³DTXLIHU´
setting. Undisturbed core samples, collected from an ASR candidate aquifer, were used
to evaluate the aquifer behavior during potential ASR applications. The persisting Mn(II)
mobilization, deriving from carbonate dissolution and triggered by oxidation reactions,
compromised during each recovery the abstracted water quality after having recovered 1530% of the injected water. We assessed the impact of aquifer treatment with an aqueous
permanganate solution on water quality, and compared it with the injection of conventional
DLUVDWXUDWHGZDWHU:HVSHFL¿FDOO\HYDOXDWHGXVLQJDFROXPQVHWXSKRZSHUPDQJDQDWH
WUHDWPHQW RI WKH DTXLIHU VHGLPHQWV LPSURYHV WKH UHFRYHU\ HI¿FLHQF\ ZLWK UHVSHFW WR
manganese and arsenic.
,Q&KDSWHU¿QDOO\ZHLQWHJUDWHDOOUHVXOWVGLVFXVVWKHOLQNVEHWZHHQWKHYDULRXVFKDSWHUV
and give recommendation for practice and further research.
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ABSTRACT

2.1 INTRODUCTION

The hydrogeochemical processes that took place during an aquifer storage and recovery
$65 WULDOLQDFRQ¿QHGDQR[LFVDQG\DTXLIHU +HUWHQWKH1HWKHUODQGV ZHUHLGHQWL¿HGDQG

Aquifer storage and recovery (ASR) is a method to balance water supply with demand. It
consists of injecting water in an aquifer during a period of excess, in order to keep it stored

TXDQWL¿HG XVLQJ REVHUYDWLRQ ZHOOV DW   DQG  P GLVWDQFH IURP WKH$65 ZHOO 2[LF
drinking water was injected in 14 ASR cycles in the period 2000-2009. The main reactions
consisted of the oxidation of pyrite, sedimentary organic matter, and (adsorbed) Fe(II) and
Mn(II) in all aquifer layers (A-D), whereas the dissolution of carbonates (Mg-calcite and

until there appears necessity (Pyne 2005, Maliva and Missimer 2010). The stored water is
then recovered from the same well and distributed as drinking, industrial or irrigation water
(Maliva et al. 2007).

Mn-siderite) occurred mainly in aquifer layer D. Extinction of the mobilization of SO 4, Fe(II),
Mn(II), As, Co, Ni, Ca, and total inorganic carbon pointed at pyrite and calcite leaching in
OD\HU$ZKHUHDVUHDFWLRQVZLWK0QVLGHULWHLQOD\HU'GLGQRWVKRZDVLJQL¿FDQWH[WLQFWLRQ
over time. Fe(II) and Mn(II) removal during recovery was demonstrated by particle tracking
and pointed at sorption to neoformed ferrihydrite. Part of the oxidants was removed by
neoformed organic material in the ASR proximal zone (0 - ca. 5 m) where micro-organisms
grow during injection and die away when storage exceeds about 1 month. Anoxic conditions
during storage led to increased concentrations for a.o. Fe(II), Mn(II) and NH4 as noted for
WKH ¿UVW  P3 of abstracted water during the recovery phase. With a mass balance
approach the water-sediment reactions and leaching rate of the reactive solid phases were
TXDQWL¿HG/HDFKLQJRIS\ULWHDQGFDOFLWHUHDFKHGFRPSOHWLRQXSWRPGLVWDQFHLQOD\HU$
but not in layer D. The mass balance approach moreover showed that Mn-siderite in layer
D was probably responsible for the Mn(II) exceedances of the drinking water standard (0.9
ȝPRO/ LQWKHUHFRYHUHGZDWHU/HDFKLQJRIWKH0QVLGHULWHXSWRPIURPWKH$65ZHOO
would take 1600 more pore volumes of drinking water injection (on top of the realized 460).
Keywords: ASR, aquifer recharge, redox, pyrite, siderite, manganese, arsenic, nickel

Water Supply Company Limburg (WML) ran an ASR pilot in the period 2000-2009 in Herten
/LPEXUJWKH1HWKHUODQGV)LJXUH LQMHFWLQJSUHWUHDWHGGULQNLQJZDWHUDQGWHVWLQJWKH
IHDVLELOLW\ DQG HI¿FLHQF\ LQ WHUPV RI UHFRYHUHG ZDWHU TXDOLW\ DQG TXDQWLW\ DV ZHOO DV SUH
treatment. Water supply in the province of Limburg currently relies on groundwater, bank
¿OWHUHG 5LYHU 0HXVH ZDWHU DQG VXUIDFH ZDWHU LPSRUWHG IURP *HUPDQ\ EXW :0/ QHHGV
DOWHUQDWLYHV WR FRSH ZLWK H[SHFWHG LQFUHDVHV LQ ÀXFWXDWLRQV RI ERWK GHPDQG DQG ZDWHU
availability.
7KH ¿UVW JRDO RI WKLV VWXG\ ZDV WR LGHQWLI\ WKH VSDWLDO DQG WHPSRUDO SDWWHUQV LQ ZDWHU
TXDOLW\ FKDQJHV GXULQJ $65 DSSOLFDWLRQ LQ D S\ULWLIHURXV FRQ¿QHG VDQG\ DTXLIHU ZKLFK
is internationally relevant for many ASR candidate applications. To this end, the Herten
ASR pilot was monitored by high frequency sampling of dedicated observation wells with
short well screens (1 m) at relatively short distances away from the ASR well (0.1, 8 and
25 m) and the target aquifer received a detailed geochemical inspection. The monitoring
system was furthermore set-up to gain insight in near well processes by placing observation
wells in the gravel pack of the ASR well, especially during recovery, long storage phases
and a 5 years standstill period when these processes mainly occurred. The second goal
was to identify and quantify the major hydrogeochemical processes, especially those
WKDW PLJKW FRPSURPLVH WKH TXDOLW\ RI WKH UHFRYHUHG ZDWHU 7KH WKLUG DQG ¿QDO JRDO ZDV
to determine the leaching rate of the reactive solid phases, in order to predict when the
most cumbersome reactions will fade away and thus when ASR will start to yield water
uncompromised by solutes mobilized from the aquifer. To this end, we applied a mass
balance approach (REACTIONS+ (Stuyfzand 2010)) that was extended in this paper with a
coupled leaching routine. Contrary to existing inverse models like BALANCE (Parkhurst et
al. 1982), PHREEQC-2 (Parkhurst and Appelo 1999) or NETPATH (Plummer et al. 1991),
all data handling and calculations were performed in an Excel® spreadsheet with macros to
run the geochemical routines.

2.2 MATERIAL AND METHODS
2.2.1 Description ASR site and monitoring wells
The Herten ASR trial site is located in the province of Limburg, the Netherlands (Figure 2.1).
The site consists of one ASR well and two monitoring wells, M8 and M25 situated at 8 and
25 m distance, respectively (Figure 2.1 and 2.2). The aquifer consists of 4 layers, each with
24
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different hydraulic and geochemical properties (see section 2.3.1). The ASR well, screened
between 159.4 and 169 m depth below surface, is equipped with three piezometers
inside the gravel pack, at 0.1 m distance (Figure 2.2). Each monitoring well contains three
piezometers with a 1 m long screen. The upper piezometers (ASR-1, M8-1 and M25-1) and
lower piezometers (ASR-3, M8-3 and M25-3) were monitored throughout the whole study
period. The middle piezometers (ASR-2, M8-2 and M25-2) were only monitored during the
¿UVWPRQWKVRIRSHUDWLRQ7KHSLH]RPHWHUVPDGHRI39&KDYHDQLQQHUGLDPHWHURI
mm below and 52 mm above 40 m below ground level (BGL), the ASR well has an inner
GLDPHWHURIPP&OD\VHDOVZHUHLQVWDOOHGLQEHWZHHQHDFKSLH]RPHWHUDQGZKHUH¿QH

2

grained deposits were pierced through the drilling.

Figure 2.2 Cross section of the aquifer depicting the ASR well and monitor wells M8 and M25. Kh = horizontal
hydraulic conductivity. Calculated travel times of injection water to monitor wells in days.

2.2.2 Set-up of the ASR pilots
The experiment lasted for almost 9 years and consisted of two pilots. Drinking water from
WKH+HUWHQSXPSLQJVWDWLRQZDVVHOHFWHGDVWKHVRXUFHZDWHUIRUWKH¿UVWSLORW7KLVZDWHU
was a mixture of water pumped from aquifers shallower (50-110 m BGL) and deeper (190220 m BGL) than the ASR target aquifer. For the second pilot, drinking water from pumping
station Heel at 6 km distance (Figure 2.1) was used as this became available via a transport
main and was expected to become the source water for ASR application in the area. Table
2.1 presents the mean composition for both source waters. Note the two source water
W\SHVXVHGGXULQJWKH¿UVWSLORWVKRZHGVRPHGLVWLQFWLYHGLIIHUHQFHVLQFKORULGHDQGVXOIDWH
concentrations. Injected water quality was rather constant during each pilot, with chloride and
VXOIDWHÀXFWXDWLRQVRIFD7KHLQMHFWLRQDQGSXPSLQJUDWHVZHUHRQDYHUDJHP3/h.


Figure 2.16LWHPDSVKRZLQJWKHORFDWLRQRIZHOO¿HOGV+HUWHQDQG+HHOWKH$65SLORWDQGUHJLRQDOJURXQGZDWHU
ÀRZGLUHFWLRQ

'XULQJ WKH¿UVWSLORW¿YH$65F\FOHVZHUHSHUIRUPHG )LJXUHD7DEOH  &\FOHV
2 and 5 were undertaken without a storage phase, while during cycle 3 no recovery was
performed, and cycle 4 consisted of an injection phase only. In order to study the effects
of enhancing the oxidation processes, the source water was enriched with oxygen (from
0.28 to 0.78 mmol/L) during cycle 3, and with nitrate (0.22 mmol NaNO3/L) during cycle 5.
The second pilot started after a 5 years stand-still phase with the previously stored bubble
VWLOOLQSODFHDQGQLQHPRUHF\FOHVZHUHSHUIRUPHG7KH¿UVWIRXUF\FOHVZHUHXQGHUWDNHQ
ZLWKRXWDVWRUDJHSKDVHZKHUHDVWKHODVW¿YHF\FOHVFRQVLVWHGRIORQJHULQMHFWLRQSKDVHV
with shorter recoveries.
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Table 2.1 Native groundwater quality before initiation of pilot 1, mean groundwater quality in aquifer layers A and D
prior to start of pilot 2, mean injection water quality during each pilot, and recovered water quality during cycle 2 (17
days pumping after 1.5 day storage), 13 (28 days pumping after 21 day storage) and 14 (28 days pumping after 91
day storage). C#X = ASR cycle number X.
temp

EC

pH

O2

Cl

SO4

TIC

NO3 Na

(°C) (mS/m) lab

K

Ca

Mg

NH4 SiO2 TOC

Fe Mn

(mmol/L)

As

Ni

SI-C SI-S

ȝPRO/

calc. sid.

-0.19 0.75

NATIVE GROUNDWATER
ASR well

13

39.0

7.00 <0.02 0.17 <0.03 6.82 <0.01 0.37 0.04 2.08 0.48 0.005 0.34 0.06

100

4

0.16 0.03

Layer A

12.9

34.5

6.78 <0.02 0.19 <0.03 7.99 <0.01 0.41 0.04 2.14 0.48 0.005 0.35 0.04

112

5

0.18 0.03

-0.39 0.59

Layer D

13.2

35.0

6.78 <0.02 0.17 <0.03 8.09 <0.01 0.35 0.04 2.10 0.51 0.003 0.35 0.03

127

8

0.13 0.03

-0.39 0.66

2

RESIDUAL ASR BUBBLE 4.2-4.5 years after 1st pilot
Layer Aa

12.4

43.3

7.08 <0.02 0.65 0.47 4.28 <0.01 0.57 0.04 1.80 0.30 0.006 0.24 0.09

30

2

0.31 0.10

-0.37 0.14

Layer Db

12.9

52.0

6.87 <0.02 0.59 0.48 6.43 <0.01 0.57 0.04 2.37 0.37 0.012 0.26 0.14

86

12

0.19 0.11

-0.34 0.50

INJECTED WATER (mean for all cycles)
1st pilot (Herten water)

11.4

38.8

7.48 0.29 0.61 0.25 3.07 0.02 0.63 0.03 1.83 0.26 <0.05 0.25 0.06

<0.1 <0.1 0.01 0.01

0.04 -2.07

2nd pilot (Heel water)

12.6

45.2

7.45 0.28 1.11 0.64 2.99 0.02 1.05 0.06 1.71 0.27 <0.05 0.14 0.09

<0.1 <0.1 <0.01 0.05

-0.14 -2.20

RECOVERED WATER (ASR well)

a
b

Herten water. C#2. 17 d

11.8

35.0 7.15<0.02 0.56

0.31 3.96<0.01 0.32 0.03 1.84 0.27 0.001

0.18 0.09

-0.31 -2.00

Heel water. C#13. 28 d

13.4

45.0 7.02<0.02 1.04

0.70 3.20<0.01 1.00 0.06 1.65 0.27 0.001 0.14 0.10

0.09 3.46 0.01 0.13

-0.59 -2.50

Heel water. C#14. 28 d

12.8

44.4 7.06<0.02 1.10

0.71 3.10<0.01 1.04 0.06 1.62 0.28 0.001 0.13 0.07

0.18 6.37 0.01 0.09

-0.58 -2.17

M25-1, average of samples 31 Aug 2006 + 12 Jan 2007
ASR-3, sample taken at 31 Aug 2006

Table 2.2 Numerical description of ASR cycles
1st PILOT

Date interval

Cycle

Number of days
Inj

Sto Rec

Figure 2.3 (a) Cumulative volume during ASR cycles, (b) Calculated front position of injected water bubble in layers
A-D (m distance from ASR well) during both pilots. Effects of bubble drift are not included. Position of monitor wells
M8 and M25 indicated (white = injection, light grey = storage, dark grey = recovery).

2.2.3 Geochemical sampling and characterization

Volume injected

Volume pumped

,Q¿OWUDWLRQZDWHU

m3/h m3 tot m3 remaining in aquifer

m3/h m3 tot m3 remaining in aquifer

(source & characteristics)

1

16/10/00 - 02/02/01 82

2

26

44.8 88127

88127

43.3 27013

61114

Herten

2

05/02/01 - 21/05/01 54

2

50

44.8 58035

119149

47.6 57168

61981

Herten
Herten / O2 enrichment

3

28/05/01 - 30/09/01 47

79

0

44.0 49587

111568

0

111568

4

01/10/01 - 17/02/02 140

0

0

38.8 130435

242003

0

242003

Herten

5

18/02/02 - 31/05/02 16

5

82

59.3 22760

264763

62.7 123413

141349

Herten / NO3 enrichment

2nd PILOT
6

11/09/07 - 22/10/07

21

21

50.0 25200

166549

50.0 25200

141349

Heel

7

23/10/07 - 10/12/07 21

28

50.0 25200

166549

50.0 33600

132949

Heel

8

08/01/08 - 18/02/08 21

21

50.0 25200

158149

50.0 25200

132949

Heel

9

19/02/08 - 31/03/08 21

21

50.0 25200

158149

50.0 25200

132949

Heel
Heel

10

01/04/08 - 26/05/08 27

8

21

50.0 32400

165349

50.0 25200

140149

11

27/05/08 - 14/07/08 28

14

7

40.0 26880

167029

50.0

8400

158629

Heel

12

15/07/08 - 15/09/08 28

21

14

40.0 26880

185509

50.0 16800

168709

Heel

13

16/09/08 - 22/12/08 49

21

28

40.0 47040

215749

50.0 33600

182149

Heel

14

23/12/08 - 31/05/09 35

91

34

40.0 33600

215749

50.0 40800

174949

Heel

Ten PVC cores, each 1 m long (0.10 m diameter) were obtained from the entire depth section
of the target aquifer, 159-170 m BGL, when the ASR well was drilled (percussion drilling
method). The cores were taken ahead of the drilling bit via a core catcher, and immediately
stored in an anoxic stainless steel case under nitrogen atmosphere at 4 oC. They were
processed inside a glove-box under nitrogen atmosphere at the TNO-NITG laboratory. Buijs
& van der Grift (2001) analyzed 15 subsamples on: (1) total elemental composition (26
HOHPHQWV  XVLQJ ;UD\ ÀXRUHVFHQFH ;5)    WRWDO FDUERQ DQG VXOIXU /(.2 ,QGXFWLRQ
)XUQDFH,QVWUXPHQWV   RUJDQLFPDWWHUDQGWRWDOFDUERQDWHVE\WKHUPRJUDYLPHWU\ 7*$
at 480, 550, 800 o&   FRPSRVLWLRQRIWKHFDWLRQH[FKDQJHFRPSOH[E\%D&O2H[WUDFWLRQ
(5) Cation Exchange Capacity (CEC) by BaCl2 extraction followed by MgSO4 VDWXUDWLRQ
(6) Mn-oxides, amorphous and crystalline Fe-(hydr)oxides and Al-(hydr)oxides extracted
E\DPPRQLXPR[DODWHLQDVFRUELFDFLGDQG  S\ULWHGHGXFHGIURPGLVVROYHG)H ,, LQWKH
extract after successive hydroxylamine extractions with HCl, HF and HNO3 (Lord III 1982).

$UHVLGXDOFORJJLQJRIWKH$65ZHOOZDVQRWREVHUYHGGXULQJWKH¿UVWSLORW 6WX\I]DQGHWDO
2005b), and neither during the second. Minor hydraulic resistances on the well screen and

Redox reactivity was determined by incubation experiments (Buijs and Van der Grift 2001)
in which the sediment (30 g) was mixed with 50 mL of synthetic ASR source water in 100-mL
Duran bottles under a N2-atmosphere, leaving a constant headspace. These bottles were
connected for 30 days at 12oC and subsequently for another 18 days at 26oC to an indirect
closed circuit respirometer (Micro-Oxymax). During this period the O2 consumed and CO2

the borehole wall during injection disappeared spontaneously during recovery.

produced were measured consecutively in each bottle, resulting in measurements every 6

28
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h for each incubation. The sediment-water slurry was magnet-stirred at 100 rpm to ensure a
homogeneous chemical system and enhance oxygen diffusion from the head space to the
aqueous phase. In addition, an oxygen-exposure incubation experiment was carried out,

7KHQXPEHURISRUHÀXVKHVLQOD\HU1RIWKHWDUJHWDTXLIHUDWDVSHFL¿FSRLQWGXULQJDQ\$65
cycle (PVN,C LVGH¿QHGDVWKHQXPEHURIWLPHVWKHPRQLWRULQJVHFWLRQEHWZHHQ$65ZHOO
DQGWKDWSRLQWKDVEHHQÀXVKHGZLWKWKHVRXUFHZDWHUGXULQJF\FOH&

where 30 grams of sediment were shaken with 300 mL of simulated ASR source water by
continuous bubbling with oxygen for 15 days.

PVN,C = tIN,C / tN,C

2.2.4

Water sampling and analysis

Throughout the two pilots, all available screens were sampled on a weekly to fortnightly
basis for inorganic and microbiological analysis. Three additional sampling sessions were
performed during the intermediary stand-still period. During sampling, temperature, pH,
HOHFWULFDOFRQGXFWDQFH (& DQGGLVVROYHGR[\JHQFRQFHQWUDWLRQZHUHPHDVXUHGLQWKH¿HOG
using a multiprobe sensor device (Type WTW Oxi 340, WTW LF 340 and WTW pH 340).
The injected and recovered water were sampled through a faucet on the ASR well at ground
level. The observation wells were sampled by submersible centrifugal pumps (Eijkelkamp,
$JULVHDUFK(TXLSPHQW 7KHVHSXPSVZHUHSHUPDQHQWO\¿[HGLQHDFKULVHUSLSHWRVKRUWHQ

where: tIN,C = duration of injection in ASR cycle C [d]. An important condition for Eq.2.2A is
that cycles with tIN,C < tN,CGRQRWFRXQW/LNHZLVHWKHWRWDOQXPEHURISRUHÀXVKHVVLQFHWKH
start of ASR (PVT,N LVGH¿QHGDV

PVT , N

considerably shorter than if the whole PVC-riser had to be purged (0.5 instead of 2-3 hours),
and allowed simultaneous work (9 piezometers in 2-3 hours).
The samples for analysis of total dissolved concentrations of cations, PO4, As, and heavy
PHWDOVZHUH¿OWHUHGLQWKH¿HOG XVLQJȝPPHPEUDQH¿OWHUV DQGVWRUHGLQPO3(
ERWWOHV7KH\ZHUHDFLGL¿HGZLWKPORIVXSUDSXU+123 upon arrival in the laboratory
in the evening of the sampling day. Samples for O2 and CH4 analysis were kept in glass
ERWWOHVZLWKDQDLUWLJKWFDS$OOZDWHUVDPSOHVZHUHDQDO\]HGE\WKHFHUWL¿HGODERUDWRU\:/=
in Breda, the Netherlands, using conventional analytical methods.
+\GURORJLFDOFDOFXODWLRQVWUDYHOWLPHSRUHÀXVKHVEXEEOHIURQWSRVLWLRQDQG
bubble drift velocity
The mean travel time from the ASR well to a monitoring screen in layer N of the target
aquifer was calculated for each ASR cycle C as follows, assuming a cylindrical extension in
HDFKOD\HUDQGQRODWHUDOÀRZ

nN Sr 2T
QIIN ,C K h, N

¦

C C
C 1

§ t IN ,C
¨
¨t
© N ,C

·
¸
¸
¹

2
(2.2B)

The front position of the ASR bubble in layer N during ASR cycle C (RN,C) was calculated for
the same conditions and neglecting diffusion and dispersion, by:

the refreshing period. Samples were taken after pumping a volume equal to three times
the volume of the suction and discharge pipes of the pump (the bottom of the suction pipe
was located at screen depth and its internal diameter was 10 mm). The purging lasted

(2.2A)

RN ,C

C C
ªC C
º
« ¦ (QIN ,C t IN ,C )  ¦ (QOUT ,C tOUT ,C ) K h, N
C 1
¬C 1
¼
nN ST

(2.3)

where: QOUT,C = mean recovery pumping rate as applied during ASR cycle C [m3G@tOUT,C
= duration of recovery pumping in ASR cycle C [d]. An important condition here is that
negative RN,C values are to be replaced by zero at any point during the summation.
Bubble drift velocity in layer N (VB,N) was calculated for long storage phases, by taking:

VB , N

K h , N 'H
H
n N 'X
X

(2.4)

ZKHUHǻ+ǻ; UHJLRQDOK\GUDXOLFJUDGLHQWLQWKHWDUJHWDTXLIHU>PP@
4XDQWL¿FDWLRQRIK\GURJHRFKHPLFDOUHDFWLRQV
We used the code REACTIONS+ (Stuyfzand 2010), programmed in Excel ® spreadsheet,
to quantify and identify through mass balances the main hydrogeochemical processes
GXULQJWKHWZRSLORWV7KHYHUVLRQZDVPRGL¿HGE\LQFOXGLQJWKHFDOFXODWLRQRIOHDFK
factors for reactive mineral phases (section 2.7).

(2.1)

The mass transfer in the water phase always referred to the sum of reactions needed to

where: tN,C PRPHQWRIEUHDNWKURXJKLQOD\HU1GXULQJ$65F\FOH&>G@nN = porosity
RIOD\HU1>@U GLVWDQFHIURPWKH$65ZHOO>P@T = transmissivity of the target aquifer,

change the measured average source water composition (input) into the evolved water
composition (output) as measured somewhere in the target aquifer with an observation well
or, during recovery, with the ASR well. Table 2.3 lists the most important hydrogeochemical
reactions. This selection is based on extensive geochemical and hydrochemical monitoring

t N ,C

preferably determined by a pumping test [m2G@QIN,C = mean injection rate as applied during
ASR cycle C [m3G@Kh,N = horizontal hydraulic conductivity of layer N [m/d].

30

of many injection experiments in Dutch aquifer systems (Stuyfzand 1998a). Several reactions
were excluded as they were considered negligible in ASR systems, like the dissolution of
31
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(aluminum) silicate minerals (except for opal) and the dissolution of minerals by strong
acids (only CO2 being active while abundant HCO3LVDFWLQJDVDVLJQL¿FDQWDFLGEXIIHU 
Reactions with oxidants that are added to drinking water, like O3, Cl2, ClO2 and NH2Cl, were

4XDQWL¿FDWLRQRIWKHOHDFKLQJRIUHDFWLYHSKDVHV
Since geochemical analyses were only performed prior to initiation of the ASR trial,
K\GURFKHPLFDOGDWDZHUHXVHGWRDSSUR[LPDWHWKHQXPEHURISRUHÀXVKHVLQOD\HU1QHHGHG

not addressed as they are not applied/present in Dutch drinking water.

WRSUDFWLFDOO\GHSOHWHDVSHFL¿FUHDFWLYHDTXLIHUFRQVWLWXHQWZLWKLQWKHVHFWLRQRIPRQLWRULQJ
(PVL,N). In this approach (part of REACTIONS+) we assume that: (1) the leaching is a

$¿[HGR[LGDWLRQUHDFWLRQVHTXHQFHZDVPDLQWDLQHG LQRUGHUWRVLPSOLI\WKHFDOFXODWLRQV 
LISDUDOOHOR[LGDWLRQKDGWREHH[FOXGHGIRULQVWDQFHGXHWRODFNRIVXI¿FLHQWR[LGDQWV7KH
sequence was in descending order: (1) dissolved organic carbon (DOC) + NH4 in the source
water, (2) pyrite (if present), (3) Fe(II) + NH4+ + Mn(II) deriving from the exchange complex
(during injection phases only and depending on the position of the exchange front), (4)
siderite (if present), and (5) sedimentary organic material (SOM). The oxidation of DOC and
NH4 in the input was completely ignored in the ASR Herten case because of negligible NH4
inputs and observed conservative behavior of very low DOC inputs.

Dissolution

Redox 1

Initial

Table 2.3 7KH PRVW UHOHYDQW K\GURJHRFKHPLFDO UHDFWLRQV IRU LQ¿OWUDWLQJ VXE R[LF KLJK DONDOLQLW\ VXUIDFH ZDWHU LQ
DQDQR[LFDTXLIHU PRGL¿HGDIWHU6WX\I]DQG 5HDFWLRQVLUUHOHYDQWWR$65V\VWHPVLQWKH1HWKHUODQGVLQFOWKH
Herten site show numbers within brackets.
Process

Reaction equation

No.

Unsat zone + convection a

+ O2 + CO2 - CH4  &ORXW&OLQ

(1)

1LWUL¿FDWLRQ

2O2 + NH4 + 2HCO3ĺ123 + 2 CO2 + 3H2O

DOC oxidation b

0.5O2 + 0.4NO3 + CH22'2&ĺ&22 + 0.4HCO3 + 0.2N2 + 0.8H2O
3.75O2 + FeS2 + 4HCO3ĺ)H 2+ 3 + 2SO4 +4CO2 + 0.5H2O

4

NO3 oxidizing pyrite

2.8NO3 + FeS2 + 0.8CO2 + 0.4H22ĺ)H624 + 1.4N2 + 0.8HCO3

5

O2 oxidizing Mn-siderite

(1-x)O2 + 4Fe(1-x)MnxCO3 + (6-2x)H22ĺ [ )H 2+ 3 + 4xMn2+ + (4-8x)CO2 + 8xHCO3

6
7

O2-reduction

O2 + CH22ĺ&22 + H2O
4NO3 + 5CH22ĺ12 + CO2 + 4HCO3 + 3H2O

8

MnO2-reduction

MnO2 + 0.5CH2O + 1.5CO2 + 0.5H22ĺ0Q+&23

9

Fe(OH)3 reduction

Fe(OH)3 + 0.25CH2O + 1.75CO2ĺ)H+&23 + 0.75H2O

10

SO4-reduction (FeS2)

2SO4 + 3.5CH22)Hĺ)H62 + 2HCO3 + 1.5CO2 + 2.5H2O

(11)

CH4-formation

CO2 + 2CH22ĺ&+4 + 2CO2

(12)

Calcite

CaCO3 + CO2 +H22ļ&D+&23

13

Mg-calcite

Ca(1-x)MgxCO3 + CO2 + H22ļ [ &D[0J+&23

14

Mn-siderite

Fe(1-x)MnxCO3 + CO2 + H22ļ [ )H[0Q+&23

Gypsum

CaSO4·2H22ļ&D624

(16)

Halite

1D&Oļ1D&O

(17)

Quartz / opal

SiO2 + 2H22ļ+4SiO4

18

S-OHo + Fe2+ĺ62)H ,, + + H+

19

Exchange

SiO2-sorption

15

Fe(OH)3 + xH4SiO4 + H22ļ6LxFe(OH)(3+4x)·H2O

20

Cation exchange

aCa + [bFe,cMn,dNH4@(;&+ļE)HF0QG1+4 + [aCa]-EXCH

21

Anion Exchange

F + [H2PO4@(;&+ļ+2PO4 + [F]-EXCH

Oxidation sorbed Fe2+
Redox 2

(3)

NO3-reduction

d

c

S-OFe(II)+ + 0.25 O2 + 1.5 H22ĺ62)H ,,, 2+

PVL , N

ª f N ( solid ) N º
«1 
¬ ( prod ) N rP ¼

where:
fN FRQYHUVLRQIDFWRUIRUPPRONJLQWRPPRO/LQOD\HU1>NJ/@

fN

ª U S (1  nN ) º
«
nN
¬
¼

(2.6)

and where (solid)N FRQWHQWRIUHDFWLYHSKDVHLQDTXLIHUOD\HU1>PPRONJGZ@ȡS = density
RIDTXLIHUPDWUL[DVVXPHGHTXDOLQHDFKOD\HU>NJ/@nN SRURVLW\RIOD\HU1>@(prod)N
FRQFHQWUDWLRQRIUHDFWLRQSURGXFWLQOD\HU1>PPRO/@rP UHDFWLRQFRHI¿FLHQWGH¿QHGDV
WKHSURSRUWLRQRIWKHVWRLFKLRPHWULFFRHI¿FLHQWVRIWKHVROLGDQGSURGXFWVHH7DEOH>@
For example, in case of pyrite leaching, FeS2 is the solid, (SO4)OUT - (SO4)IN is the product,
and rP is 0.5 (conform reactions 4 and 5 in Table 2.3). As most reactions slow down during
ASR this approach yields an underestimation of PVL,N, if the concentration of the dissolved
component is taken at the beginning (after 5-20 PVs when redox reactions normally are at
PD[LPXP 6WX\I]DQGD 
When data are available for each cycle, the leaching progress is better approached by
discretization as follows:

f N ( solid ) N ,0  ¦ >( prod ) N ,C rP PV N ,C @
C C

f N ( solid ) N ,t

(2.7)

C 1

where: N,t LQOD\HU1DWWLPHW WN,0 = in layer N at time t = 0 (PVT,N  C = ASR cycle number.

o
2

+ H+

23

O2 + 4Fe2+ + 8HCO3 + 2H22ĺ)H 2+ 3 + 8CO2

24

desorption cation

0.5 O2 + Mn2+ + 2HCO3ĺ0Q22 + 2CO2 + H2O

25

MnO2 reduction by Fe2+

MnO2 + 2Fe2+ + 2HCO3 + 2H22ĺ)H 2+ 3 + Mn2+ + 2CO2

26

Under all conditions pertaining to Eqs.2.1, 2.2 and 2.7, the relative position of the leaching
front in layer N at any moment between the injection and an observation well (RL,N in %)
becomes:

a

32

(2.5)

(22)

Oxidation after mixing or

DGGLWLRQDOJDVHRXVLQRXWSXWVFRUUHFWLRQIRU7'6ÀXFWXDWLRQVLQLQSXW
b
assuming 50% oxidation by O2 and 50% by NO3
c
S-O representing solid iron (hydr)oxide surface
d
VRUSWLRQDOVRWRRWKHUVROLGSKDVHV

UHDFWLYHSKDVHZLWKLQWKH$65EXEEOHDQG  WKHUHDFWLRQUDWHLVGLFWDWHGE\RQHGLVVROYHG
FRPSRQHQWZKLFKLVTXDQWL¿HGIRUWKDWUHDFWLRQE\WKHK\GURFKHPLFDOPDVVEDODQFH7KH
calculation of PVL,N is as follows (Stuyfzand 1998b):

2

O2 oxidizing pyrite

Fe sorption to Fe(OH)3 c

VWHDG\ SURFHVV DW D FRQVWDQW UDWH \LHOGLQJ D VKDUS OHDFKLQJ IURQW   WKH UHDFWLYH SKDVH
LV KRPRJHQHRXVO\ GLVWULEXWHG LQ WKH DTXLIHU OD\HU   WKHUH LV QR QHRIRUPDWLRQ RI WKH

RL , N

100

PVT , N
PVL , N

(2.8)
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4XDQWL¿FDWLRQRIR[LGDQWFRQVXPSWLRQ
Oxidants, in this case O2 and NO3 (not SO4), are consumed during ASR operations, mainly
during the injection and storage phases. Experimental data indicate that the consumption
UDWH GHFOLQHV RYHU WLPH LQ ERWK FDVHV DQG IROORZV ¿UVWRUGHU GHFD\ 7KHUHIRUH WKH
concentration of oxidant C at time t since the start of either injection (Ct,INJ) or storage (Ct,STO)
is approximated for an observation well as follows, ignoring dispersion (Figure 2.4):

Ct,INJ = (CIN±¨& ± &IN±¨&±&0) e – ln2 (t – t50) / T½INJ

(2.9)

Ct, STO = (CIN±¨&±&0) e – ln2 t / T½STO + C0

(2.10)

where: CIN, C0 = concentration of oxidant C in respectively the source water and in the water
EHIRUHLQMHFWLRQRUDIWHUSURORQJHGVWRUDJH>PPRO/@¨& = steady concentration decrease
GXULQJ LQMHFWLRQ DIWHU UHDFKLQJ HTXLOLEULXP >PPRO/@ T½INJ, T½STO = half life of oxidant C
GXULQJUHVSHFWLYHO\LQMHFWLRQDQGVWRUDJH>G@t WLPHVLQFHVWDUWRILQMHFWLRQRUVWRUDJH>G@
t50 = travel time to observation well [d].

2.3 RESULTS: THE AQUIFER PRIOR TO ASR APPLICATION
2.3.1 Geochemical characterization
7KHGHHSO\DQR[LFWDUJHWDTXLIHULVFRPSRVHGRIXQFHPHQWHGÀXYLDOVDQGVRI3OLRFHQHDJH
and is further subdivided into four layers (A-D, Table 2.4, Figure 2.2). SOM (<0.25-8% d.w)
and pyrite (0.05-0.25% d.w) concentrations were measured in all aquifer layers. Carbonate
minerals are practically lacking in layers A and C, while low contents are present in layers
B and D (0.4-0.6% d.w.). These carbonates, apparently a Mg-calcite (Ca0.88Mg0.12CO3) and
Mn-siderite (Fe0.9Mn0.1CO3), are mainly concentrated in clay and gyttja lenses in layers B and
D. The chemical composition of these carbonate solid solutions was indirectly concluded
from the CO2 production against the O2 consumption in the micro-oxymax experiments,
;5)DQG7*$DQDO\VHVDQDO\VHVRIWKH¿QDOVROXWLRQUHPDLQLQJDIWHUWKHPLFURR[\PD[
experiment, and the results of the ASR pilots.
Table 2.4 Target aquifer characterization. Average values for 1-6 core samples.

In the present anoxic aquifer C0 was always zero. The terms T½INJ and T½STO refer to different

Layer

Unit

A

B

C

D

Depth

m BGL

158.6 - 162.2

162.2 - 163.3

163.3 - 168

168 - 170

No. Samples

oxidant consuming processes: normally T½INJ includes microbiological processes near the
borehole wall and oxidation of sorbed Fe(II), Mn(II) and NH4 in addition to oxidation of SOM,
pyrite or siderite, whereas T½STO only includes the oxidation of SOM, pyrite or siderite.

Kh

n

4

1

4

6

m/d

52

10

22

15

Clay size fractiona

% d.w

1.1

1.6

0.8

1.4

CEC

meq/kg

6.7

124.8

23.8

32.6

SOM

% d.w

0.08

8.03

1.31

1.76

Pyriteb

% d.w

0.05

0.25

0.07

0.09

Calcitec

% d.w

<0.02

0.13

<0.01

0.15

Siderited

% d.w

<0.06

0.45

<0.07

0.25

Total

% d.w

0.04

0.56

0.05

3.13

Hydroxide (by oxalate)

% d.w

-

0.30

-

0.62

Exchangeable

% d.w

<0.001

0.011

0.002

0.002

Pyrite

% d.w

0.02

0.12

0.03

0.04

Siderite

% d.w

<0.01

0.22

<0.03

0.12

Total

ppm

3

77

7

621

Hydroxide (by oxalate)

ppm

-

33

-

103

Exchangeable

ppm

0.2

4.8

0.7

1.0

Siderite

ppm

<3

40

<6

133

Fe speciation

Mn speciation

Incubation experiment (Oxymax)


Figure 2.4. Example of oxidant breakthrough during an ASR source cycle and subsequent oxidant consumption
during storage, with visualization of selected parameters to calculate the oxidant concentration over time. In this
example T½INF = T½STO = 5 days. Dispersion ignored.
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dO2 12°C

mmol/L/d

0.03

0.14

0.08

0.08

dCO2 12°C

mmol/L/d

0.03

0.12

0.06

0.22

dCO2/dO2 12°C

mmol/L/d

0.86

0.86

0.73

2.88

dO2 26°C

mmol/L/d

0.09

0.34

0.18

0.17

dCO2 26°C

mmol/L/d

0.06

0.18

0.09

0.44

dCO2/dO2 26°C

mmol/L/d

0.61

0.53

0.48

2.63

grain size fraction < 2ȝm
b
containing As, Co, Ni and Zn
c
containing Mg
d
containing Mn
a

35
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The average aquifer porosity was estimated at 0.3, and the average trace element
composition of FeS2 is approximated with Fe0.94Co0.007Ni0.02Zn0.04S2As0.0087. This composition
was derived from the slope of strong linear correlations between the FeS2 content on the

%XEEOHGULIWPXVWKDYHEHHQVLJQL¿FDQWGXULQJWKH\HDUVORQJVWRUDJHSKDVHLQEHWZHHQ
cycles 5 and 6. Calculations with Eq. 2.3 and a SE-NW regional hydraulic gradient in the

one hand and the total As, Co, Ni and Zn contents on the other hand. Similar values were

aquifer of 0.00043 indicate that the bubble has drifted in a NW direction by about 140 m
in layer A (0.07 m/d), and about 40 m in layer D (0.02 m/d). These distances are smaller

observed by Savage et al. (2000), Cremer et al. (2003), and Price & Pichler (2006).

than the front position of the ASR bubble after cycle 5 (153 and 82 m in layers A and

The selective extractions of Fe- and Mn-phases showed that layers B and D also contain
Fe- and Mn-(hydr)oxides. This could be realistic but also an artifact due to potential
oxygenation of the samples notwithstanding measures to keep the samples anoxic, and
due to dissolution of siderite in the extractant (ammonium oxalate in ascorbic acid).
Redox reactivity results by respirometry (Table 2.4) indicated that aquifer layers A-C are
dominated by O2 reaction with pyrite and SOM, and that aquifer layer D is dominated by
reaction with pyrite, SOM and siderite. This was deduced from the average dCO2/dO2 ratio
(where dCO2 is the CO2 production and dO2 the O2 consumption). A value around 1 indicates
SOM oxidation (Eq.7 in Table 2.3), 1.1 indicates pyrite oxidation with HCO3 as the acid
buffer (Eq. 4 in Table 2.3), and 4 indicates siderite oxidation (Eq. 6 in Table 2.3). Obviously
the siderite in layer B did not manifest itself as in layer D, probably due to its much higher
SOM and pyrite content.
2.3.2 The native groundwater
The native groundwater, before initiation of pilot 1 in 2000, is characterized as pH-neutral,
calcareous, deeply anoxic, oligohaline, unpolluted water of the Ca(HCO3)2-type (Table 2.1).
)HUURXV LURQ FRQFHQWUDWLRQ ZDV UDWKHU KLJK  PPRO/  DQG PHWKDQH ORZ  ȝPRO/ 
+\GURFKHPLFDO VWUDWL¿FDWLRQ LQ WKH DTXLIHU ZDV PLQLPDO VKRZLQJ VOLJKWO\ KLJKHU )H ,, 
Mn(II), Mg and HCO3 concentrations in the deeper parts, notably in layer D (Table 2.1). The
water was generally slightly undersaturated with respect to calcite (Saturation Index = -0.35)
and oversaturated with respect to siderite (Saturation Index = +1.0).

2.4 RESULTS: PATTERNS AND PROCESSES DURING ASR
2.4.1 Hydrological behavior of the ASR bubble
Average travel times (Figure 2.2) to each monitoring screen were calculated using Eq.2.1
taking an average injection rate of 45 m3/h (which remained fairly constant during both
pilots). These results were compared to the observed chloride breakthrough patterns (from
WRPPRO/7DEOH DOEHLWVDPSOLQJZDVSHUIRUPHGHYHU\GD\V2QHGD\DIWHU
initiation of injection, 100% and 70% breakthrough was observed in wells M8-1 and M8-3,
respectively, while 8 days later, 100% and 60% breakthrough was observed in wells M25-1
and M25-3, respectively. These observed chloride breakthrough values within layers A and
D at 8 and 25 m from the ASR well agreed with the calculated estimates of travel time.
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D, respectively) as calculated with Eq. 2.2 (Figure 2.3b). The position of well M25 in the
UHJLRQDOJURXQGZDWHUÀRZGRPDLQDOVRJLYHVLWDQH[WUDDGYDQWDJHRIPFRPSDUHGWR0
and the ASR well (Figure 2.1). 8 months before pilot 2 (cycle 6) started, Cl concentrations
ZHUHLGHQWLFDOWRWKRVHLQWKHZDWHULQMHFWHGGXULQJWKH¿UVWSLORWLQGLFDWLQJWKDW+HUWHQ$65
water was still present around all wells.
We deduce from Figure 2.3b that, after the breakthrough of Herten water in cycle 1,
groundwater sampled from all wells (M8, M25 and ASR) during pilot 1 consisted exclusively
of Herten source water. This also held (M25 more than for M8) during the early phases of
injection cycles 7-10 and the late phases of recovery cycles 6-10 during pilot 2 when Heel
water was used as source water. As of cycle 11, groundwater sampled from all wells was
H[FOXVLYHO\+HHOVRXUFHZDWHU7KLVZDVFRQ¿UPHGE\&OGDWDVKRZLQJDFOHDUGLIIHUHQFH
EHWZHHQ+HUWHQDQG+HHOVRXUFHZDWHU YHUVXVPPRO/7DEOH 
2.4.2 Overview of water quality changes
Tables 2.5 and 2.6 present an overview of the quality of source water as sampled from
the monitoring wells after 62-63 days of storage, and during injection and recovery (after
only 1.5 days of storage), respectively. Conservative behavior was observed for Na, K, Cl,
NO2 ȝPRO/ &+4 ȝPRO/ DQGGLVVROYHGRUJDQLFFDUERQ '2& 7KHPDLQTXDOLW\
changes relate to redox reactions of the oxic source water with anoxic aquifer constituents,
notably pyrite, SOM, exchangeable Fe(II), NH4+, and Mn(II) in all layers, and Mn-siderite only
for layer D (and B). As a consequence of these reactions, concentrations of the oxidants
O2 and NO3 steadily declined during aquifer passage and, if still present, during storage,
while concentrations increased of SO4 (up to 0.34 mmol/L increase from pyrite), Fe(II) (up
WRȝPRO/LQFUHDVHPDLQO\IURPGHVRUELQJ)HDQG0QVLGHULWH 0Q ,,  XSWRȝPRO/
increase mainly from desorbing Mn and Mn-siderite), As, Co and Ni (up to 0.04, 0.52 and
ȝPRO/UHVSHFWLYHO\DOOIURPS\ULWH 
The most important redox reactions (4, 6 and 7 in Table 2.3) produced acidity, which
was partly buffered by conversion of abundant HCO3 into CO2 and by slow dissolution of
carbonate minerals. As a result, the pH and calcite saturation index (SIC) decreased by
0.1-0.7 units as compared to the injected water, resulting in subsaturation with respect to
calcite (SIC = -0.14 to -0.8) in all aquifer layers. The concentration of Ba was augmented
XS WR  ȝPRO/ LQFUHDVH  SUREDEO\ E\ GHVRUSWLRQ ZKHUHDV WKH FRQFHQWUDWLRQ RI VLOLFD
slightly decreased (up to 0.08 mmol/L), possibly by sorption to neoformed iron(hydr)oxides
(reaction 20 in Table 2.3).
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Layer

point

m

Dista

9.3

2.0
8.2

A
A
C

M8-1
M25-1
ASR-2

1.4
8.1

D
D
C+D

ASR-3
M8-3
M25-3

A
A
A
D
D
C+D

ASR-1
M8-1
M25-1
ASR-3
M8-3
M25-3

23.7

8.1

1.4

20.3

9.3

4.7

0.0

11.0

1.2

0.0

2.3

0.5

0.1

0.0

10.9

1.2

0.0

7.1

1.0

0.1

2.3

0.5

0.1

0.0

d

t50a

52

442

14433

249

1184

4636

17

146

5127

26

206

3612

77

378

1491

Total

2

15

494

5

52

205

4

35

1223

5

53

919

13

129

509

C#

PVs

44

44

44

10

10

10

44

44

44

32

32

32

10

10

10

EXCH

6.85

6.86

7.11

7.03

7.03

7.32

7.50

6.80

6.70

6.90

6.75

7.00

7.10

6.75

7.15

7.10

7.58

pH

SI

-0.52

-0.34

-0.80

-0.57

-0.50

-0.19

-0.04

-0.54

-0.38

-0.63

-0.67

-0.34

-0.25

-0.69

-0.22

-0.25

0.15

Calcite

0.00

0.00

0.00

0.00

0.03

0.00

0.28

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.78

O2

0.00

0.00

0.00

0.00

0.01

0.00

0.02

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.00

0.00

0.02

NO3

1.13

1.10

1.10

1.10

1.13

1.07

1.11

0.62

0.54

0.59

0.59

0.56

0.59

0.56

0.54

0.59

0.63

Cl

0.67

0.66

0.67

0.74

0.72

0.69

0.64

0.45

0.54

0.47

0.48

0.48

0.48

0.61

0.47

0.42

0.27

SO4

3.44

4.33

4.02

3.05

3.45

3.44

2.93

4.80

6.49

5.38

4.85

4.71

4.52

4.49

4.34

4.52

3.86

TIC

DOC

0.09

0.07

0.11

0.06

0.07

0.12

0.08

0.10

0.10

0.10

0.06

mmol/L

0.60

0.62

0.62

0.60

0.60

0.60

0.60

0.35

0.37

0.40

0.37

0.37

0.37

0.37

0.37

0.35

0.36

Na

0.05

0.06

0.06

0.06

0.06

0.06

0.06

0.04

0.04

0.04

0.04

0.03

0.04

0.03

0.03

0.03

0.03

K

1.50

1.87

1.90

1.60

1.77

1.80

1.71

1.84

2.47

2.30

1.95

2.16

2.10

2.03

2.10

2.05

1.82

Ca

0.28

0.31

0.31

0.27

0.28

0.29

0.27

0.36

0.34

0.35

0.29

0.30

0.32

0.28

0.29

0.30

0.26

Mg

0.13

0.12

0.16

0.13

0.15

0.15

0.14

0.19

0.22

0.27

0.17

0.25

0.22

0.24

0.26

0.25

SiO2

0.01

0.01

0.03

0.01

0.01

0.03

0.01

0.03

0.01

0.03

0.01

0.04

0.03

0.03

0.05

0.04

As

0.69

0.36

0.33

0.47

0.25

0.31

0.23

0.73

0.55

0.63

0.80

0.38

0.52

0.37

0.44

0.36

Ba

Mn

1.64
0.73

0.09
0.36
0.72

0.03
0.15

0.09
1.43
5.91
8.59
51.93

0.07
0.11
0.03
0.04
0.02

0.09

0.10
15.22

0.01

7.46
71.62

0.19
0.02

0.03

4.19

0.72

0.02

3.82

11.83

17.29

2.18

0.36

20.02

7.22

1.09

4.19

9.49

0.14

2.37

0.18

0.53

0.82

0.91

0.09
2.69

0.02

0.09

ȝPRO/

Fe

0.02

Co

3.88

1.39

19.40

1.39

1.39

19.40

1.39

4.43

1.39

3.33

1.39

1.39

1.39

1.39

1.39

7.21

1.39

NH4

0.05

0.08

0.02

0.09

0.10

0.01

0.05

0.03

0.19

0.03

0.07

0.29

0.12

0.14

0.03

0.03

Ni

0.43

0.43

0.17

0.43

0.18

0.15

0.10

0.08

0.29

0.04

0.12

0.35

0.12

0.20

0.04

0.07

Zn

Layer

C
D
C+D

M25-2
M8-3
M25-3

25

8

25

8

25

8

8

0.1
8

0.1
8

A
A
C
C
C
D
D
C+D

M8-1
M25-1
ASR-2
M8-2
M25-2
ASR-3
M8-3
M25-3

12.1

1.24

0.0002

8.3

0.9

0.0001

3.5

0.36

0.0001

0

12.1

1.24

8.3

0.85

3.5

0.36

0

d

t50a

b

a

62

73

74

66

73

74

71

74

74

74

50

39

46

39

41

38

38

No.

dayb

distance traveled or travel time in aquifer
since start of cycle 2
NO2ȝPRO/
CH4ȝPRO/

25

25

25

A

ASR-1

0
0.1

A-D

ASR-0

During extraction. cycle #2

A
C

M8-2

A

M8-1
M25-1

A-D

Input C#2

0

m

Dista

During injection. cycle #2

point

Observation Aquifer

PVs

11

101

644769

15

148

946673

36

349

2235200

0

11

101

15

148

36

349

Total

5

5

5

6

6

6

14

14

14

5-14

4

35

5

53

13

123

C#

7.05

7.05

7.05

7.15

7.15

7.10

7.15

7.10

7.10

7.15

6.80

7.15

7.00

7.25

7.15

7.35

7.40

pH

0.00

0.01

0.02

0.01

0.02

0.03

0.00

0.01

0.01

0.01

0.01

0.11

0.03

0.18

0.01

0.22

0.29

O2

0.00

0.03

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.01

0.00

0.01

0.02

NO3

0.54

0.51

0.62

0.59

0.51

0.51

0.56

0.48

0.51

0.56

0.54

0.45

0.48

0.45

0.45

0.51

0.63

Cl

0.33

0.35

0.30

0.28

0.35

0.39

0.35

0.42

0.46

0.35

0.34

0.41

0.40

0.38

0.48

0.34

0.27

SO4

4.14

4.24

4.24

4.17

4.09

4.14

3.98

4.03

3.95

4.04

4.75

4.21

4.31

4.05

4.00

3.95

3.98

TIC

0.04

0.03

0.06

0.08

0.06

0.05

0.06

0.05

0.05

0.05

0.05

0.05

0.06

mmol/L

DOC

0.32

0.32

0.32

0.32

0.32

0.32

0.32

0.32

0.32

0.32

0.32

0.32

0.32

0.36

Na

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

K

1.78

1.66

1.83

1.86

1.90

1.86

1.84

1.67

1.91

1.80

1.93

1.91

1.88

1.82

Ca

0.27

0.27

0.27

0.27

0.28

0.28

0.27

0.30

0.27

0.27

0.28

0.26

0.28

0.26

Mg

0.20

0.22

0.21

0.24

0.24

0.25

0.25

SiO2

0.03

0.03

0.02

0.04

0.05

0.03

0.01

As

0.57

0.39

0.56

0.32

0.50

0.33

0.38

Ba

Mn

1.4
1.4

1.4
1.4

2.4

0.1
0.1
0.5
0.9
0.1
0.5
2.0
0.4
2.0
3.1

15.0
0.1
46.6
11.6
60.9

0.2
0.5
0.4
16.3
0.2
0.1
50.1
0.1
17.9
68.0

0.01

0.01
0.01
0.01

0.4

0.7

1.7

0.1

3.9

1.4

1.4

1.4

1.4

1.4

2.8

1.4

2.4

1.4

1.4

1.4

0.25

0.1

0.1
0.1

1.4

NH4

0.01

0.1

ȝPRO/

Fe

0.10

Co

0.01

0.03

0.01

0.17

0.01

0.12

0.01

Ni

0.04

0.11

0.04

0.17

0.04

0.21

0.06

Zn

Table 2.6 2YHUYLHZRIZDWHUTXDOLW\FKDQJHVRIVRXUFHZDWHULQDTXLIHUOD\HUV$&DQG'GXULQJUHVSHFWLYHO\LQMHFWLRQDQGUHFRYHU\RI$65F\FOH6LWXDWLRQUHÀHFWVSDUWLFOH
tracking in each layer since day 38 of cycle 2, with 1.5 days of storage during days 55-56. Water temperature 9-12oC.

a

distance traveled or travel time in aquifer, taking bubble drift into account
NO2ȝPRO/
CH4ȝPRO/

A-D

Input C#14

Cycle #14 after 63 days storage

23.7

23.0

C
C

M8-2
M25-2

20.3

A

ASR-1

0.0
4.7

A-D

Input C#3

Cycle #3 after 62 days storage

Aquifer

Observation

Table 2.5 Overview of water quality changes of source water in aquifer layers A, C and D after 62-63 days of storage, during ASR cycles 3 (Herten drinking water with 0.5 mmol/L
extra O2) and 14 (Heel drinking water without extra O2 39V SRUHYROXPHVÀXVKHGZLWKVRXUFHZDWHU:DWHUWHPSHUDWXUHoC during both cycles. PVs C# = PVs during Cycle
RU39V(;&+ 39VQHHGHGWRFRPSOHWHFDWLRQH[FKDQJH
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2.4.3 Spatial hydrogeochemical patterns
Differences between layers A, C, and D
The hydrogeochemical behavior of aquifer layers A, C and D is compared in Table 2.5 for
two ASR cycles executed after a relatively long storage phase during which (nearly) all
oxidants were consumed. Due to about 2 months of bubble drift, the observation wells in
the ASR well displayed the quality of water that reached a distance of ca. 4.7 (ASR-1), 2.0
(ASR-2) and 1.3 m (ASR-3) from the ASR well during injection. Differences between layers
A and D are also derived from Figure 2.5, which shows the quality changes during the
injection phase of successive ASR cycles.
The general picture is that pyrite oxidation was most pronounced in layers A and C, as
evidenced by the strongest increase for SO4, As and Ni, and that the magnitude of Mgcalcite and Mn-siderite dissolution was highest in layer D as demonstrated by the strongest
increase for TIC, Mg, Ca and Mn(II). Layer A showed hardly any dissolution of carbonate
minerals. Layer C showed an intermediate position between layers A and D, regarding
pyrite oxidation and Mg-calcite dissolution. These differences in reactivity agree with their
geochemical composition (Table 2.4) indicating a relation between mineral content and
oxidation/dissolution reactions.
Layer D always displayed the largest SiO2 sink and lowest pH (Figure 2.5), probably due
to the highest production rate of reactive ferrihydrite. Layer D also showed contrasting
behavior of Ca, which increased in concentration during storage (Table 2.5) due to MgFDOFLWH GLVVROXWLRQ DQG GHFUHDVHG GXULQJ WKH ¿UVW ZHHNV RI LQMHFWLRQ )LJXUH   GXH WR
cation-exchange for Fe(II), Mn(II) and NH4.
Effects of travel distance during injection
During injection, a longer travel time and distance in the aquifer (from ASR via M8 to M25)
result in a clear increase of SO4, Fe(II), Mn(II) and Ba concentrations and a clear decrease
of O2, NO3 and SiO2 concentrations in the source water (Table 2.6, Figure 2.5). This behavior
is also demonstrated by Fe(II) and Mn(II) in Figure 2.6. We explain this behavior by (1)
UHODWLYHO\VORZUHDFWLRQNLQHWLFVZLWKUHVSHFWWRWUDYHOWLPHDQG  OHVVÀXVKLQJZLWKVRXUFH
water with longer travel time. O2 and NO3 were consumed in between 8 and 25 m away
from the ASR well for most cycles of pilot 1. Cation-exchange reactions (Fe(II), Mn(II) and
Ba exchanging for Ca) were still ongoing even during ASR cycle 14 at M25-3 experiencing
WKHORZHVW QXPEHU RISRUH ÀXVKHV7KHUHDVRQ LVQRWRQO\ WKDWPRUH SRUH ÀXVKHV ZRXOG

Figure 2.5 Quality changes of source water in layer A (M8-1 and M25-1) and D (M8-3 and M25-3) during ASR cycles
1-14, each after 14-21 days of injection. Mean composition of source water (Herten and Heel) indicated. Cycle 0 =
native groundwater, Cycle 3 with O2 added, cycle 5 with NaNO3. Standstill period from June 1, 2002 till September
10, 2007.
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be needed to equilibrate the original exchange complex with source water (compare PVs
in Table 2.5), but also that the exchange complex gets reloaded during each recovery,
especially with Fe(II) and Mn(II) deriving from pyrite and Mn-siderite dissolution.
Effects of travel distance during recovery
During recovery only few water quality parameters continued to change in the aquifer as
a function of travel distance (from M25 via M8 to the ASR well). Concentrations of Fe(II)
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and Mn(II) strongly declined, whereas pH slightly decreased (Table 2.6). These changes
DUH EHVW LQWHUSUHWHG ZLWK ³SDUWLFOH WUDFNLQJ´ GXULQJ WKH ¿UVW WZR F\FOHV LQ OD\HUV$ DQG &
Figure 2.6 shows the Fe(II) and Mn(II) concentration against the time the water resided in
the aquifer. The Fe(II) and Mn(II) concentrations clearly decreased when the groundwater
moved backwards from M25 via M8 to the ASR well. We explain this decrease with sorption
of Fe(II) and Mn(II) to neoformed ferrihydrite (reaction 19 in Table 2.3), a well known process
acting during subsurface iron removal. We also conclude from Figure 2.6 that the Fe(II) and
Mn(II) mobilization diminished between consecutive cycles 1 and 2.

2


Figure 2.7 Plot of Mn and NH4 concentrations in layer A over time, showing an anomalous Mn and NH4 mobilization
RQO\LQPRQLWRUZHOO$65ZLWKLQWKH$65SUR[LPDO]RQH F\FOHQXPEHUVFRORUHGEDQGVZKLWH LQMHFWLRQOLJKW
grey = storage, dark grey = recovery.

We explain this anomalous increase with the removal of oxidants by neoformed organic
material in the ASR proximal zone, where micro-organisms grow during injection and
die away during storage (Stuyfzand et al. 2002, Vanderzalm et al. 2002, Stuyfzand et al.
2005a). During storage, anoxic conditions arise close to the ASR well (<8 m distance) due
to biomass mineralization as evidenced by TIC increases and by NH4 concentration peaks

Figure 2.6 Particle tracking in layers A and C, with only 1 day of storage (data based on Table 2.6). During injection
)HDQG0QFRQFHQWUDWLRQVLQFUHDVHDORQJWKHÀRZSDWKDZD\IURPWKH$65ZHOOZKLOHWKH\GHFUHDVHRQWKHLUUHWXUQ
during pumping. The decrease is due to sorption processes similar to those acting during SIR. C#2 = ASR cycle No. 2.

which were not detected elsewhere in the aquifer (Figure 2.7). Concomitantly Fe and Mn
(hydr)oxides are reductively dissolved, after their deposition in the proximal zone either after
oxidation of pyrite, siderite and desorbing Fe(II) or by introduction of colloidal Fe(OH)3ÀRFNV
that formed during drinking water treatment. As a result standards are exceeded for a.o.
Fe(II), Mn(II) and NH4GXULQJWKH¿UVWP3 (6-22 well volumes) of abstracted water the
during recovery phase (Stuyfzand et al. 2005a).

Anomalies in the ASR proximal zone
Remarkable anomalies were observed in observation wells ASR-1 and ASR-3, situated in

2.4.4 Temporal hydrogeochemical patterns
Effects of subsequent ASR cycles and increasing pore volumes

the gravel pack of the ASR well at 0.1 m distance (Table 2.5, Figure 2.7). Concentration
changes in the source water were small during injection as the travel time through inert
gravel was extremely short (10 sec). During recovery, the changes as observed between
M25 and M8 continued between M8 and ASR-1/3 as expected (see previous subsection

A general decrease in mobilization of SO4, Fe(II), Mn(II), As, Co (results not shown) and Ni,
and a slow breakthrough of O2 and NO3 was observed with subsequent ASR cycles and
within cycles in all aquifer layers (Figure 2.5). The decrease of SO4 becomes more obvious
during pilot 2 as the source concentration is more constant. Mn(II) on the contrary only

‘Effects of travel distance during recovery’). During storage, however, anomalously high
concentrations of Fe(II), Mn(II), As, NH4 and TIC gradually showed up in ASR-1/3, being
EHVWGLVSOD\HGLQWKHGDWDRIORQJVWRUDJHSKDVHVOLNHIRUF\FOH 7DEOH)LJXUH 

shows a general concentration decrease during pilot 1. The leaching of reactive aquifer
constituents and their coating with reaction products are held responsible for the gradual
extinction of hydrogeochemical reactions, and thereby for the progressive reduction of

and in the standstill period (Figure 2.5 and 2.7).

water quality changes of the source water (see section 2.5).
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The long standstill phase (2002-2007) has set back the oxygenation state of the aquifer
system, because Fe(II), Mn(II) and As restart, during pilot 2, with relatively high concentration
levels in all well screens. Well M25-3 shows, however, a remarkably stable quality (Figure
 7KLVFRUUHVSRQGVZLWKLWVYHU\ORZWRWDOQXPEHURISRUHÀXVKHVE\WKHHQGRIF\FOH
(PVT,D = 47) and with layer D’s high content of reactive constituents (Table 2.4). The return to
anoxic conditions during the standstill period, especially in the ASR proximal zone, is linked
to mineralization of neoformed SOM that accumulated around the ASR well, as discussed
earlier.

2

Effects of storage time
During storage, anoxic conditions in aquifer layer D returned within about 25 days, leading
to increasing concentrations of SO4, Fe(II), Mn(II), TIC, Ca and Mg, and more irregular
increments of As, Co and Ni, while SiO2 remained more or less constant (Figure 2.8). The
Mg content of dissolving Mg-calcite (Ca0.88Mg0.12CO3) was derived by the strong positive
correlation between TIC, Ca and Mg in M8-3 during storage (Figure 2.8). Water quality
changes resulting from storage were more pronounced closer to the ASR well, and were
larger during cycle 14 than during cycle 3 (Figures 2.5 and 2.7). These observations probably
UHÀHFWKLJKHUELRPDVVDFFXPXODWLRQFORVHUWRWKH$65ZHOODQGIRUODWHUF\FOHVZKHQ+HHO
(containing 50% more DOC) instead of Herten source water was used.
&KHPLFDO LQFRPSDWLELOLW\ LV QRWHG GXULQJ WKH ¿UVW  GD\V RI F\FOH  ZKHQ ERWK 22 and
)H ,,  VKRZ VLJQL¿FDQW FRQFHQWUDWLRQ OHYHOV )LJXUH   3UREDEO\ ERWK FRQVWLWXHQWV RQO\
become mixed in the monitoring well screen and are extracted from different aquifer parts
as the Fe(II) oxidation rate is very high at pH 6.7-7.4. Cycle 3, despite its special nature
due to the addition of ca. 0.5 mmol O2/L during injection, showed quality changes that are
representative for what normally happens during storage phases longer than 1 month, and
for what happens during the long standstill periods.

2.5 RESULTS: QUANTIFICATION OF HYDROGEOCHEMICAL
PROCESSES
2.5.1 Results of mass balances
A detailed mass balance analysis was performed using REACTIONS+ for wells M8-1
and M25-1 in layer A and for M8-3 and M25-3 in layer D, in order to quantify the main
hydrogeochemical reactions occurring during the injection phase of each cycle. The
oxidized amounts of pyrite, SOM, siderite, and concentrations of desorbing anoxic cations
(Fe(II), Mn(II), and NH4+) were calculated, as well as the amounts of dissolved siderite and
calcite. The results of the mass transfer calculations are presented in Figure 2.9, whereas
the contribution of the different reductants to overall O2 consumption is shown in Figure
2.10. For interpretation it should be born in mind that: (1) O2 was the principal oxidant with
a far minor role for NO3  22 was only partly consumed in wells M8-1, M25-1, and M8-3
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Figure 2.8 Detailed plot of major and minor constituents of source water in M8-3 (layer D), during cycle 3 when about
0.5 mmol O2/L was added to the source water. Cycle 3 lacked a recovery phase.

GXULQJSUDFWLFDOO\DOOF\FOHVZKHUHDV  22 was completely consumed in well M25-3 during
SUDFWLFDOO\DOOF\FOHVDQG  PLQRUFKDQJHVVKRXOGQRWEHJLYHQLPSRUWDQFHEHFDXVHRIWKH
following. Irregularities in Figures 2.9 and 2.10 are mainly due to inaccuracy of the mass
EDODQFHVUHVXOWLQJIURPXQQRWLFHGÀXFWXDWLRQVLQLQSXWFRQFHQWUDWLRQV HVSHFLDOO\UHJDUGLQJ
Ca and SO4), analytical noise (especially for pH, TIC and O2), and differences in time (14-21
days since start of injection). The time differences relate to data availability and differences
in length of injection periods. Nevertheless some interesting general conclusions are drawn.
Mass transfers by oxidation and dissolution were, for each layer, higher in the distant wells
0DQG0)LJXUH EHFDXVHRIWKHVORZR[LGDWLRQNLQHWLFVDQGFRQVHTXHQWO\
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to reduce the extent of pyrite oxidation in the distant wells, which are still remote from the
leaching front. This is explained by an increased amount of SOM oxidation due to less O2
capture by pyrite in the leached zone.
Siderite and calcite showed, on average, more dissolution (both) and oxidation (siderite
only) during cycles 6-14 than during cycles 1-5. This is partly related to larger degrees of
VXEVDWXUDWLRQIRUWKHVHPLQHUDOVLQ+HHO XVHGGXULQJF\FOHV7DEOH YHUVXV+HUWHQ
source water. Calcite depletion is noticed at M8-1 in aquifer layer A, probably starting after
cycle 6, bearing in mind that values <0.05 mmol CaCO3/L (Figure 2.9) may as well be equal
to zero due to analytical noise.
The oxidation of adsorbed / desorbing Fe(II), Mn(II) and NH4+ played a role in decreasing
RUGHUIRU0 DYHUDJHYDOXHRIDOOF\FOHV 0  0  DQG0
(0%), as shown in Figure 2.10. This process was more important in layer D than A, because
RILWV¿YHWLPHVKLJKHU&(& 7DEOH WKHFORVHUSRVLWLRQRIWKH22 front due to a higher
UHDFWLYLW\RIWKLVOD\HUDQGWKHORZHUÀRZYHORFLW\WKURXJKWKLVOD\HUZLWKFRQVHTXHQWEHWWHU
reloading of the exchange complex with ‘reduced’ cations during recovery.
Several peaks show up in Figure 2.9. The ones for pyrite and SOM oxidation during cycles
3 and 5, respectively, are explained in the section below. The others for siderite and calcite
dissolution/oxidation during cycles 6-7 are hard to explain.
Effects of dosing O2 or NO3
The addition of 0.5 mmol O2/L to Herten water (already containing 0.28 mmol O2/L) during
cycle 3 led to clear peaks in pyrite and SOM oxidation only in the remote wells M25-1 and
0 )LJXUH 7KHKLJKUDWHVRIÀRZYHUVXVUHDFWLRQH[SODLQWKHODFNRIHQKDQFHPHQW
of these processes in M8-1 and M8-3. Absence of synchronous peaks in siderite and calcite
dissolution suggests these reactions were also kinetically limited. During the storage phase
of cycle 3, pyrite and SOM oxidation continued, with larger effects in wells at 8 than at 25
m distance since the O2FRQFHQWUDWLRQZDVODUJHUQHDUWKH$65ZHOOLQZHOO0LWWRRN
about 25 days until all O2 was depleted (Figure 2.8). The continued oxidation resulted in
dissolution of carbonates (Mn-siderite and Mg-calcite) leading to a steady increase in Ca,
Mg, TIC, Fe(II) and Mn(II) concentrations (Figure 2.8).
The dosing of 0.22 mmol NaNO3/L to Herten water (already containing 0.02 mmol NO3/L)
during cycle 5 did not enhance oxidation and dissolution except for M25-3. Slow reaction
kinetics explains the arrival of NO3 in all observation wells with the exception of M25-3
ZKHUHGHQLWUL¿FDWLRQE\620ZDVLQDJUHHPHQWZLWKWKHODUJH620FRQWHQWLQOD\HU
D (Table 2.4).
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slow acidity production resulting in dissolution of carbonate minerals. On the other hand,
the nearby wells M8-1 and M8-3 already showed a clear downward trend in pyrite oxidation
due to aquifer leaching (section 2.5.2) and starting in cycle 8. This leaching also seems

Figure 2.9 Amounts of oxidation and dissolution of reactive aquifer components (pyrite, SOM, siderite and calcite) during the injection phases (14-21 days after start) of the 14 ASR
cycles at the Herten pilot. Source water consisted of Herten (cycles 1-5) and Heel drinking water (cycles 6-14). About 0.5 mmol O2/L was added during cycle 3, and 0.22 mmol
NaNO3/L during cycle 5.
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Figure 2.103URSRUWLRQRIWKHGLIIHUHQWUHGXFWDQWVFRQVXPLQJR[\JHQGXULQJVXEVHTXHQWLQMHFWLRQSKDVHV GD\VDIWHUVWDUW LQDTXLIHUOD\HU$ 00ZLWKRXWVLGHULWH 
DQGOD\HU' 00FRQWDLQLQJVLGHULWH ([FKDQJHLQGLFDWHVWKHR[LGDWLRQRIH[FKDQJHDEOH)H2+ + Mn2+ + NH4+.
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2.5.2 Aquifer leaching
The leaching progress of pyrite, calcite, and siderite shown in Figure 2.11 was calculated
for aquifer layers A (M8-1 and M25-1) and D (M8-3 and M25-3), with Eq. 2.7 (showing
the leaching progress) and with Eq. 2.5 (showing the leaching end point). The leaching
UDWHV YDOXHVQRWVKRZQ GH¿QHGE\WKHDYHUDJHVORSHRIWKHOHDFKLQJSURJUHVVZLWKSRUH
volumes, indicate that leaching proceeded at a faster rate in (1) layer A because of lower
initial mineral contents (Table 2.4), and (2) in the remote wells (M25-1, M25-3), as compared
WRWKHUHVSHFWLYHSUR[LPDORQHVGXHWRKLJKUDWHVRIÀRZYHUVXVUHDFWLRQHQKDQFLQJWKH
reaction progress for these most distant wells. Whether leaching was practically completed
in an observation well also depended, of course, on the number of pore volumes, which by
the end of cycle 14 was as follows: 1600 (M8-1), 462 (M8-3), 164 (M25-1) and 47 (M25-3).
The leaching appears as a relatively steady process. It was retarded, however, for calcite
during cycles 1-3 probably due to mineral supersaturation of the source water, and it slowed
down for pyrite after cycle 8 possibly due to pyrite coating with ferrihydrite and slower
reaction kinetics for the remaining pyrite crystals (being larger or less accessible).
Calculations were also performed for SOM (not shown in Figure 2.11). At the end of
cycle 14, SOM was leached in layer A by 33% in M8-1, and 5% in M25-1, and in layer
'E\LQ0DQGLQ0$VLJQL¿FDQW620IUDFWLRQLVOLNHO\UHFDOFLWUDQWWR
oxidation speeding up the leaching progress but not accounted for in our calculations. The


Figure 2.11 &DOFXODWHGOHDFKLQJRIDTXLIHUOD\HU$ OHIWQRVLGHULWHSUHVHQW DQG' ULJKW GXULQJ$65F\FOHVDQG
thereafter. Calculated is the average mineral content between the ASR well and the observation well. LX = leach factor
for X. Numbers within graph refer to cycle number.
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neoformation of SOM can, however, not be neglected in the well proximal zone as indicated
in section 2.4.3.
2.5.3 Rates of oxidation reactions
Oxygen was the main oxidant with its consumption rate mainly depending on the position in
the aquifer system (aquifer layer, distance to ASR well), input level (enhanced in cycle 3),
and ASR phase (injection or storage). Consumption parameters (explained in Figure 2.4)
are compared in Table 2.7, while a close up of O2 behavior is shown in Figure 2.12 for cycles
13 and 14, when O2 was not only measured by periodical sampling but also on-line during
FRQWLQXRXVORZÀRZSXPSLQJRIZHOOV0DQG0)LJXUHFRQ¿UPVWKDWUHWDUGHG
partial O2 breakthrough during injection and O2 consumption during storage is approximated
E\¿UVWRUGHUGHFD\
We conclude from Table 2.7 that the average daily O2FRQVXPSWLRQ ¨22/t50) during injection
cycles 13-14, compared to injection cycles 1-2, decreased in all observation wells, but most
in aquifer layer A and especially in the wells closer to the ASR well: 57% in M8-1, 30% in
M25-1, 21% in M8-3 and 11% in M25-3. This trend is in line with the observed leaching rates.
The daily O2 consumption declines with travel distance in each aquifer layer, as a result of
lower O2 concentrations downgradient from the ASR well. These lower concentrations result
LQDORZHUUDWHGXHWR¿UVWRUGHUGHSHQGHQFHRQ22 concentration. The decreasing delay
in O2 breakthrough during injection (T½INF decreasing) and the decreasing O2 consumption

rate during storage (T½STO increasing) are best displayed by M8-3. Also these parameters
testify of progressive leaching. O2 addition during cycle 3 raised the daily consumption
during injection in all wells, but had a variable effect on T½INF and T½STO.
Table 2.7 Parameters of oxygen behavior during selected ASR cycles, for observation wells M8-1 and M25-1 in
aquifer layer A, and for M8-3 and M25-3 in aquifer layer D. Parameters explained in Figure 2.4.
ASR Cycle #
Parameter

O2(IN)

Unit

mmol/L

1

2

3

13

14

0.29

0.29

0.78

0.27

0.29

0.40

2

M8-1
d

0.36

0.36

0.36

0.40

mmol/L

<0.01

<0.01

<0.01

<0.01

0.02

mmol/L/d

0.102

0.120

0.648

0.034

0.061

T½INF

d

10

0.5

<0.5

<3

<3

T½STO

d

-

-

18

7.9

12.6

t50
O2(0)
¨2W50

M25-1
d

3.5

3.5

3.6

3.9

3.9

mmol/L

<0.01

<0.01

<0.01

<0.01

<0.01
0.056

t50
O2(0)
¨22 / t50

mmol/L/d

0.076

0.078

0.086

0.052

T½INF

d

5

5

17

3.5

3

T½STO

d

-

-

5

3.4

7.4

M8-3
d

1.2

1.2

1.3

1.4

1.4

mmol/L

<0.01

<0.01

<0.01

<0.01

0.02

t50
O2(0)
¨22 / t50

mmol/L/d

0.146

0.138

0.160

0.104

0.121

T½INF

d

31

7

3

<3

<3

T½STO

d

-

-

<3

<7

7

M25-3
d

12.1

12.1

12.3

13.6

13.6

mmol/L

<0.01

<0.01

<0.01

<0.01

<0.01

t50
O2(0)
¨22 / t50

mmol/L/d

0.024

0.024

0.060

0.021

0.021

T½INF

d

>>68

>>38

20

>>36

>>23

T½STO

d

-

-

<1

-

-

2.6 DISCUSSION


Figure 2.12 Oxygen behavior in aquifer layer A during ASR cycles 13 and 14, with distinction between samples
DQDO\]HGLQWKHODERUDWRU\ /DE DQGRQOLQHPHDVXUHPHQWVLQDÀRZWKURXJKFHOO /2' 
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2.6.1 Drinking water standards
After injection of drinking water which met all drinking water standards, the water recovered
frequently showed exceedances of the acceptable value for O2 (<0.063 mmol/L), Mn(II)
!ȝPRO/ DQG6,CALCITE  DQGRQO\RQFHIRU1L !ȝPRO/ ([FHHGDQFHIRU22
and SICALCITE were judged of minor importance due to easy remediation by either admixing or
DHUDWLRQ([FHHGDQFHIRU0Q ,,  XSWRȝPRO/ KRZHYHUZDVMXGJHGLQHVVHQWLDO
for the nogo decision on ASR application in the province of Limburg. Concentrations above
the standard have been associated with unusual look (brownish-red color), taste, or smell
51
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of the water. This decision may be revoked when mitigation of the Mn mobilization in the
aquifer can be demonstrated, for instance, by dosing the source water with a pH buffer such
as Na2CO3 or NaOH. A test with dosing a pH buffer was not performed in Herten, but will

Arsenic did not pose major concerns for the smooth operation of the Herten ASR pilot despite
the aquifer’s pyritiferous nature, usually associated with high As concentrations (Stuyfzand
2001, Jones and Pichler 2007, Vanderzalm et al. 2007). The manganese rich nature of the

be simulated in later work with column studies and reactive transport modeling. In addition,

siderite on the other hand, proved to be the decisive factor that hindered the success of the
entire pilot. This marks the importance of a detailed initial site exploration which takes into
account not only the main existing phases but also their trace chemical composition.

the low Fe(II) concentrations and pH around 7.1 in the recovered water appear favorable to
examine the effects of a simple post-treatment procedure involving aeration and rapid sand
¿OWUDWLRQ$OVRWKHPL[LQJRIUHFRYHUHGZDWHUZLWKKLJKHUTXDOLW\ZDWHUPLJKWKHOSVROYLQJWKH
Mn(II) and calcite undersaturation problems.

2.7 CONCLUSIONS

2.6.2 Comparison with related studies
The Herten ASR experiment compares well with a deep well injection experiment conducted
at the DIZON pilot plant near Someren (Southern Netherlands) in 1994 (Stuyfzand et al.

:HLGHQWL¿HGWKHPDLQK\GURJHRFKHPLFDOSURFHVVHVWDNLQJSODFHGXULQJ$65DSSOLFDWLRQV
in a typical anoxic sandy aquifer and we addressed their role on water quality changes. The
water quality was mainly changed by oxygen consumption with pyrite, sedimentary organic

2005a). During injection, acidic conditions due to oxidation reactions with pyrite and SOM
were buffered by HCO3- already present in the source water. As opposed to the Herten
DTXLIHU $V &R DQG =Q GLG QRW PRELOL]H SUREDEO\ GXH WR PRUH HI¿FLHQW VFDYHQJLQJ E\
neoformed Fe (hydr)oxide precipitates. Nevertheless, serious concerns regarding the

matter, and exchangeable Fe(II), NH4+, and Mn(II), and, if present, the consequent dissolution
of carbonate minerals (calcite, siderite, ankerite). Anomalously high concentrations of Fe(II),
Mn(II), NH4, As, and TIC were observed in the ASR proximal zone during storage, pointing
to oxidant consumption by neoformed organic material.

feasibility of future ASR applications were posed by the relatively rapid return to anoxic
FRQGLWLRQVLQWKHLQMHFWHGEXEEOHDIWHU\HDUVRIXQLQWHUUXSWHGÀXVKLQJZLWKR[LFVRXUFH
water. Mineralization of biomass was deduced from the high concentrations of dissolved
Fe(II), Mn(II), NH4, and TOC (0.21, 0.022, 0.19, and 0.35 mmol/L, respectively) in recovered
water after 106 days of storage similar as for the Herten pilot. These concentrations dropped
to safe limits after about two hours of pumping, testifying of the limited extent of this zone.
At Bolivar, South Australia, a full-scale ASR trial was undertaken injecting oxygenated,
nutrient-rich reclaimed water into a carbonate aquifer (Vanderzalm et al. 2006). Likewise,
during storage, raised Mn(II) and Fe(II) concentrations were observed in groundwater from
the ASR well, whereas at the 4 m radius there was no evidence for their mobilization. This
led to the conclusion that Fe (hydr)oxides and Mn oxides were used as electron-acceptors
for the mineralization of biomass around the ASR well. As the storage phase progressed,
DOC in the ASR well increased presumably due to metabolism of previously immobile
organic matter via the decay of biomass and any remaining particulate organic matter. This
metabolism also resulted in nutrient increase, such as NH4 and P.
The aquifer type, its mineralogy, and the manganese problems encountered here compare
well with various ASR systems in the Potomac-Raritan-Magothy aquifers in New Jersey
(Lucas et al. 1994). Iron-bearing minerals such as pyrite, marcasite, and siderite were
exposed to oxygenated drinking water resulting in oxidation reactions and increased
dissolved iron concentrations. In the Chesapeake ASR system in Virginia USA (Ibison et
al. 1995), elevated Mn(II) concentrations were recorded in the recovered water due to the

The mobilization of SO4, Fe(II), Mn(II), As, Co, and Ni was observed to decline during
consecutive ASR cycles, probably due to leaching of reactive aquifer constituents (pyrite
producing SO4)H$V&RDQG1LVLGHULWHSURGXFLQJ)H ,, DQG0Q ,, DQGWKHLUFRDWLQJ
with reaction products. Fe(II) and Mn(II) removal during recovery was demonstrated by
particle tracking and pointed at sorption to neoformed ferrihydrite.
We used a mass balance approach to compare and quantify the leaching progress of
reactive minerals with subsequent pore volumes in two aquifer layers. In layer A, where
LQLWLDOPLQHUDOFRQWHQWVZHUHORZHUDQGÀRZYHORFLWLHVKLJKHUZHFDOFXODWHGDIXOOGHSOHWLRQ
of pyrite and calcite in the proximal observation well (8 m) but not in the more distant one
(25 m) implying that the leaching front is now situated somewhere inbetween. In layer D, on
WKHRWKHUKDQGFRPSOHWHOHDFKLQJZDVQRWLGHQWL¿HG
Moreover, the presence of Mn-siderite in layer D hindered the smooth operation of the ASR
plant. Manganese mobilization led to frequent drinking water standard exceedances in this
SLORW 7KLV LQ FRPELQDWLRQ ZLWK H[SHFWHG WUHDWPHQW GLI¿FXOWLHV DQG KLJK FRVWV FRQYLQFHG
water utility WML in 2009 to abandon the idea of ASR application in this type of aquifer.
Yet this may not be the end of it, because methods such as pretreating the aquifer or
lowering the aggressivity of the source water towards siderite (by adding a pH buffer like
Na2CO3 or NaOH) were not tested. Future column tests and reactive transport modeling
may demonstrate that ASR is feasible in that way.

presence of a Mn-bearing siderite in the aquifer. In both cases, pH adjustment methods of
the source water (using NaOH) were successful in gradually delaying the onset of dissolved
Fe(II) and Mn(II) in the recovered water.
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ABSTRACT

3.1 INTRODUCTION

This reactive transport modeling study presents a follow up to the mass balance-based
LGHQWL¿FDWLRQ DQG TXDQWL¿FDWLRQ RI WKH PDLQ K\GURJHRFKHPLFDO SURFHVVHV WKDW RFFXUUHG

Aquifer storage and recovery (ASR) is a method to balance water supply with demand. It
consists of injecting water in an aquifer during a period of excess, in order to keep it stored

during an aquifer storage and recovery (ASR) trial in an anoxic sandy aquifer (Herten,
the Netherlands). Kinetic rate expressions were used to simulate oxidation of pyrite, soil
organic matter (SOM), and ferrous iron, and dissolution of calcite and Mn-siderite. Cation
exchange, precipitation of Fe- and Mn-(hydr)oxides, and surface complexation were treated

until there appears necessity (Pyne 2005). The stored water is then pumped back and
distributed as drinking, industrial, or irrigation water. During ASR, water quality problems
may arise when oxygenated water is injected into an anoxic environment where for instance
pyrite, siderite, and sedimentary organic material (SOM) become oxidized (Stuyfzand 1998a,

as equilibrium processes. The PHREEQC model was automatically calibrated with PEST
WRREVHUYDWLRQVIURPWKH¿UVW$65F\FOHDQGZDVWKHQDOORZHGWRUXQIRUDOOF\FOHVWR
HYDOXDWHLWVORQJWHUPSHUIRUPDQFH$VHQVLWLYLW\DQDO\VLVZDVFRQGXFWHGWR¿QGWKHPRVW
controlling model parameters. Pyrite was ranked as the most important reductant, followed
by SOM, whereas Fe(II) was least important. Moreover, the pH and oxygen gradients were

Appelo et al. 1999). Water quality may deteriorate further during an extended storage or
recovery phase. Reactive transport modeling (RTM) of an ASR pilot gives further insight into
the governing hydrogeochemical processes and their spatial and temporal behavior over
time. RTM can thus be used as a predictive tool in order to perform risk assessment and to
optimize ASR management.

found to enhance the rate of pyrite over SOM oxidation with distance away from the ASR
ZHOO7KHLQFUHDVLQJVRUSWLRQFDSDFLW\RISUHFLSLWDWLQJ)HK\GUR[LGHVZDVUHÀHFWHGE\WKH

Over the course of the last decade, there have been a few documented studies of

decreasing Fe(II) concentrations with subsequent cycles whereas Mn(II) showed a tendency
to mobilize during recovery and remain above standards. Oxidation and dissolution rates

3+5((4& PRGHO FDSDEOH RI PRGHOLQJ GLVVROXWLRQ RI ÀXRULWH WKH PRVW OLNHO\ SURFHVV

were found to depend on travel time and injection rate as well as on the presence or absence
RIÀRZ2[\JHQHQULFKPHQWRIWKHLQMHFWLRQZDWHULQFUHDVHGR[LGDWLRQUDWHVDQGWKHUHIRUH
DFFHOHUDWHG WKH DTXLIHU¶V OHDFKLQJ IURP LWV UHDFWLYH VSHFLHV :H VSHFL¿FDOO\ IRFXVHG RQ
impeding the release of Mn(II) to the groundwater, a process that acted as a restraining
factor for the feasibility of ASR application at this site. The undesirable side-effects of oxygen
enrichment as well as the Mn(II) issues were found to be partly suppressed by enriching the
source water with pH buffers according to scenario simulations.
Keywords: ASR, aquifer recharge, reactive transport modeling, pyrite, siderite, manganese

simulated ASR applications with RTMs. Gaus et al. (2002) implemented a geochemical
UHVSRQVLEOHIRUWKHLQFUHDVHLQÀXRULGHFRQFHQWUDWLRQLQWKHUHFRYHUHGZDWHURIWKHLUSLORW
7KHPRGHOZDVFDSDEOHRIVLPXODWLQJ$65F\FOHVLQFOXGLQJUDGLDOÀRZDQGGLIIXVLYHPL[LQJ
as a consequence of dual porosity. Petkewich et al. (2004) developed a 3-D RTM with
PHAST to simulate the evolution of water chemistry during ASR applications at Charleston,
South Carolina. Simulations indicated calcite equilibrium and cation-exchange reactions
ZHUH VXI¿FLHQW WR H[SODLQ K\GURFKHPLFDO FKDQJHV GXULQJ WKH FRXUVH RI WKH $65 SLORWV
Greskowiak et al. (2005) used PHT3D to model the reactive multicomponent transport
at the Bolivar ASR site, South Australia. The major geochemical processes considered
in the model were microbially mediated redox reactions, driven by the mineralization of
GLVVROYHGRUJDQLFFDUERQPLQHUDOGLVVROXWLRQSUHFLSLWDWLRQ FDOFLWHDQGLURQVXO¿GHV DQG
ion exchange. Brown and Misut (2010) performed scenario simulations for hypothetical
well screens in Cretaceous aquifers in the New York city area, USA. They implemented a
3-D PHAST model testing the sensitivity of varied injectant and groundwater composition
as well as the initial content of pyrite. All reactions were assumed to be at thermodynamic
equilibrium. Their model was able to monitor the changes in pyrite and goethite content
in time. Wallis et al. (2011) developed a reactive transport model on the fate of arsenic
during ASR. They implemented a 3-D PHT3D model capable of simulating the release of
arsenic during kinetically controlled oxidation of pyrite, surface complexation, and cation
exchange reactions. Calcite, siderite, and hydrous ferric oxide were included in the model as
equilibrium reactions. The aforementioned studies illustrate that ASR results in a diverse set
of hydrogeochemical reactions with effects on different combination of solutes depending
on the injection water and hydrogeochemical aquifer composition.
At the current ASR pilot site (Herten, the Netherlands), an observation based mass balance
approach was used before to identify and quantify the chemical mass transfer from sediment
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to water and vice versa (Chapter 2). The main hydrogeochemical reactions with the aquifer
consisted of the oxidation of pyrite, SOM, and adsorbed Fe(II) and Mn(II) in all layers, and
the dissolution of carbonates (calcite and Mn-siderite) mainly in the deepest aquifer layer.
$OOUHDFWLRQVH[FHSWIRUWKHGLVVROXWLRQRIVLGHULWHVKRZHGDVLJQL¿FDQWH[WLQFWLRQRYHUWLPH
testifying of a general decrease in the aquifer’s reduction capacity. Fe(II) and Mn(II) removal
during recovery, pointing at sorption to neoformed ferrihydrite, was observed by particle
tracking from the more distant observation well to the ASR well. Moreover, a decrease in
mobilization of SO4, Fe(II), and Mn(II) was observed during consecutive ASR cycles.
In the present subsequent study, the ASR pilot was simulated using a more comprehensive
modeling approach, which consisted of a 1-D PHREEQC RTM, capable of simulating
VXEVHTXHQW$65F\FOHVLQDUDGLDOÀRZVHWWLQJ7KHPRGHOFRQVLVWHGRINLQHWLFDOO\VLPXODWHG
oxidation/dissolution reactions, cation exchange, and surface complexation. The model
simulated pyrite and SOM oxidation, the simultaneous precipitation of Fe-hydroxides, and
the dissolution of carbonates (siderite and calcite). Sorption of dissolved Fe(II) and Mn(II)
on the Fe-hydroxide precipitates and the subsequent desorption later during recovery, were
also part of the simulations. As opposed to a mass balance approach, the use of kinetic
expressions for the simulation of oxidation and dissolution reactions enables the possibility
to determine reaction parameters. These expressions with calibrated parameters can then
subsequently be used for prediction purposes and scenario modeling.
7KHJHQHUDOREMHFWLYHRIWKLVVWXG\ZDVWKHDFTXLVLWLRQRIDEHWWHUXQGHUVWDQGLQJRIWKHVSHFL¿F
SURFHVVHVLGHQWL¿HGWREHWDNLQJSODFHLQWKH+HUWHQDTXLIHUDVZHOODVWKHLUTXDQWL¿FDWLRQ
based on kinetic rate expressions. In contrast to the aforementioned ASR RTM studies,
at this site SOM oxidation was important, whereas Mn acted as a restraining factor for
$65LPSOHPHQWDWLRQ$VSHFL¿FREMHFWLYHZDVWRDVVHVVWKHSUHGLFWLYHFDSDELOLW\RIDQ$65
RTM. For this purpose, we followed a novel approach where the model calibrated with data
IURPWKH¿UVW$65F\FOHZDVDOORZHGWRUXQDVHULHVRIODWHUF\FOHVDQGLWVORQJHUWHUP
performance was validated by comparing the model predictions to the actual observations
of these later ASR cycles. In other words, we followed a realistic and practical approach that
combines permissible calibration running times and reliable validation results. The model
was subsequently used to study the temporal and spatial leaching of minerals around the
ASR well. We demonstrate another capability of such a model in monitoring and predicting
WKHDTXLIHU¶VJUDGXDO³GHDFWLYDWLRQ´DQDWXUDOSURFHVVSURPRWHGE\VXEVHTXHQW$65F\FOHV
:H ¿QDOO\ LQTXLUHG E\ PHDQV RI VFHQDULR VLPXODWLRQV RQ WKH SRVVLELOLW\ WR HQKDQFH WKLV
³GHDFWLYDWLRQ´DQGRSWLPL]HWKHRSHUDWLRQRIWKH$65SODQWUHJDUGLQJWKHUHFRYHUHGZDWHU
quality by the addition of oxygen and/or sodium hydroxide to the injectant. In this line, we
VSHFL¿FDOO\IRFXVHGRQLPSHGLQJWKHUHOHDVHRI0Q ,, LQWKHJURXQGZDWHUDSURFHVVWKDW
acted as a restraining factor for the feasibility of ASR applications in Herten.
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3.2 MATERIAL AND METHODS
3.2.1 Description of ASR site and ASR cycles
The Herten ASR trial site consists of one ASR well that works both as an injection and
recovery well, and two monitoring wells, M8 and M25, situated at 8 and 25 m distance,
UHVSHFWLYHO\ )LJXUH   7KH V\VWHP LV SODFHG LQ D GHHS DQG FRQ¿QHG VDQG\ DTXLIHU
consisting of 4 sublayers with different permeability and geochemical characteristics
(section 3.2.5). In the aquifer prevails a small SE-NW regional hydraulic gradient of 0.00043
which, as concluded by the behavior of chloride during the various cycles (Chapter 2), did
not cause any critical drifting of the injected bubble. The ASR well is screened along the
entire aquifer depth (between 159.4 and 169 m depth), whereas the two observation wells
contain three piezometers each with a 1 m long screen (Figure 2.2).
The experiment ran in the period of 2000-2009 and consisted of 2 pilots and 14 cycles
)LJXUH E 7DEOH   'XULQJ WKH ¿UVW SLORW 2FWREHU   0D\   $65 F\FOHV
were performed. Cycles 1, 2 and 5 were undertaken without a storage phase, while during
cycle 3 no recovery was performed, and cycle 4 consisted of an injection phase only. During
cycle 3, the injection water was enriched with oxygen (on average 0.78 mmol L-1), and with
nitrate (0.22 mmol NaNO3 L-1) during cycle 5, in order to study the effects of enhancing
the oxidation processes. The second pilot (September 2007 - May 2009) started after a
5 years stand-still phase with the previously stored bubble still in place. Nine further ASR
F\FOHVZHUHSHUIRUPHGGXULQJWKHVHFRQGSLORW7KH¿UVWIRXUF\FOHVODFNHGDVWRUDJHSKDVH
ZKHUHDV WKH ODVW ¿YH F\FOHV FRQVLVWHG RI ORQJ LQMHFWLRQ SKDVHV ZLWK VKRUWHU UHFRYHULHV
During the various cycles there were meaningful variations in the injection/recovery rates
(Table 2.2).
3.2.2 Conceptual model and modeling approach
The reactive transport model was developed with the PHREEQC (v. 2.17) code. Several
PRGL¿FDWLRQV DQG DGGLWLRQV ZHUH SHUIRUPHG WR WKH VWDQGDUG WKHUPRG\QDPLF DQG NLQHWLF
database as described in section 3.2.3. The conceptualization consisted of simulating
WKH HYROXWLRQ RI JHRFKHPLFDO UHDFWLRQV DORQJ WZR ÀRZ SDWKV LQ DTXLIHU OD\HUV$ DQG '
respectively. Such an approach was considered acceptable as the geochemistry of each
OD\HU ZDV UHODWLYHO\ KRPRJHQHRXV &KDSWHU   DQG WKH ÀRZ GLUHFWLRQ ZDV SULPDULO\ LQ
longitudinal direction (due to proximity to the ASR well). Three-dimensional modeling is
XVXDOO\QHFHVVDU\ZKHQHYHUDEDFNJURXQGÀRZSUHYDLOVLQWKHV\VWHPZLWKGLUHFWLPSDFW
RQ WKH RSHUDWLRQ RI WKH ZHOO ¿HOG 5DGLDO ' PRGHOLQJ ZDV FRQVLGHUHG YDOLG DV UHJLRQDO
ÀRZZDVQHJOLJLEOH PG-1) and initial 3-D modeling showed the hydrochemistry of the
OD\HUVGLGQRWLQÀXHQFHHDFKRWKHU VHOHFWLQJDODUJHYHUWLFDOGLVSHUVLYLW\RIP 
7KLV KHOSHG NHHSLQJ UXQQLQJ WLPHV ZLWKLQ DFFHSWDEOH OHYHOV DOORZLQJ VXI¿FLHQW FDOLEUDWLRQ
runs to be performed.
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Layer C was not simulated because of its reactivity being comparable to layer A and the
lower measurement frequency for screens M8-2 and M25-2. It was also unclear whether
screen M25-3 was part of layer C or D (or both). Therefore, it was not used for the calibration
process.
,QRUGHUIRUWKHWZRÀRZOLQHVWRDFFRXQWIRUUDGLDOÀRZFHOOOHQJWKVGHFUHDVHGZLWKGLVWDQFH
according to equations 3.1 and 3.2 (Appelo and Postma 2005):
݈݄݁݊݃ݐሺͳሻ ൌ

݈݄݁݊݃ݐሺ݊ሻ ൌ ݈݄݁݊݃ݐሺͳሻ ൈ ቀξ݊ െ ඥሺ݊ െ ͳሻቁ

(3.2)

where length(n) is the length of cell number n.
A large number of cells was selected to make the residence time in the model domain
VXI¿FLHQWO\ORQJWRHQDEOHVLPXODWLRQRIUHFRYHU\SKDVHV,QRWKHUZRUGVWKHPRGHOGRPDLQ
should be large enough in order to avoid losing any fraction of the source water outside
of the model boundaries and therefore making that fraction unrecoverable. Layer A and
D were discretized into 700 and 200 cells, respectively, allowing a travel distance larger
than the maximum front positions (Figure 2.3b). The number of shifts, for each injection,
storage or recovery phase was the product of the cell number representing an observation
ZHOOWLPHVWKHQXPEHURISRUHYROXPHVWKDWÀXVKHGWKHZHOODVFDOFXODWHGDQDO\WLFDOO\LQ
&KDSWHU7LPHVWHSVUHÀHFWLQJWKHUHVLGHQFHWLPHLQHDFKFHOOZHUHFDOFXODWHGE\GLYLGLQJ
the total time of each stress phase (injection, storage, or recovery) by the number of shifts.
Longitudinal dispersivity was set to 0.1 m, assuring a good simulation of conservative
VROXWHWUDQVSRUWDVYHUL¿HGE\WKHFKORULGHEHKDYLRUGXULQJSLORW )LJXUHDQG 7KH
injected source water was assumed to fully displace the native groundwater. In reality, after
the breakthrough of source water during cycle 1, native water was never again traced in any
of the observation wells, indicating that the bubble grew over time.
3.2.3 Kinetically simulated processes
The following processes were assumed to be kinetically-limited: pyrite and sedimentary
organic matter (SOM) oxidation, oxidation of dissolved ferrous iron, and dissolution/
precipitation of calcite and manganous-siderite. The rate expression used for pyrite oxidation
was taken from Williamson and Rimstidt (1994). This expression has been successfully used
in similar studies before (Appelo et al. 1998, Saaltink et al. 2003, Prommer and Stuyfzand
2005, Descourvieres et al. 2010):

rppyrite
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The rate expression used for the oxidation of sedimentary organic matter (SOM) is a Monod

rSSOM

where length(1)LVWKHOHQJWKRIWKH¿UVWFHOODQGntotal is total number of cells.

§ Apyr
¨¨
© V

ratio of pyrite (Prommer and Stuyfzand 2005).

(3.1)
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of initial pyrite surface area to solution volume [m2 L-1], m/m0 is a factor that accounts for
FKDQJHVLQVXUIDFHDUHDUHVXOWLQJIURPWKHSURJUHVVLQJUHDFWLRQDQGȍpyr is the saturation

type expression used by Van Cappellen and Gaillard (1996):
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where kpyr is a rate constant [mol dm-2 s-1] with a value of 10-10.19 at 25°C, mO2 is the dissolved
oxygen concentration [mol L-1], mH+ is the proton concentration [mol L-1], Apyr/V is the ratio
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where mSOM and m0,SOM are the current and initial amount of SOM [mol L-1], respectively,
rmax(O2) and rmax(NO3) are maximal rate constants with values of 1.57 x 10-9 and 1.67 x 10-11
[s-1], respectively, and kO2 and kNO3 are the half-saturation constants (Parkhurst and Appelo
1999). Their values are 2.94 x 10-4 and 1.55 x 10-4 [mol L-1], respectively. The term (m/m0)
was proposed in some models to account for the tendency of part of the sedimentary
SOM
organic carbon to survive. Assuming such a term, the overall rate becomes second order
(Parkhurst and Appelo 1999, User’s Guide to PHREEQC, p. 42). The term k Oin k Oin  mO
ZDV LQFOXGHG LQ WKH UDWH H[SUHVVLRQ LQ RUGHU WR LQKLELW GHQLWUL¿FDWLRQ LQ WKH SUHVHQFH RI
oxygen. We assumed as an approximation that k Oin k O , according to van Cappellen and
2

2

2

2

2

Gaillard (1996). Oxidation of SOM coupled to sulfate- and iron-reduction was assumed to
be irrelevant with respect to the short temporal scale of the ASR pilot and was therefore
neglected. Oxidation of dissolved organic carbon (DOC) from the injection water was
disregarded as concentrations were smaller than 0.08 mmol C L-1 and comparable
concentrations were measured in the observation wells indicating that DOC degradation
was negligible over this timescale.
&DUERQDWH PLQHUDOV SRLQWLQJ WR D PDQJDQHVHFRQWDLQLQJ VLGHULWH ZHUH LGHQWL¿HG LQ VPDOO
contents and especially in layers B and D (0.45% and 0.25% d.w., respectively). This
mineral was considered as the main source of Mn2+ found in relatively high concentrations
in the recovered water. In Chapter 2, the molar Fe:Mn ratio in the mineral was determined
with a mass balance approach as 0.95:0.05. PHREEQC was instructed to simulate the
GLVVROXWLRQRIVXFKPDQJDQRXVVLGHULWHE\GH¿QLQJWKHDSSURSULDWHIRUPXODIRUWKHPLQHUDO
(Fe0.95Mn0.05CO3). The kinetic expression was taken by Descourvieres (2010):

rssid

> @

k1 H

 0.65

 k 2 >CO2 @

0.65

§ Asid
 k3
© V

·§ m
¸¨¨
¹© m0

0.67

·
¸¸ 1  : sid
¹ sid

(3.5)

where brackets indicate activities, k1, k2, k3 are rate constants with values of 2.6 x 10-7, 10-8
and 2.2 x 10-12 [mol cm-2 s-1], respectively, Asid/V is the ratio of initial siderite surface area to
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solution volume [m2 L-1] and ȍsid is the saturation ratio of the Mn-siderite. The solubility of the
manganous-siderite was assumed to be equal to the one of siderite.

FRQFHQWUDWLRQV 7DEOH ,QÀRZFKHPLVWU\ZDVNHSW¿[HGWKURXJKRXWHDFKLQMHFWLRQSKDVH
but was adjusted for every cycle taking into account of the small variations.

The small contents of calcite especially available in layer D were allowed to dissolve/
precipitate kinetically according to Plummer et al. (1978):

The native groundwater is characterized as pH-neutral, calcareous, deeply anoxic,
oligohaline, unpolluted water of the Ca(HCO3)2-type. Ferrous iron concentration was
UDWKHUKLJK PPRO/ DQGPHWKDQHORZ ȝPRO/ +\GURFKHPLFDOVWUDWL¿FDWLRQLQWKH
aquifer was minimal, showing slightly higher Fe(II), Mn(II), Mg, and HCO3 concentrations
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where k1, k2 and k3 are temperature dependent constants [cm s ].
-1

The oxidation of Fe2+ to Fe3+ZDVDOVRVLPXODWHGNLQHWLFDOO\7KLVUHTXLUHGDPRGL¿FDWLRQRI
the PHREEQC database in order to decouple the two valence states of iron and calculate
the kinetic oxidation of Fe2+ to Fe3+ in water (Parkhurst and Appelo 1999). This way, the
gradual decrease in Fe concentration, observed during injection 1, was successfully
simulated. The oxidation rate is given by Singer and Stumm (1970):
2+

rFFe 2 
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 k OH  PO2 mFe 2

where PO2 is the partial pressure of oxygen [atm],

(3.7)

mFe 2  is the total molality of ferrous iron

in solution [mol L-1] and k is a rate constant with a value of 1.33 x 1012 [L2 mol-2 atm-1 s-1] at
25°C. This constant was allowed to adjust during calibration since, according to Stumm and
Lee (1961), the rate increases about 10-fold for a 15°C temperature increase. Moreover,
according to Davison and Seed (1983), the rate constant for the oxidation in natural
freshwaters in the pH range 6.5–7.5 has a value of 3.33 x 1011 (with a range of 2.5–5 x 1011).
Dissolved ferric iron was simulated in thermodynamic equilibrium with ferrihydrite.
3.2.4 Processes in thermodynamic equilibrium
Cation exchange was simulated as an equilibrium process. The precipitation of Fehydroxides, a process that follows pyrite oxidation if oxygen is still available, was assumed
to be fast and was therefore modeled as an equilibrium-based reaction. The precipitates
form, on top of pyrite crystals, a surface which has high sorption capacity. The Dzombak
and Morel (1990) database was used to simulate surface complexation of heavy metal ions
RQK\GURXVIHUULFR[LGHFRXSOHGWRJRHWKLWH6PDOODPRXQWVRI0QR[LGHVZHUHLGHQWL¿HGLQ
layer D and were also included in the model as an equilibrium phase.
3.2.5 Model geochemistry and hydrochemistry
Average contents of minerals and SOM were based on geochemical analyses (given in %
d.w.) performed by Buijs & van der Grift (2001) and used as initial contents in the model
(Table 2.4). Initial contents of SOM and Fe-hydroxides showed large variations during the
measurements and were further calibrated (Table 3.1). The conversion to moles per liter
as required in PHREEQC was performed assuming a porosity of 0.3 and a bulk density of
 )RU WKH VSHFL¿FDWLRQ RI QDWLYH DQG LQMHFWHG VROXWLRQV ZH XVHG DYHUDJH PHDVXUHG
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in the deeper parts, notably in layer D. The water was generally slightly undersaturated
with respect to calcite (Saturation Index = -0.35) and oversaturated with respect to siderite
(Saturation Index = +1.0). The model considered a homogenous distribution of the initial
native water as measured in the observation wells before the initiation of the experiment.
Drinking water from the Herten pumping station was selected as the source water for the
¿UVW SLORW 7KLV ZDWHU ZDV DQ DHUDWHG PL[WXUH RI ZDWHU SXPSHG IURP DTXLIHUV VKDOORZHU
(50-110 m BGL) and deeper (190-220 m BGL) than the ASR target aquifer. For the second
pilot, the source water was obtained from pumping station Heel (at 6 km distance) and
showed some distinctive differences in chloride and sulfate concentrations compared to the
previously used source water. Injected water quality was rather constant during each pilot,
ZLWKFKORULGHDQGVXOIDWHÀXFWXDWLRQVRIFDDQGR[\JHQÀXFWXDWLRQVRIFD
3.2.6 Automatic model calibration
The models for layer A and D were automatically calibrated using observations obtained during
WKH¿UVW$65F\FOHIURPPRQLWRULQJZHOOV00DQG07KHFDOLEUDWLRQZDVSHUIRUPHG
using the PEST package (Doherty 2005), following a procedure similar to earlier studies (Dai
and Samper 2004, Van Breukelen et al. 2004, Karlsen et al. 2012). PEST optimizes the sum
RIZHLJKWHGOHDVWVTXDUHVEHWZHHQWKHPRGHORXWSXWVDQGWKH¿HOGREVHUYDWLRQVE\FKDQJLQJ
assigned model parameters within given ranges of uncertainty. Calibration was performed in
WZRVWHSV3(67ZDV¿UVWLQVWUXFWHGWRFDOLEUDWHWKHH[FKDQJHFRHI¿FLHQWVIRU&D0J.)H
VHOHFWLYLW\FRHI¿FLHQWVZLWKUHVSHFWWR1D ZKHUHDVWKHFRHI¿FLHQWRI0QZDVNHSWHTXDOWR
the PHREEQC database. Then a second calibration round included the initial amount of Fehydroxides (equilibrium phase) and SOM in both layers, the reactive surface areas of pyrite,
calcite, and siderite (A/V), and the rate constant for the kinetic oxidation of ferrous iron (kFe2+).
7KH IRXU VHOHFWLYLW\ FRHI¿FLHQWV ZHUH DJDLQ DOORZHG WR FKDQJH %RWK PRGHOV$ DQG ' ZHUH
FDOLEUDWHGVLPXOWDQHRXVO\WRNHHSFHUWDLQSDUDPHWHUV $9VHOHFWLYLW\FRHI¿FLHQWVNFe2+) equal.
The two layers, being part of the same hydrogeological formation (Kiezelooliet formation) were
not expected to show differences in the nature of their common minerals and exchangers. Initial
FRQWHQWVRIPLQHUDOV LQYROYHGLQNLQHWLFUHDFWLRQV DQG&(&ZHUHNHSW¿[HGWRDPHDQYDOXH
even though they showed some variation for each layer (Table 2.4). The reasoning behind this
was to avoid calibrating more than one parameter related to the same rate expression and
therefore to avoid high correlations between these parameters. The order of preference for the
selection of the parameter allowed to calibrate for each process was: 1) reactive surface areas,
2) initial mineral contents, 3) rate constants.
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Parameters were calibrated by means of breakthrough curves for Alkalinity, Ca, Mg, Na, K, O2,
S+)H ,, DQG0Q ,, 7KHÀXFWXDWLQJ624 concentrations in the injectant, with a range of 0.1
mmol L-1 with respect to an average of 0.27 mmol L-1WRJHWKHUZLWKWKHDEVHQFHRIVXI¿FLHQW
information on its temporal variation, excluded sulfate from being a reliable process parameter

with observed concentrations of the various elements. Chloride and sulfate observations
VKRZHG D ÀXFWXDWLQJ EHKDYLRU LQ FRQWUDVW WR WKH PRGHO RXWSXW ZKLFK DVVXPHG D VWDEOH
input throughout the whole injection phase. In reality, variations up to 0.16 mmol L-1 were
measured in both chloride and sulfate concentrations of the injectant during the same

for pyrite oxidation. The error associated with concentrations above 1 mg L-1 was treated as
FRQ¿GHQFHLQWHUYDODQGZHLJKWVZHUHDSSOLHGXVLQJWKHLQYHUVHRIWKHVWDQGDUGGHYLDWLRQ
RI WKLV FRQ¿GHQFH LQWHUYDO 'DL DQG 6DPSHU   )RU FRQFHQWUDWLRQV EHORZ  PJ /-1, an

cycle. Nonetheless, the difference between sulfate observations in well M8-1 versus M251 and the associated modeled concentrations is similar, indicating that the extent of pyrite
oxidation was well simulated.

accuracy of 10% was expected. Weights of each observation (wi) were thus calculated as

ͳǤͻ
ݓ ൌ
Ψ݁ݎݎݎݎ ൈ ܥ

(3.8)

FRQFHQWUDWLRQVRIWRWDOLQRUJDQLFFDUERQ 7,& HVSHFLDOO\LQOD\HU'WHVWL¿HGRIWKLVSURFHVV
which gradually decreased during the following injections (Figure 3.2 and 3.6).

where Ci is the concentration of observation i.

Table 3.1 Calibrated model parameters.

During injection the pH always increased due to the injectant having higher pH than
the native water (Table 2.1). The acidifying effects caused by oxidation reactions during
injection were observed during recovery, when water with lower pH crossed monitoring
wells M8 (Figure 3.1 and 3.2). Well M25-1 did not show such behavior since the oxygen front
never reached it during injections 1 and 2. The increasing acidity with distance observed
in Figure 3.1 was responsible for an enhanced conversion of abundant HCO3 into CO2

Parameter

Value

Units

Literature range

logKNa/Ca

0.83

-

0.29 – 2.44a

logKNa/Mg

0.57

-

0.16 – 1.62a

logKNa/K

0.76

-

0.15 – 2.60a

logKNa/Fe

0.59

-

0.44b. 0.5c

FeO(OH)A

0.12

mol L-1

FeO(OH)D

0.09

mol L-1

SOMA

0.86

mol L

SOMD

2.09

mol L-1

Apyr/V

0.44

m2 L-1

sand: 0.02 - 0.36

Acal/V

2.98 x 10-4

m2 L-1

sand: (0.4 - 1.8)x10-1 silt: (1.1 - 7.7)x10-2 clay: (3 - 4)x10-4 d

Asid/V

2.9 x 10-4

m2 L-1

kFe2+

3.6 x 1011

L2 mol-2 atm-1 sec-1

-1

silt: 0.23 - 1.17

clay: 0.7 - 1.3 d

1.33 x 1012 at 25 °C e
2.5 x 1011 at 20.5 °C f
2.5 – 5 x 1011 g

from Karlsen et al. 2012
b
from Parkhurts and Appelo 1999
c
from Charlet and Tournassat 2005
d
from Descourvieres et al. 2010
e
from Singer and Stumm 1970
f
from Stumm and Lee 1961
g
from Davison and Seed 1983

a

3.3 RESULTS AND DISCUSSION
3.3.1 Calibration and validation results
0RGHOLQJ UHVXOWV DUH SUHVHQWHG IRU ERWK ÀRZOLQHV$ DQG ' LQ )LJXUH  DQG )LJXUH 
respectively. The cations are presented in the second row of graphs whereas the redoxsensitive elements are presented in the third row. Cycle 1 depicts calibration results while
cycle 2 was run for short-term validation purposes. Generally, model results compare well
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7KHJUDGXDOR[\JHQEUHDNWKURXJKGXULQJWKH¿UVWLQMHFWLRQZDVSUREDEO\GXHWRLQKLELWLRQE\
labile organic material that derived from the drilling material and accumulated around the ASR
well (Chapter 2). This process was not included in the model and O2 was over predicted during
WKH¿UVWGD\VRILQMHFWLRQ HVSHFLDOO\LQOD\HU'ZKHUHWUDYHOWLPHVDUHKLJKHU ,QFUHDVHGLQLWLDO

leading to a decrease in bicarbonate with distance, in contrast to TIC which increased due
to carbonate dissolution (results not shown). During injection, Fe(II) and Mn(II) in well M251 decreased more gradually as compared to M8-1 due to longer travel time and therefore
OHVV SRUH ÀXVKHV ZLWK WKH LQ¿OWUDWH GHOD\LQJ WKH HTXLOLEUDWLRQ ZLWK WKH H[FKDQJHU ZKLFK
required about 35 days for well M25-1). We therefore initially observe the combined effect
of Fe(II) oxidation that derived both from the exchanger and from pyrite oxidation whereas
after about 35 days we only observe the effect of Fe(II) oxidation that derived from pyrite.
The decreasing mobilization in time is due to higher O2 availability for the pyrite-deriving
Fe(II) after all cation exchange-deriving Fe(II) is oxidized. During recovery, Fe(II) and Mn(II)
concentrations increased due to pyrite and Mn-siderite dissolution, as well as desorption
from Fe-hydroxides in response to competition with protons from the incoming acidic water.
After obtaining satisfactory predictions for cycle 2, the model was allowed to run for all
14 cycles in order to evaluate its longer term performance. From cycle 6 onwards, the
injected solution was switched to Heel water composition. The model’s predictive capacity
for layers A and D is presented in Figure 3.3 and Figure 3.4, respectively. The general
PRGHO¿WZDVVDWLVIDFWRU\IRUERWKOD\HUV7KHVXOIDWHLQSXWGXULQJSLORWZDVPRUHVWDEOH
and therefore SO4 FRQFHQWUDWLRQV FRXOG EH XVHG DV D FRQ¿UPDWLRQ WKDW S\ULWH R[LGDWLRQ
was properly simulated. Na, K, Ca, and Mg were simulated well throughout all cycles as
well as the long-term gradual decline in Fe(II) and partly Mn(II). This decline resulted from
increasing sorption to Fe-hydroxides (Figure 3.5) connected to the gradual build-up of Fe-
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Figure 3.2 Layer D - Observations and model output for various elements during cycle 1 and 2 (white = injection, grey = recovery).

Figure 3.1 Layer A - Observations and model output for various elements during cycle 1 and 2 (white = injection, grey = recovery).
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hydroxide precipitates with subsequent cycles. From cycle 10 onwards we observed some
deviations in pH predictions (up to 0.4 units overestimation) at well M8-1 during storage
and subsequent recovery phases. Such discrepancies might be related to the fact that, as
opposed to what the model predicts, the small amounts of calcite remaining in layer A do not
GLVVROYHVXI¿FLHQWO\WREXIIHUWKHDFLGLW\SURGXFHGIURPWKH22 consumption during storage.
$FFRUGLQJ WR WKH PRGHOHG RXWSXW GXULQJ WKH ¿UVW  GD\V RI LQMHFWLRQ )H ,,  JHWV LQLWLDOO\
sorbed on Fe-hydroxides (Figure 3.5). Once the oxygen front reaches M8-3 (after 3.5 days),
desorbing ferrous iron gets oxidized to ferric iron and precipitates again as Fe-hydroxide
(sorption to Fe-hydroxides remains the dominant process until day 7). During recovery,
incoming Fe(II) initially sorbs on these newly formed Fe-hydroxides, until the pH drops
below a threshold (~7) and Fe(II) desorbs in response to competition with protons. From
cycle 10 onwards, longer injection phases were applied, as compared to recoveries, shifting
these processes further away from well M8-3. During recoveries, the pH does not drop
below the threshold and Fe(II) does not desorb anymore. Moreover, Figure 3.5 shows how,
during injection, cations from the injection water exchange with Fe(II) from the exchange
sites (Appelo et al. 1999). During recovery, the exchange complex gets reloaded with Fe(II)
deriving from pyrite and Mn-siderite dissolution.
Cycle 3 was studied separately in order to determine the ability of the model to simulate
increased oxidation reactions and related processes triggered by an oxygen-enriched
injectant (Figure 3.6). Initial simulations using the previously derived oxidation rates resulted
in sudden oxygen consumption (within 3 days) once injection stopped (results not shown).
As a consequence, sulfate increased rapidly and did not agree with the observed gradual
increase, implying that pyrite oxidized more slowly. Oxygen observations during storage
show a rather odd behavior (0.04 mmol/L at day 53 and 0.08 mmol/L at day 64) posing
concerns about the reliability of the measurements/analyses. Nevertheless, these low
concentrations indicated that oxygen consumption during storage was slower. Following a
¿WWLQJWULDODQGHUURUSURFHGXUH22, SO4 and partly pH predictions during storage improved
VLJQL¿FDQWO\E\UHGXFLQJS\ULWHDQG620R[LGDWLRQUDWHVGXULQJVWRUDJHE\DIDFWRURIDQG
UHVSHFWLYHO\ )LJXUH $UDWHOLPLWDWLRQZDVWREHH[SHFWHGDVWKHJURXQGZDWHUÀRZ
velocity dropped to zero. The produced acidity from oxidation reactions was buffered by the
dissolution of carbonates (Mn-siderite and calcite) leading to an increase in Ca, Mg, TIC,
Fe(II), and Mn(II) concentrations. The modeled pH decreased until oxygen was completely
depleted. Subsequently, pH increased due to the afore mentioned carbonate dissolution
reactions. The modeled pH shows some clear discrepancies with the observed pH, which
shows a decreasing behavior throughout the whole storage phase. This is a hard to explain
phenomenon which, in conjunction with a small decrease in Fe later in the storage phase,
could indicate re-precipitation of iron containing carbonate (SI approaching 0). Decreasing
pH during storage at well M8-1 was also observed during cycle 12, 13, and 14 but there are
no Fe observations to allow comparison with cycle 3.
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Figure 3.3 Layer A - Observations and model output for various elements during cycles 6 – 14 (white = injection, light grey = storage, dark grey = recovery). Blue line indicates
average input concentration during injection phases
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Figure 3.5 Simulated adsorbed concentrations of Fe on Fe-hydroxide precipitates (primary y axis) and on the exchanger (secondary y axis) in well M8-3 (white = injection, light
grey = storage, dark grey = recovery).



Figure 3.4 Layer D - Observations and model output for various elements during cycles 6 – 14 (white = injection, light grey = storage, dark grey = recovery). Blue line indicates
average input concentration during injection phases
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Decreased oxidation rates in well M8-3 during storage were also obtained from the mass
balance calculations (Chapter 2). Even though a clear decrease was not proved for cycle
 LW ZDV SURYHG IRU F\FOHV  DQG  6ORZHU GHQLWUL¿FDWLRQ GXULQJ VWRUDJH KDV EHHQ

Figure 3.6 Layer D (Well M8-3) - Observations and model output for various elements during cycle 3 with raised O2 input (white = injection, grey = storage).

demonstrated before (Stuyfzand et al. 2002) and was explained by the prevailing stagnant
conditions which limit the contact of oxidant with the reactive crystals.
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3.3.2 Modeled oxidation and dissolution rates
In order to make reductant oxidation rates comparable and to assess the proportions of the
different reductants to oxygen consumption, the modeled oxidation rates were multiplied
with the electron transfers required for each reaction. The oxidation of pyrite releases 14
electrons (7 from each sulfur atom in the mineral) per unit of pyrite, whereas the oxidation
of SOM releases 4 electrons. Ferrous iron releases one electron when it oxidizes to
Fe(III). Oxidation/dissolution rates as well as the relative proportions during injection 1 (as
percentage over time) are presented in Figure 3.7 for layer A and D.
Initial mineral content, travel time, pH, and oxygen concentration are the main parameters
WKDW LQÀXHQFH WKH PDJQLWXGH RI R[LGDWLRQGLVVROXWLRQ UDWHV$ VWURQJ VSDWLDO GLIIHUHQFH LQ
modeled oxidation rates was observed between wells M8-1 and M25-1 in layer A (Figure
3.7). Since a homogeneous initial mineral content was assumed for each layer, the higher
rates in M8-1 were attributed to shorter travel times and therefore higher receiving oxygen
concentrations.
During injection 1, pyrite shows the highest relative contribution of ~ 56% at well M8-1 rising
to ~ 74% at downgradient well M25-1. The second most important reductant, SOM, has a
contribution of ~ 41% at well M8-1 but decreases to ~ 24% at well M25-1. This increasing
relative contribution of pyrite with distance, as opposed to SOM, is related to the gradients
in oxygen and pH, which enhance pyrite over SOM oxidation (see kinetic expressions in
section 3.2.3). Oxidation of ferrous iron is least important and, apart from a substantial
starting proportion related to oxidation of sorbed Fe(II) during the preceding recovery phase
(if any) and of desorbing Fe(II) due to cation exchange (~12% and ~ 7% at wells M8-1
and M25-1, respectively), it decreases over time to ~ 3% at both wells, deriving entirely
from pyrite. At well M8-3, pyrite and SOM show relative contributions of ~ 56% and ~ 37%,
respectively. Ferrous iron oxidation showed a maximum contribution of ~ 11% during the
initial oxygen breakthrough followed by a later decrease to 4%. The different reactivities
observed between wells M8-1 and M8-3 come in good accordance with mineral contents in
layers A and D (Table 2.4 and 3.1).
Siderite dissolution contributed indirectly to overall oxygen consumption only for layer D
DOEHLW EHLQJ RI OLWWOH VLJQL¿FDQFH 0QVLGHULWH GLVVROXWLRQ OHDGV WR UHOHDVH RI )H ,,  WR WKH
groundwater which oxidizes to Fe(III) in the presence of oxygen. The maximum proportion of
this reductant to overall oxygen consumption was calculated as only 1.5%. The contribution
of Mn(II) oxidation did not exceed 0.2% and was considered negligible.
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Figure 3.7 Well M8-1 (above), M25-1 (middle), and M8-3 (below). Oxidation/dissolution rates during cycle 1 and 2 (left) and proportions of oxygen consumption by the different
UHGXFWDQWV ULJKW EDVHGRQHOHFWURQWUDQVIHUVGXULQJLQMHFWLRQ ȝPROH- L-1 day-1). SIsiderite is plotted on the secondary axis. White and grey shaded areas indicate injection and
recovery periods, respectively.
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For both layers, the saturation index of pyrite remained negative indicating the tendency of
pyrite to oxidize. The modeled dissolution of Mn-siderite and its saturation index over time is
also presented in Figure 3.7. During injection 1, Mn-siderite started dissolving after 27 days
ZKHQWKHVDWXUDWLRQLQGH[GURSSHGEHORZGXHWRWKHLQ¿OWUDWLRQZDWHUEHLQJXQGHUVDWXUDWHG
with regards to siderite, while dissolution occurred over the complete duration of injection
2. This delayed start of siderite dissolution was caused by an increased desorption of Fe(II)
due to cation exchange, keeping the saturation index positive. Dissolution of Mn-siderite
continued during recovery phases but at reduced rate.
The variation in modeled oxidation and dissolution rates during subsequent injection cycles
LV GHSLFWHG LQ )LJXUH 7KH LQMHFWLRQ UDWH RI WKH$65 ZHOO LQÀXHQFHV WKH PDJQLWXGH RI
oxidation and dissolution rates. Higher injection rates translate to higher oxygen availability
and therefore higher oxidation capacity especially further downgradient. This is clearly
depicted by elevated oxidation rates of all reductants during injection 5 (59 m3/h) and during
injections 6-10 (50 m3/h) as compared to injections 11-14 (40 m3/h) and injections 1-2 (45
m3/h), particularly for wells M25-1 and M8-3 (Figure 3.8, Table 2.2). The modeled oxidation
rates of pyrite and SOM, during injection 3 (O2 enriched), increased by a factor of 1.5 and
1.45 at well M8-1, 3.4 and 8.1 at well M25-1, and 1.9 and 2.3 at well M8-3, respectively. This
behavior indicates that the longer the travel time (and provided oxygen is not yet depleted),
the higher the relative increases in oxidation rates become as consequence of a higher
relative increase in oxygen breaking through. During injection 3, the relative contributions
of the different reductants to oxygen consumption remained similar to injection 1. The
maximum dissolution rate of siderite, measured at the end of injection 1 and injection 3,
respectively, increased by a factor of 1.6.
A comparison was made between the modeled oxidation/dissolution rates and the ones
obtained from the mass balance calculations in Chapter 2 (Table 3.2). The rates deduced
by the mass transfers showed more variation between ASR cycles because their calculation
included measured concentration variations in the observation wells, analytical noise and
ÀXFWXDWLRQV LQ LQSXW TXDOLW\$YHUDJLQJ WKH UDWHV IRU DOO  F\FOHV UHYHDOHG WKDW WKH UDWHV
obtained by the mass balance approach were generally higher. The mass balance rates
were presented 14-21 days after the start of each injection in order to exclude initial effects
such as oxidation of desorbing Fe(II). This resulted in less competition for pyrite and SOM
oxidation and therefore higher calculated rates.
The depyritization front was simulated during the various cycles, assuming a homogeneous
initial content for each layer (Figure 3.9). Over time the content of pyrite decreased,
whereas the content of neoformed Fe-hydroxide increased as result. A lower permeability,
as in layer D, increases the spatial gradient of the pyrite oxidation rate and its remaining
content. Complete pyrite depletion did not occur yet in any of the monitoring wells. The
overestimated oxidation rate of pyrite in Chapter 2 was translated into a more advanced
leaching progress (almost complete pyrite depletion in well M8-1) which is now not the case.
75

3

Chapter 3: Reactive transport modeling of the Herten ASR pilot
was limited to the proximity of the ASR well due to lower permeability. The increased pyrite
oxidation during injection 3 caused a more extended Fe-hydroxide precipitation, especially
in layer A.

3


Figure 3.9 Pyrite content (above) and neo-formed Fe-hydroxide precipitates (below) versus distance at the end of
each cycle. The positions of monitoring wells M8 and M25 are marked on the X axis.

Figure 3.8 Oxidation rates in monitoring well M8-1 (above), M25-1 (middle) and M8-3 (below), during all injection
cycles.

Table 3.2 Mean oxidation/dissolution rates for all 14 ASR cycles as deduced by the mass balance calculations
$QWRQLRXHWDO DQGE\WKHUHDFWLYHWUDQVSRUWPRGHO5DWHVLQȝPRO/GD\
M8-1

M25-1

M8-3

Pyrite

SOM

Pyrite

SOM

Pyrite

SOM

Siderite

Mass balances

33

80

16

13

18

53

27

Model

22

70

8

15

16

42

11

3.3.3 Model uncertainty
A reasonable overall match was obtained using the set of calibrated parameters, as
obtained by PEST. A further step was to study the parameter sensitivities with respect to all
observations. We examined the effect of each calibrated parameter on modeled results and
summarized the effects of the most sensitive parameters in Figure 3.10. For each analyzed
parameter, a highest and a lowest relevant value were used and the effect of each value on
PRGHOUHVXOWVZDVHYDOXDWHG7KHORZHVWDQGKLJKHVWYDOXHVIRUVHOHFWLYLW\FRHI¿FLHQWVDQG
reactive mineral surfaces were chosen based on the literature (Table 3.1). Initial SOM and
Fe-hydroxide contents were varied based on the minimum and maximum measured values.
Modeled O2 concentration is, as expected, highly sensitive to the pyrite reactive surface
area and initial SOM content. Mn(II) shows high sensitivity to SOM content, especially

Nevertheless, a major net decrease occurred in layer A and especially during pilot 1, due
to longer injection phases and enriched oxidant concentrations. The increased oxidation,
due to O2 enrichment of the source water, taking place during injection 3, despite its shorter
duration, is clearly depicted by the larger downward shift of its content, especially further

during recovery, as well as to logKNa/Ca during both injection and recovery. The pronounced
Mn(II) increase during recovery is related to the complete absence of O2 and more acidic
conditions in the beginning of recovery, allowing for a more pronounced Mn-siderite
GLVVROXWLRQ)H ,, RQWKHRWKHUKDQGLVPRVWO\LQÀXHQFHGGXULQJLQMHFWLRQZKHQDOWHULQJWKH
initial Fe-hydroxide content and the logKNa/Ca. Higher logKNa/Ca values give larger dominance

away from the ASR well. The modeled precipitation of neoformed Fe-hydroxides in layer D

RI&DRQWKH&(&DQGORZHUSURSRUWLRQVRIRWKHUFDWLRQVLQFOXGLQJ)HDQG0QWKHUHIRUH
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with higher logKNa/Ca, less Fe and Mn are available for oxidation resulting in a quicker
decline in Fe(II) and Mn(II). A higher initial amount of Fe-hydroxides translates to more
sorption sites for dissolved Fe(II) and Mn(II) that subsequently get oxidized when the O2
front arrives, causing the pH to drop. Bicarbonate shows some sensitivity to all calibrated
parameters.
3.3.4 Scenario modeling

Figure 3.10 6HQVLWLYLW\DQDO\VLVUHVXOWVGHSLFWLQJWKHDPRXQWRILQÀXHQFHRIHDFKFDOLEUDWHGSDUDPHWHUWRWKHYDULRXVREVHUYDWLRQJURXSV

During ASR practice, the injectant can be enriched with oxidizing and/or pH-buffering
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agents. This is useful for: 1) coating the reactive minerals (pyrite) with Fe-hydroxides, 2)
keeping the aquifer (sub)oxic for longer periods, and 3) buffering the acidity produced by
oxidation reactions. Furthermore, all of these may prevent the mobilization of Fe(II), Mn(II),
and for some cases arsenic (Stuyfzand et al. 2005b). Oxygen and nitrate can both be used
DVR[LGL]LQJDJHQWVEXWIURPDQHVWKHWLFSRLQWRIYLHZWKH¿UVWLVVWURQJO\SUHIHUUHG$VS+
buffering agents, sodium hydroxide and particularly sodium carbonate are usually preferred
(Ibison et al. 1995).
Cycle 3 was used for scenario simulations in order to evaluate the effects of enriching the
injectant with different agents. Four scenarios were simulated using normal injectant as in
cycle 1 and 2 (scenario 1), adding sodium hydroxide (scenario 2), adding additional oxygen
VFHQDULR DQG¿QDOO\DGGLQJERWKDJHQWVWRJHWKHU VFHQDULR 
As described earlier, scenario 3 represents the actual injectant composition used during
cycle 3, which lead to increased oxidation reactions and dissolution of carbonates. A general
concentration increase for all depicted cations was observed (Figure 3.11). Even though the
pyrite oxidation rate increased, also siderite dissolved faster, releasing Fe(II) and Mn(II) in
the water. A simple base addition (e.g., NaOH or Na2CO3), simulated as scenario 2, would
prevent the pH to drop to low levels and as result prevent strong dissolution of carbonate
minerals during storage (after the complete consumption of oxidants). This option would
result in low amount of dissolution of Fe(II) and Mn(II) in the groundwater. If the purpose
is to accelerate the aquifer’s leaching from its reactive species and form an extended, and
WKHUHIRUHPRUHHI¿FLHQW]RQHRI)HK\GUR[LGHSUHFLSLWDWHVWKHQR[\JHQHQULFKPHQWVKRXOG
be combined with a pH-buffering agent (scenario 4). The amount of agent to be added
depends on the levels of dissolved Fe(II) and Mn(II) that are desired and could be optimized
by using the model presented.
There are possible side effects related to the addition of pH-buffering agents and these should
be carefully taken into account. Injection of sodium hydroxide increases the concentration
of dissolved sodium and this ion should not exceed the drinking water limit of 3.75 mmol L-1.
The saturation index for calcite will also increase (Figure 3.11) and precipitation of carbonate
minerals may be induced. If this happens close to the ASR well, clogging problems may
arise. Therefore, special attention should be paid regarding the amounts of base injected
and the related risk for aquifer clogging due to calcite crystallization.
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3.4 CONCLUSIONS
In the present study, the main hydrogeochemical reactions taking place in two aquifer layers
during an ASR pilot were simulated using a 1-D radial RTM. During every injection phase,

Figure 3.11 Model output for various elements for 4 different scenarios during cycle 3 at well M8-3 (white = injection, grey = storage).

aerobic water was injected causing oxidation reactions with the main aquifer reductants,
QDPHO\ S\ULWH 620 DQG WR OHVVHU H[WHQW )H ,,  7KH UHVXOWLQJ DFLGL¿FDWLRQ FDXVHG
GLVVROXWLRQ RI FDUERQDWH PLQHUDOV FDOFLWH DQG 0QVLGHULWH  DV WHVWL¿HG E\ WKH LQFUHDVLQJ
TIC during storage phases. These dissolution reactions as well as desorption from Fe-
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hydroxides released Fe(II) and Mn(II) in the water during recovery phases. The model
calibrated for cycle 1 was allowed to run for all 14 ASR cycles in order to evaluate its
longer term performance. Such an approach offered a good combination between tolerable
calibration running times and reliable validation results. A sensitivity analysis was then
performed to evaluate the effect of model parameter variation on model predictions. Despite
WKHFKDQJHLQLQMHFWHGVROXWLRQFRPSRVLWLRQIURPF\FOHRQZDUGVWKHJHQHUDOPRGHO¿WIRU
the 11 investigated parameters was satisfactory. The simulated pyrite oxidation agreed with
the sulfate observations, whereas Na, K, Ca, and Mg concentrations indicated that cation
exchange was simulated well. The model suggested an increasing sorption capacity due
to a gradual build-up of Fe-hydroxide precipitates resulting by prolonged injection phases.
Modeled Fe(II) suggested a long term subsurface removal, while Mn(II) showed a tendency
to easily desorb.
Oxidation and dissolution rates at three aquifer locations (monitoring wells) were calculated
for all injection cycles and compared to each other. It was concluded that initial mineral
content, travel time, and injection rate play a key role in the magnitude of oxidation and
dissolution rates. Shorter travel time and higher injection rate translate to higher available
oxygen concentrations at a given aquifer location implying higher oxidation rates. Pyrite was
ranked as the most important reductant, followed by SOM and then Fe(II). Moreover, the
pH and oxygen gradients with distance were found to enhance the rate of pyrite over SOM
oxidation. The relative increase in oxidation and dissolution reactions at a given aquifer
location due to oxygen enrichment was found to be proportional to the travel time meaning
that more distant locations showed a higher relative increase. The oxygen and sulfate
observations during storage supported the idea that oxidation rates drop during stand still
as a consequence of the prevailing stagnant conditions.
7KHPRGHOZDVXVHGWRPRQLWRUWKH³GHDFWLYDWLRQ´RIWKHDTXLIHUIURPLWVPDLQUHGXFWDQWVD
natural process promoted by subsequent ASR cycles. For this purpose, the pyrite leaching
fronts and the Fe-hydroxide precipitation fronts as simulated were monitored in the two
aquifer layers during 14 ASR cycles. A higher permeability caused more extended pyrite
depletion. Oxygen enrichment performed during cycle 3 increased the depyritization extent
in both layers. It also caused a more extended Fe-hydroxide precipitation, enhancing the
overall sorption capacity in the aquifer for Fe(II) and partly for Mn(II). The model proved
that oxygen enrichment and higher injection rates can accelerate the aquifer’s leaching
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from its reactive species. However, this measure will also cause increased carbonate
dissolution increasing the dissolved Fe(II) and Mn(II) concentrations in the aquifer. Scenario
simulations showed that, if oxygen enrichment is combined with pH-buffering agents (e.g.
NaOH or Na2CO3), dissolution of Fe(II) and Mn(II) can be controlled without impeding an
accelerated aquifer leaching.
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ABSTRACT

4.1 INTRODUCTION

Water quality deterioration is a common phenomenon that may limit the recovery of injected

Aquifer storage recovery (ASR) is a method to balance water supply with demand. During
periods of excess water, water is injected and stored in an aquifer for subsequent recovery

water during aquifer storage and recovery (ASR). Quality deterioration is often caused by
the oxidation of reduced aquifer components by oxygenated source water, the subsequent
pH decline, and induced dissolution of carbonate minerals. We use a previously calibrated
reactive transport model (PHREEQC) to optimize ASR depending on source water quality
and kind of pretreatment. We give quantitative projections on the performance increase over
VXFFHVVLYHF\FOHVZLWKUHVSHFWWRVSHFL¿FZDWHUTXDOLW\LQGLFDWRUV:HVLPXODWHWKHUHVSRQVH
of a representative, deeply anoxic aquifer upon injection of three different commonly applied
oxygenated water types: pre-treated drinking water, desalinated seawater, and urban storm
water. The model is coupled to a Python script that automatically stops recovery and starts
WKHQH[WLQMHFWLRQSKDVHZKHQFHUWDLQVSHFL¿HGFRQFHQWUDWLRQWKUHVKROGVDUHH[FHHGHG7KLV
setup enables realistic simulations to gradually create a buffer zone around the ASR well

for use in times of water demand (Pyne 2005). Sources of water suitable for injection and
use within previous ASR applications include treated drinking water (Stuyfzand 1998a,
Izbicki et al. 2010), treated or untreated groundwater (Pyne 2005), rainwater (Dillon and
Barry 2005, Barry et al. 2007), high quality reclaimed wastewater (Vanderzalm et al. 2006,
Maliva et al. 2007), urban storm water (Vanderzalm et al. 2010), and desalinated seawater
(Mukhopadhyay et al. 2004, Rashid and Almulla 2005). The injection of oxygenated (surface)
water into an anoxic environment, during ASR, may result in deterioration of the recovered
water quality. Redox reactions involving reactive phases such as pyrite, carbonates and
sedimentary organic material (SOM) may result, at least during the initial ASR cycles, in

WKDW DOORZV  UHFRYHU\ DW D VSHFL¿F VWDJH RI DTXLIHU GHYHORSPHQW (DFK VRXUFH ZDWHU

elevated concentrations of released Fe(II), Mn(II), arsenic and other trace elements such as
nickel and cobalt (Stuyfzand 1998a, Pyne 2003). The removal of these elements requires

type was associated with different issues causing the deterioration of the abstracted water

further post-treatment of the recovered water, thus increasing the costs of the plant operation.

quality with respect to Fe(II), Mn(II), and As. The injection of pre-treated drinking water caused
Mn(II) exceedances that disappeared after a number of cycles, provided that the recovery
would halt as soon as the Mn(II) exceedances would occur. The injection of desalinated water
caused persisting Fe(II) exceedances, which substantially slowed the creation of an effective
EXIIHU]RQHZKHUHDVWKHLQMHFWLRQRIXUEDQVWRUPZDWHUFDXVHGVLPLODULVVXHVZLWKUHVSHFWWR
arsenic. For both cases, it was shown that enriching the source water with O2 and/or NaOH

Minimizing the post-treatment requirements by achieving the largest possible recovery
HI¿FLHQF\ZLWKRXWZDWHUTXDOLW\GHWHULRUDWLRQLVWKHXOWLPDWHJRDORIPRVW$65SODQWV$EXIIHU
]RQHVHSDUDWHVWKHVWRUHGZDWHUIURPWKHVXUURXQGLQJJURXQGZDWHUDQGGH¿QHVWKHWUDQVLWLRQ
of injected water to native groundwater quality (Pyne 2005). In this study we investigate,
by means of numerical simulations, how a careful buffer zone implementation may help to

on source water composition and pretreatment method. Exceedances of drinking water

DFKLHYHKLJKUHFRYHU\HI¿FLHQFLHVLQDUHODWLYHO\VKRUWWLPH7KH³EXIIHU]RQH´GH¿QLWLRQZDV
WKHUHIRUHVOLJKWO\PRGL¿HGLQWRµWKHYROXPHRIVRXUFHZDWHUUHTXLUHGWRVHSDUDWHWKHVWRUHG
water from the native water in order to achieve a 100% recoverable bubble with respect to
the various quality deteriorating elements’. The concept of such an approach is depicted in

guidelines occurred long before the arrival of the native water. Fe(II) and Mn(II) exceedances,

)LJXUHIRUDRQHGLPHQVLRQDOOLQHDUÀRZOLQHH[WHQGLQJIURPWKH$65ZHOO

KDG PDMRU SRVLWLYH HIIHFWV E\ DFFHOHUDWLQJ WKH FUHDWLRQ RI DQ HI¿FLHQW EXIIHU ]RQH )LQDOO\
we simulated a long-term operational rest of the ASR plant to evaluate water quality effects
GXULQJSRWHQWLDOPLJUDWLRQRIWKHVWRUHGZDWHUGXHWRODWHUDOJURXQGZDWHUÀRZDVGHSHQGHQW

after having used desalinated and drinking water, respectively, were observed after a bubble
migration of 9% and 40%, respectively, and were associated with the slightly acidic pH
FRQGLWLRQV SURPRWLQJ WKH GLVVROXWLRQ RI 0QFDUERQDWH DQG SUHYHQWLQJ DQ HI¿FLHQW VRUSWLYH
removal. The arsenic exceedances, after using urban storm water, were associated with the
arsenic wave deriving from the pyrite oxidation and reaching the ASR well after 34% of bubble
migration. Enrichment of the source water with O2 and/or NaOH was also helpful in protecting
the water quality around the ASR well for a longer time during a bubble migration scenario.
The Fe(II) breakthrough occurred after 59% of desalinated bubble migration (instead of 9%)
whereas As broke through after 70% of urban storm bubble migration (instead of 34%). This
study illustrates that reactive transport modeling with a calibrated model is a useful tool to
a-priori test the potential effectiveness of various operational options in ASR application on
LPSURYLQJUHFRYHUHGZDWHUTXDOLW\DQGWKHUHFRYHU\HI¿FLHQF\
Keywords: ASR, aquifer recharge, buffer zone, reactive transport modeling, scenario
VLPXODWLRQVEXEEOHGULIWS\ULWHLURQPDQJDQHVHDUVHQLFUHFRYHU\HI¿FLHQF\
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Figure 4.1. 6LPSOL¿HGUHSUHVHQWDWLRQRIDOLQHDUÀRZOLQHH[WHQGLQJDZD\ WRWKHULJKW IURPWKH$65ZHOO+HUHD
EXIIHU]RQH JUHHQFHOOV ZKLFKDOORZVUHFRYHU\HI¿FLHQF\ZLWKUHVSHFWWRWKHZDWHUTXDOLW\LVJUDGXDOO\FUHDWHG
The mixing zone between the native (red cells) and the source (blue/green cells) water is depicted, for simplicity, as a
sharp interface. Dashed lines indicate the equal volumes (5 cells) injected during each ASR cycle.
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Chapter 4: Optimizing aquifer storage and recovery through reactive transport modeling
In Chapter 3 we successfully simulated the evolution of groundwater quality along oneGLPHQVLRQDO UDGLDO ÀRZOLQHV UHSUHVHQWLQJ WZR DTXLIHU VXEOD\HUV GXULQJ D \HDU$65 SLORW LQ
Herten, the Netherlands. The aquifer consisted of 4 sublayers, each with different hydraulic
and geochemical properties while the site consisted of one ASR well and two monitoring wells,
M-8 and M-25 situated at 8 and 25 m distance, respectively (Figure 2.2). The PHREEQC (v.
2.17) model was calibrated based on cycle 1 and was sequentially validated by successfully
predicting the water quality evolution during 14 subsequent cycles. In this study, we used this
FDOLEUDWHG3+5((4&PRGHODQGDVVXPHGWKHDEVWUDFWHGZDWHUTXDOLW\WREHVROHO\GH¿QHGE\
one aquifer layer (layer D) which played a decisive role in the water quality development due
to the substantial amounts of pyrite and Mn-siderite present. In other words, we assumed ASR
operations to be taking place in a homogeneous aquifer identical to layer D of the Herten pilot,
and investigated the effect of three types of source water (pretreated drinking water from the
previous study, desalinated seawater and urban stormwater) on the abstracted water quality with
respect to Fe(II), Mn(II), and As. Mixing of water recovered from different aquifer layers was thus
not considered for simplicity. This idealized situation served, however, as a worst case scenario
IRU WKLV VSHFL¿F $65 VLWH ZKHUH WKH UHFRYHUHG ZDWHU TXDOLW\ FDQQRW EH LPSURYHG E\ PL[LQJ
GLOXWLRQ ZLWKKLJKHUTXDOLW\ZDWHUGHULYLQJIURPOHVV³SROOXWLQJ´OD\HUV OD\HUV$&)LJXUH 
The scope of this study was to show how scenario modeling can be used to optimize an ASR
system. For three representative source water types used for drinking water purposes pretreated
drinking water, desalinated seawater, and urban storm water), we investigated how to implement
DQHI¿FLHQWEXIIHU]RQHIROORZLQJDQRSWLPL]HGF\FOLQJVFKHPH7KLVRSWLPL]DWLRQZDVDFKLHYHG
with the aid of a Python script coupled to PHREEQC which allowed recovery to halt when
FHUWDLQ HOHPHQW FRQFHQWUDWLRQV H[FHHGHG SUHGH¿QHG WKUHVKROGV :H LQYHVWLJDWHG ZKHWKHU DQ
enrichment of the source water with O2 and/or NaOH aids in accelerating the buffer zone buildXS LHXVHVOHVVVRXUFHZDWHU :H¿QDOO\HYDOXDWHGZKHWKHUDPLJUDWLRQRIWKHLQMHFWHGZDWHU
during storage has any adverse effects on the water quality due to water-aquifer reactions. We
assessed that for each source water type in combination with the O2 and/or NaOH enrichment.

4.2 MATERIAL AND METHODS
4.2.1 Reaction network
The most relevant redox processes and the respective rate expressions used were described
in Chapter 3 and are summarized in Table 4.1. The oxidation of pyrite and sedimentary organic
matter by oxygen from the source water, as well as the calcite and Mn-siderite dissolution were
included in the model and simulated kinetically based on calibrations performed during the
aforementioned study (Table 4.2). The trace element composition of pyrite was approximated
as FeAs0.008S1.992 to allow for As release in the groundwater during the oxidation of pyrite. Iron
and manganese react with the oxygen from the source water either in solution (homogeneous
oxidation) or while adsorbed on metal oxide surfaces (heterogeneous oxidation). The
homogeneous oxidation takes place when the cations (mainly calcium) from the injected water
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exchange with iron and manganese releasing them in solution. Depending on the injection
rate, the exchange reactions may be restricted to the initial stages of injection because after a
while, the O2 front will lag behind the injected water front and the released Fe(II) and Mn(II) will
not be in contact with O2 (Appelo et al. 1999). The homogeneous oxidation of Mn(II) was not
included due to extremely slow reaction rates (Diem and Stumm 1984). The heterogeneous
oxidation of adsorbed Fe(II) and Mn(II) was not included in the original model (Chapter 3).
Including it in the new model had negligible effects on the dissolved Fe(II) concentrations and
on the water quality in general due to the low initial ferrihydrite content. Recalibrating the model
ZDVFRQVLGHUHGVXSHUÀXRXV7KHWZRUHDFWLRQVZHUHLQFOXGHGIRULQWHJULW\UHDVRQVVLQFHWKH\
DUHUHOHYDQWSURFHVVHVWKDWPD\DFTXLUHDVLJQL¿FDQWUROHZKHQWKHLQLWLDOIHUULK\GULWHFRQWHQW
is higher. In that case, a model recalibration may be required.
7KHNLQHWLFVLPXODWLRQRIWKHLURQDQGPDQJDQHVHR[LGDWLRQUHTXLUHGDPRGL¿FDWLRQRIWKH
PHREEQC database in order to decouple the valence states of iron and manganese and
calculate the kinetic oxidation of Fe2+ to Fe3+ and of Mn2+ to Mn4+ in water (Parkhurst and
Appelo 2013). Oxidation of As(3) to As(5), cation exchange, and the formation of ferrihydrite
that follows the oxidation of Fe(II) were simulated as equilibrium processes.
Finally, the oxidation of dissolved organic carbon (DOC) present in the source water was
ignored in the original model due to the low measured concentrations (<0.08 mmol/L) which
showed recalcitrant behavior towards oxidation. Higher DOC concentrations in the source
ZDWHUDUHKRZHYHUH[SHFWHGWRR[LGL]HDWIDVWHUUDWHV7KHUHIRUHD¿UVWRUGHUGHJUDGDWLRQ
rate with a rate constant of 0.1 (d-1) (Schäfer 2001) was introduced during the scenario
simulating the injection of urban storm water (Section 4.3.2).
The sorption to ferrihydrite was simulated by using the surface complexation model of
Dzombak and Morel (1990). In this two-layer model, chemical binding is distributed over weak
ORZDI¿QLW\ DQGVWURQJ KLJKDI¿QLW\ VLWHVZKLFKH[LVWLQDSURSRUWLRQRIDQGPRO
sites / mol ferrihydrite, respectively. The increasing complexation capacity with increasing
amounts of ferrihydrite precipitates was modeled by coupling the moles of the surface sites to
the mass of ferrihydrite in the system (Appelo and Vet 2003). The binding constants (apparent
dissociation constants) for sorption of the most relevant elements (Fe, Mn, As, HCO3, PO4,
SO4) on the ferrihydrite surface complex (Hfo) were obtained from the WATEQ4F database
included with PHREEQC. The adsorption constant of silicic acid (H4SiO4) was obtained from
6ZHGOXQGDQG:HEVWHU  DQGZDVDGGHGWRRXUPRGL¿HG3+5((4&GDWDEDVH
4.2.2 Source water types
The compatibility of different source water types with the Herten aquifer was tested by means
of scenario simulations. Representative source water compositions were obtained from other
lab/full scale ASR studies and are summarized in Table 4.4. The desalinated water produced in
.XZDLWXVLQJPXOWLVWDJHÀDVKWHFKQRORJ\ 0XNKRSDGK\D\HWDO FRQWDLQHGDVH[SHFWHG
YHU\ORZDPRXQWVRIGLVVROYHGVDOWVDQGZDVVLJQL¿FDQWO\XQGHUVDWXUDWHGZLWKUHVSHFWWRFDOFLWH
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Chapter 4: Optimizing aquifer storage and recovery through reactive transport modeling
Table 4.1. Kinetic reaction network considered in the model
Nr

Process

Reaction equation

Reference

1

Pyrite oxidation

rppyrite

§ A pyr ·§ m ·
¸¸¨¨
¸¸
1  : pyr
k pyr mO0.25 m H0.11 ¨¨
© V ¹© m0 ¹ pyr

Williamson and Rimstidt (1994)

2

SOM oxidation

rSSOM

§
§ m ·
¨ rm
mSOM ¨
¨m ¸
¸
¨ max
© 0 ¹ SOM ©

Van Cappellen and Gaillard (1996)

3

Calcite dissolution

rccal

§ A ·§ m ·
¸¸
k1 H   k 2 >CO2 @  k 3 >H 2 O @ ¨ cal ¸¨¨
© V ¹© m0 ¹ cal

4

Mn-siderite dissolution

rssid

k1 H 

5

Fe2+ oxidation (homogeneous)

rFFe2 

 k OH 

6

Fe2+ oxidation (heterogeneous)

rFFe 2

 k u mFe 2 u mO2

7

Mn oxidation (heterogeneous)

rM
Mn 2 

0.67

kO2  mO2

·
¸
¸
¹

> @

0.65

Descourvieres et al. (2010)

accommodate the maximum number of shifts performed during any of the simulated injections.
This number of cells ensures that the conservative dispersed front of the injected water stays

0.67

 k 2 >CO2 @

0.65

>

@

2

 k3

§ Asid ·§ m ·
¸¨¨ ¸¸ 1  : sid
© V ¹© m0 ¹ sid

within the simulated volume. The longitudinal dispersivity was set to 0.1 m, assuring a good
VLPXODWLRQRIWKHFRQVHUYDWLYHVROXWHWUDQVSRUWDVYHUL¿HGLQWKHRULJLQDOPRGHO

Singer and Stumm (1970)

PO2 m Fe2 

Tamura et al. (1976)

ads

 k u mMn 2 u PO 2

ads

Plummer et al. (1978)

of the ASR bubble with distance and is hence used to simulate the injected and the abstracted
volumes. The time step is calculated by dividing the total time (in seconds) with the respective
QXPEHU RI VKLIWV 5HDFWLYH WUDQVSRUW ZDV VLPXODWHG DORQJ D ÀRZ OLQH WKDW H[WHQGV IURP WKH
ASR well on a radially decreasing grid (Chapter 3). The number of cells should be able to

0.67

> @

ads

2+

mO2
O2

Davies and Morgan (1989)

ads

Table 4.2. Model aquifer parameters. Initial contents and calibrated reactive surface areas of each mineral (A) to
solution volume (V).
CEC

pyrite

SOM

calcite

Mn-siderite

ferrihydrite

Apyr/V

Acal/V

0.05

Asid/V

m2/L

mol/L
0.2

2.09

0.093

0.133

0.09

0.44

2.98 x 10-4

2.9 x 10-4

Table 4.3. 1DWLYHJURXQGZDWHUTXDOLW\ OD\HU'LQ+HUWHQDTXLIHU 7,&VWDQGVIRU³7RWDO,QRUJDQLF&DUERQ´DQG6,IRU
³6DWXUDWLRQ,QGH[´
Temp

pH

O2

Cl

SO4

TIC

NO3

°C
13.2

Na

K

Ca

Mg

SiO2

PO4

Fe

6.8

<0.02

0.17

<0.03

8

<0.01

0.35

Mn

As

SIcal

SIsid

0.13

-0.4

0.7

ȝPROO

mmol/l
0.04

2

0.51

0.35

2.6

127

7

temp

pH

O2

Cl

SO4

HCO3

Na

°C

The original PHREEQC model was further coupled to a Python script that allowed for the
recovery to automatically halt when certain element concentrations in the recovered water
H[FHHGHGVSHFL¿HGWKUHVKROGV )H 0Q $V ȝPRO/ 7KHVFULSWZDVDEOHWR
read the model output after each recovery shift (using the new DUMP and INCLUDE$ functions
LQWURGXFHG LQ 3+5((4& Y   DQG LI FRQFHQWUDWLRQV ZHUH EHORZ WKH VSHFL¿HG WKUHVKROGV
another shift would be performed. When a threshold was exceeded then injection would start
again. This approach was necessary to simulate the gradual creation of a buffer zone that would
DOORZEXEEOHUHFRYHU\DWDVSHFL¿FVWDJHRIDTXLIHUGHYHORSPHQW 6HFWLRQ 
The effects of bubble migration were modeled by slowly letting the native water approach
the ASR well. This was performed by increasing accordingly the time step simulating the
EDFNJURXQGJURXQGZDWHUÀRZWRZDUGVWKH$65ZHOO7KHOLQHDUÀRZRIQDWLYHZDWHUFRXOG
not be simulated with the radial grid used to simulate ASR around the well. After the buffer
zone was developed, the grid was converted into a linear 1-m cell grid by looking at the
cumulative cell length and copying (using the COPY command in PHREEQC) the respective
cells from the radial grid.

Table 4.4. Composition of the three source water types used in simulations.
Source water

LQ3+5((4&LVGHVFULEHGE\PHDQVRIVKLIWVDQGWLPHVWHSVIRUDVSHFL¿HGQXPEHURIFHOOV
Shifts refer to the number of times the solution in each cell will be shifted to the next higher
numbered cell. This is therefore the only parameter that can be used to simulate the extension

K

Ca

Mg

NO3

DOC

SiO2

SIcal

0.092

mmol/l

Pretreated drinking water (Antoniou et al. 2012)

13

7.5

0.28

1.11

0.64

2.71

1.05

0.06

1.71

0.27

0.02

0.14

-0.14

Desalinated water (Mukhopadhyay et al. 1998)

30

6.9

0.28

1.63

1.24

0.30

2.04

0.04

0.84

0.57

0.03 <0.005 0.04

-1.93

Urban storm water (Vanderzalm et al. 2010)

12

7.1

0.28

0.76

0.11

1.46

0.83

0.09

0.57

0.18 <0.001 0.525

-

-1.13

In all source water types: Fe < 0.1, Mn < 0.1, As < 0.01, NH4 < 50 ȝmol/L

The urban storm water from a mixed residential and industrial catchment area in the City of
Salisbury (South Australia) was characterized by both a relatively high DOC concentration and
calcite undersaturation (Vanderzalm et al. 2010). None of the tested water types showed any
exceedances of drinking water guidelines making them good candidates for potable water ASR.

4.3 RESULTS AND DISCUSSION
The results are structured as follows: The injection of pretreated drinking water is analyzed
¿UVW7KHK\GURJHRFKHPLFDOHIIHFWVDUHDQDO\]HGGXULQJDVLQJOHDQGPXOWLSOH$65F\FOHV
and attention is given to the behavior of Fe(II), Mn(II), and As. Optimizing the recovery
HI¿FLHQF\LVHYDOXDWHGQH[WIRUWKHWKUHHVRXUFHZDWHUW\SHV2SWLPL]DWLRQLVDVVHVVHGE\
means of buffer zone creation and source water enrichment. Finally, the effects of bubble
migration are assessed.

4.2.3 Transport parameters

4.3.1 Analysis of a single ASR cycle
Fe(II) and Mn(II) behavior

Due to the absence of a well package in PHREEQC, the concepts of injected volume and well
UDWHVDUHQRWGLUHFWO\DYDLODEOHOLNHLQRWKHU'PRGHOLQJVRIWZDUH 0RGÀRZ3+$67 7UDQVSRUW

)RU WKLV VLPXODWLRQ 0QVLGHULWH ZDV H[FOXGHG WR UXOH RXW LWV LQÀXHQFH RQ WKH )H ,, 
and Mn(II) concentrations and thereby better inspect their behavior solely due to the
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oxidation and the sorption/desorption processes. The injection and recovery phases
were divided into 100 shifts with a duration of 2.4 hours each, and the source water
SUHWUHDWHGGULQNLQJZDWHU7DEOH GXULQJLQMHFWLRQUHDFKHGDGLVWDQFHRIP 
conservative breakthrough). The simulated travelled distance of the injected front was
comparable to the one observed taking place in layer D in the Herten aquifer (Chapter 3),
whereas the chosen time step was considered suitable for the simulation of fast kinetic
UHDFWLRQVVXFKDVWKHR[LGDWLRQRIIHUURXVLURQDQGPDQJDQHVH$VLJQL¿FDQWEURPLGH
FRQWUDVW EHWZHHQ WKH VRXUFH DQG QDWLYH ZDWHU ZDV DUWL¿FLDOO\ FUHDWHG WR FRPSDUH LWV
conservative behavior with Fe(II) and Mn(II) and to observe the gradual evolution of the
dispersive mixing.
The simulated O2 IURQW GXULQJ LQMHFWLRQ ZDV VLJQL¿FDQWO\ UHWDUGHG GXH WR YDULRXV R[LGDWLRQ
processes (Figure 4.2). The 10-day storage was responsible for complete consumption of the
remaining O2. During injection, the development of the simulated dissolved Fe(II) and Mn(II) fronts
was the combined result of (1) the displacement by the injection water, (2) the homogeneous
oxidation after their release from pyrite (during its oxidation) and from the exchange complex
by mainly calcium in the source water, and (3) the heterogeneous oxidation of their fractions
adsorbed to iron-oxide. Small amounts of released Fe(II) and Mn(II) sorb during the injection
WRIHUULK\GULWHDVVLPXODWHGE\WKHDGVRUEHG)H ,, DQG0Q ,, ³ZDYH´PRYLQJRXWZDUGIURPWKH
$65ZHOO ¿UVWP 7KHKHWHURJHQHRXVR[LGDWLRQKDGDQHJOLJLEOHLQÀXHQFHRQWKHRYHUDOO22
consumption and on the development of the dissolved fractions due to the small ferrihydrite
content. During the recovery, Fe(II) and Mn(II) desorb from the outer sorption zone due to
GHFUHDVLQJ S+ FRQGLWLRQV UHODWHG WR WKH LQÀRZLQJ QDWLYH ZDWHU KDYLQJ D ORZHU S+ WKDQ WKH
injection water (Buamah et al. 2008). Both cations sorb again as they approach the ASR well
due to the additional ferrihydrite formed during injection. However, the sorbing fractions are
small and the bulk dissolved content increases in the ASR well (Figure 4.2).
Including the Mn-siderite has a direct effect on the behavior of the dissolved Fe(II) and Mn(II)
(results not shown). A minor dissolution of this mineral during the storage and recovery,
driven by the undersaturation of the injection water with respect to this mineral (SI = -2.2),
resulted in the release of Fe(II) and Mn(II). The released Fe(II) did not pose any concerns
in Herten since after a couple of ASR cycles it sorbed again on the ferrihydrite surfaces
before reaching the ASR well. Mn(II), however, showed a much less effective removal with
FRQVHFXWLYHF\FOHVGXHWRLWVKLJKS+UHTXLUHPHQWVIRUDQHI¿FLHQWVRUSWLYHUHPRYDO
As behavior
Arsenic did not pose major concerns in the Herten aquifer. Despite the appreciable levels
XS WR  ȝPRO/  UHFRUGHG LQ WKH PRQLWRULQJ ZHOOV GXULQJ WKH LQMHFWLRQ SRLQWLQJ WR WKH
mobilization by oxidative pyrite dissolution, the recovered concentrations did not exceed
WKH:+2GULQNLQJZDWHUJXLGHOLQH ȝPRO/ 7KHVLPXODWHGEHKDYLRURIDUVHQLFDIWHULWV
release during the pyrite oxidation was a combined result of the adsorption and desorption
processes mainly governed by the native water composition.
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Figure 4.2. Spatial evolution of the dissolved and adsorbed (on ferrihydrite) Fe(II) and Mn(II) during successively a 10-day injection, storage, and recovery phase. Ferrihydrite
formation, O2, and conservative Br are also plotted. Blue dashed lines represent injection (daily from light to dark blue). Red lines represent recovery (daily from light to dark red).
$OODTXHRXVFRQFHQWUDWLRQVDQGVROLGFRQWHQWVDUHH[SUHVVHGLQȝPRO/
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:HDQDO\]HGWKHLQÀXHQFHRIWKHQDWLYHSKRVSKDWHDQGIHUURXVLURQFRQFHQWUDWLRQVRQWKH
simulated behavior of arsenic around the ASR well. Generally, when arsenic is mobilized
during the pyrite oxidation (as As(3) arsenite) it oxidizes to As(5) (arsenate), which in turn
sorbs on the existing and newly formed ferrihydrite surfaces. This process takes place
during the injection, storage and recovery phases as long as there is available oxygen
to oxidize the pyrite and arsenic released. In the absence of phosphate, the mobilized As
VRUEVHI¿FLHQWO\RQIHUULK\GULWHZLWKRXWPXFKHIIHFWRQWKHUHFRYHUHGZDWHUTXDOLW\ )LJXUH
4.3, Row 1). According to the simulations, the drinking water guideline is only exceeded
when recovering > 90% of the injected water, a recovery ratio that is much higher than the
actual initial ratio applied in Herten (30%). Including, however, the phosphate concentration
PHDVXUHG LQ WKH QDWLYH JURXQGZDWHU  ȝPRO/  SRVHG VLJQL¿FDQW FRPSHWLWLRQ WR WKH
negatively charged As(5) (arsenate) for the sorption sites of ferrihydrite due to the negative
charging of the ferrihydrite surface (Appelo and Vet 2003). As a result, desorption of As
occurs as soon as the native groundwater with high PO43- concentration contacts the
ferrihydrite surface during the recovery. Nevertheless, as modeled in Figure 4.3 (Row 2),
WKHVLPXODWHG³ZDYH´RIWKHGHVRUELQJ$VGRHVQRWUHDFKWKH$65ZHOOEHIRUHUHFRYHULQJ
90% of the injected water. A similar pattern was observed during the recovery between the
monitoring wells and the ASR well in the Herten aquifer. Besides phosphate, dissolved silica
has been found to compete with arsenic for the sorption sites on ferrihydrite (Swedlund and
Webster 1999). Including the measured native silica concentration (0.32 mmol/L) resulted
in additional arsenic mobilization (results not shown). The effect, however, was smaller as
compared to the effect of phosphate and, again, the simulated arsenic wave did not reach
the ASR well before recovering 100% of the injected water.
In contrast to the effect of phosphate and silica, the sorption of arsenate is enhanced by
sorption of Fe(II), because it charges the surface positively (Appelo and Vet 2003). The
³DEXQGDQW´QDWLYH)H ,, LQWKH+HUWHQDTXLIHUZDVSRVVLEO\WKHPDLQUHDVRQIRUWKHODFNRI
$VLQWKHDEVWUDFWHG$65ZDWHU'HFUHDVLQJWKHQDWLYH)H ,, FRQFHQWUDWLRQ WRȝPRO/
– 70% decrease) resulted in the simulated As wave reaching the ASR well after having
DEVWUDFWHGRIWKHLQMHFWHGZDWHUDQGWKHFRQFHQWUDWLRQJUHDWO\LQFUHDVLQJLQWKH¿QDO
fraction of the recovered volume (Figure 4.3 - Row 3). Low Fe (and Mn) concentrations
may also be expected in aquifers with high HCO3- in the native water (e.g. during aquifer
freshening) which promotes the precipitation of Fe/Mn-carbonates. Moreover, the HCO3anion, when in high concentrations, poses major competition for the adsorption sites on
ferrihydrite (Gao et al. 2011) and may displace arsenic and especially arsenite since they
both form neutral surface complexes (Appelo and Vet 2003). Such aquifers, therefore, are
also prone to arsenic exceedances during ASR activities.
4.3.2 Effects of multiple cycles on abstracted water quality
The model was allowed to run for 10 fully-recovering (100%) cycles and the spatial
distributions of the various concentrations were plotted at the end of each injection and each
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Figure 4.3. Spatial evolution of dissolved (left) and adsorbed (on ferrihydrite, right) arsenic (total) during one ASR cycle (10 days injection, 10 days storage and 10 days
recovery) for 3 scenarios: (Row 1) native groundwater composition without PO4, (Row 2) native groundwater composition including measured PO4, (Row 3) native groundwater
composition with PO4 but with low Fe(II). Blue dashed lines represent injection (daily from light to dark blue). Red lines represent recovery (daily from light to dark red). All aqueous
FRQFHQWUDWLRQVDQGVROLGFRQWHQWVDUHH[SUHVVHGLQȝPRO/
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recovery phase. This approach helped visualizing how, in the absence of Mn-siderite, the
abstracted water quality gradually improves solely due to the cumulative water-sediment
reactions. The model results are presented in Figure 4.4. The most important observation
is that the simulated dissolved Fe(II) and Mn(II) fronts gradually penetrate deeper into
the aquifer with every ASR cycle. The transient character of the well operation where the
recovery stops (at 100%) before the native iron concentration reaches the well (Figure
 FDXVHVDQLQFRPSOHWHUH¿OORIWKHH[FKDQJHUDQGDOORZVWKHR[\JHQLQWKHIROORZLQJ
injection to penetrate further into the aquifer (Appelo et al. 1999). This additional oxygen, in
combination with a cumulative increase of iron hydroxide precipitates (Figure 4.4) provides
expanding adsorptive surfaces with every cycle (Van Beek 1983, Rott and Friedle 1985).
Also, the gradually increasing pH conditions slowly facilitate the Fe(II) and Mn(II) adsorption
RQWKHIHUULK\GULWHVXUIDFHV$VDUHVXOWWKHUHFRYHU\HI¿FLHQF\ZLWKUHVSHFWWR)H ,, DQG
Mn(II) gradually increased. The model predicted a gradual concentration build-up for
DGVRUEHG$V )LJXUH UHVXOWLQJLQDJUDGXDOLPSURYHPHQWLQWKHUHFRYHU\HI¿FLHQF\DOVR
with respect to As.
4.3.3 Optimization – building a buffer zone
8VXDOO\WKH¿UVWVWDJHV F\FOHV RIDQHZ$65DSSOLFDWLRQDUHGHGLFDWHGWR³SUHSDUH´WKH
aquifer for a safe ASR usage. Such preparation can be achieved by different means,
such as by creating a buffer zone that separates the stored water from the surrounding
native water or by injecting oxidant-rich water in order to accelerate the aquifer depletion/
deactivation of its reactive phases which deteriorate the water quality. This deactivation is
usually due to the increased Fe-hydroxide precipitation at the surface of the pyrite crystals,
which inhibit pyrite’s further oxidation and at the same time increase the sorption capacity
of the sediments (Evangelou 1995). A combination of both techniques is usually followed.
$QHI¿FLHQWZD\WRDFKLHYHDUHFRYHU\HI¿FLHQF\RIZLWKUHVSHFWWRDVSHFL¿FHOHPHQW
is by performing a series of ASR cycles where the recovery stops as soon as the recovered
FRQFHQWUDWLRQRIWKHHOHPHQWH[FHHGVWKHGULQNLQJZDWHUJXLGHOLQH'HVSLWHWKHVH¿UVWF\FOHV
producing less water compared to the injected volume, the abstracted water can, of course,
VWLOOEHXVHGDVGULQNLQJZDWHU$QHOHPHQWVSHFL¿FEXIIHU]RQHLVWKXVFUHDWHGZKLFKDOORZV
IRUDUHFRYHU\HI¿FLHQF\RI
For the three types of source water, we simulated during 10 consecutive cycles the gradual
HYROXWLRQRIWKHUHFRYHU\HI¿FLHQF\ZLWKUHVSHFWWRLURQPDQJDQHVHDQGDUVHQLF )LJXUH
  0QVLGHULWH ZDV QRZ LQWURGXFHG DV LW UHÀHFWHG WKH PDLQ SUREOHPDWLF SKDVH 7KH
LQMHFWLRQDOZD\VFRQVLVWHGRID¿[HGYROXPHRIZDWHU FHOOVKLIWV ZKHUHDVWKHUHFRYHU\
automatically halted when the drinking water guideline with respect to any of these elements
was exceeded in the ASR well. This way, the ASR bubble increased progressively in volume
while at the same time a buffer zone was created shifting the processes responsible for the
water quality deterioration further away from the ASR well. The cycling was stopped when a
UHFRYHU\HI¿FLHQF\RIZLWKUHVSHFWWRHDFKHOHPHQWZDVDFKLHYHG(DFKVFHQDULRKDG
96

Figure 4.4. Spatial evolution of dissolved and adsorbed (on ferrihydrite) Fe(II) and Mn(II) at the end of each injection, storage and recovery phase of 10 ASR cycles. Ferrihydrite
formation and pH are also plotted. Blue dashed lines represent the end of each injection phase (injection 1: light blue, injection 10: dark blue). Red lines represent the end of each
recovery phase (recovery 1: light red, recovery 10: dark red). Pretreated drinking water was used as a source. All aqueous concentrations and solid contents are expressed in
ȝPRO/
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as dosing stops. Right: pH of recovered water by the end of each cycle for the different dosing scenarios.
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$V DOUHDG\ PHQWLRQHG WKH EUHDNWKURXJK RI WKH DUVHQLF ZDYH GXULQJ WKH ¿UVW F\FOH ZDV
dependent on the concentrations of various elements and compounds such as phosphate,
VLOLFDWH DQG IHUURXV LURQ 7KH LQÀXHQFH RI WKHVH HOHPHQWV EHFRPHV XQQRWLFHDEOH GXULQJ

1

urban storm water scenario, we furthermore tested restarting the injection before arsenic
exceeded the drinking water standards (results not shown). This early restart, however, did
QRWLPSURYHWKHWHPSRUDOHYROXWLRQRIWKHUHFRYHU\HI¿FLHQF\,QIDFWWKHVLPXODWHGF\FOLQJ
VFKHPHVLQ)LJXUHFSURYHGWREHWKHPRVWHI¿FLHQWRQHVIRUHDFKHOHPHQW

10

in the ASR well right away. The injection of urban storm water delayed the optimization with
respect to iron (by 200% compared to the drinking water scenario) as observed in Figure
4.5c. The simulated arsenic, however, posed a persisting problem limiting the recovery
HI¿FLHQF\WRaDQGGHOD\LQJWKHLPSOHPHQWDWLRQRIDQHIIHFWLYHEXIIHU]RQH'XULQJWKH

40

(results not shown). In contrast with the other two types of source water, arsenic exceeded
the drinking water guideline in the recovered water at recovery ratios > 70% (Figure 4.5C).
The oxidation of DOC generated HCO3- which competed with arsenic for available sorption
sites during recovery (Appelo et al. 2002). The lower pH conditions (~6.5) impeded again
WKHHI¿FLHQW)H ,, DQG0Q ,, VRUSWLRQGXULQJWKHUHFRYHU\ZKLFKOHGWRWKHLUEUHDNWKURXJK

50

Scenario 3: Urban storm water
The injection of urban storm water was mainly characterized by the consumption of an
appreciable O2 fraction (~24%) by DOC in the source water decreasing, as a consequence,
the extent of the simulated pyrite oxidation and the consequent ferrihydrite formation

10

removal of Fe(II) and Mn(II) during recovery. This increased the required number of cycles
WR ZLWKUHVSHFWWRWKHGULQNLQJZDWHULQMHFWLRQ EHIRUHDFKLHYLQJHI¿FLHQF\ZLWK
respect to manganese, whereas iron showed a very slow improvement allowing only ~40%
UHFRYHU\HI¿FLHQF\DIWHULQFUHDVLQJWKHQXPEHURIF\FOHVWR )LJXUHE 

50

The slightly lower pH of the desalinated source water in combination with the oxidation
reactions resulted in a simulated pH value of ~6.3 in the aquifer (result not shown) promoting
some additional Mn-siderite dissolution as compared to the injection of the pretreated
drinking water (Table 4.4). Additionally, the low pH conditions inhibited the effective sorptive

100

Scenario 2: Desalinated seawater

Fe (ȝmol/l)

operation (Figure 4.5a).

Mn (ȝmol/l)

0DQJDQHVH VKRZHG KLJKHU F\FOLQJ UHTXLUHPHQWV  F\FOHV  EHIRUH JHWWLQJ HI¿FLHQWO\
removed, whereas arsenic was absent straight from the beginning of the simulated ASR

As (ȝmol/l)

Scenario 1: Pretreated drinking water
Iron related problems were almost absent during the injection of the pretreated drinking
water, in line with the observations during the Herten ASR pilot. The simulated pH did
not decrease to such low levels (pH > 6.8) that would complicate the sorption of Fe(II).

% native water

GLIIHUHQWF\FOLQJUHTXLUHPHQWVEHIRUHDFKLHYLQJUHFRYHU\HI¿FLHQF\WKXVUHVXOWLQJLQ
different bubble volumes.

Figure 4.5. 5HFRYHU\HI¿FLHQF\LPSURYHPHQWZLWKLQFUHDVLQJQXPEHURI$65F\FOHVZLWKUHVSHFWWR)H ,, 0Q ,, DQGDUVHQLFIRUWKHVRXUFHZDWHUW\SHV(DFKF\FOHGD\V
injection, 10 days storage and 10 days recovery.
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secondary y axis. DWG = Drinking Water Guideline.
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continue for a number of cycles equal to 40% (20 cycles) of the number of cycles required
when no NaOH is added to the desalinated water (49 cycles). This relationship was found to
EHYDOLGIRU[ȝPRO/

10

water, the cycling requirements compared to the scenario without NaOH depend on the
NaOH dosage and follow the linear relationship  ݕൌ െͲǤ͵ʹ ݔ ͳǤ (R2 = 0.988), where x
is the NaOH concentration added and y is the percentage of cycling requirements relative
WRWKHVFHQDULRZLWKRXW1D2+GRVDJH)RUH[DPSOHDȝPRO/GRVDJHRI1D2+VKRXOG

8

WKH$65 ZHOO DQG LPSURYH WKH UHFRYHU\ HI¿FLHQF\ ZLWK UHVSHFW WR )H ,,  )LJXUH  7KH
abstracted Mn(II) was of secondary importance and did not break through before Fe(II) did.
6WRSSLQJWKH1D2+GRVDJHUHVXOWHGLQDVXGGHQGURSLQWKHUHFRYHU\HI¿FLHQF\WRZDUGVWKH
scenario without NaOH addition (dashed lines). It is expected that NaOH dosage should
EHFRQWLQXHGHYHQDIWHUHI¿FLHQF\LVUHDFKHG,QWKLVSDUWLFXODUFDVHRIGHVDOLQDWHG

40

The Fe(II)-related problems, encountered when using desalinated water, were successfully
WUHDWHGZLWKORZ1D2+GRVDJHVZKLFKDFFHOHUDWHGWKHLPSOHPHQWDWLRQRIDQHI¿FLHQWEXIIHU
zone. The small pH increase was enough to reduce the dissolution of Mn-siderite around

50

depicted in Figure 4.6 for the desalinated and in Figure 7 for the urban storm water scenarios.

10

The usefulness of this treatment technique is studied in more detail in the following by
assessing its effectiveness with respect to the different source water types and by identifying
the relevant issues associated with each one of them. O2 and NaOH dosing in the model was
performed in increments in order to observe how Fe(II) and Mn(II) behave. The results are

50

because of its ease of injection and handling and its high base solubility. However, due to
the relatively high cost in comparison to other sources of soluble base, NaOH may not be
the ideal chemical for practical treatment.

100

buffer has been experimentally tested in real scale ASR pilots in Virginia and South Carolina
which suffered from Fe and Mn concentration exceedances in the recovered water (Ibison
et al. 1995, Pyne et al. 2013). It has also been shown by numerical simulations (Chapter
3) that the Mn(II) mobilization in the Herten aquifer can be reduced by enriching the source
water with 0.8 mmol/L of O2 and/or 0.5 mmol/L of NaOH. We used NaOH in our simulations

Fe (ȝmol/l)

well, and to prevent the dissolution of carbonate minerals as a response to undersaturated
VRXUFH ZDWHUV RU DFLGLI\LQJ ZDWHUDTXLIHU LQWHUDFWLRQV $GGLWLRQDOO\ DQ HI¿FLHQW VRUSWLRQ
of Fe(II) and especially Mn(II) on the Fe-hydroxides (and Mn-oxides) formed during the
injection of oxic water requires a pH > 7.5 (Buamah et al. 2008). The effect of dosing a pH

Mn (ȝmol/l)

4.3.4 Optimization – dosing agents
The implementation of a buffer zone can be accelerated by using pH-buffering agents such
as NaOH and Na2CO3 to increase the alkalinity and pH of the aquifer around the ASR

As (ȝmol/l)

concentrations, as this may have adverse effects on the arsenic behavior.

% native water

the simulated creation of the buffer zone since the native water is sequentially pushed
further and does not interfere with the sorption sites in the storage zone. Care should be
taken, however, when the source water itself contains substantial phosphate and/or silicate

Figure 4.7. /HIW(YROXWLRQRIUHFRYHU\HI¿FLHQF\ZLWKUHVSHFWWR$VIRUWKHXUEDQVWRUPZDWHUVFHQDULRIRUGLIIHUHQW22DQG1D2+GRVDJHV'DVKHGOLQHVGHSLFWWKHHI¿FLHQF\GURS
as soon as dosing stops. Right: pH of recovered water by the end of each cycle for the different dosing scenarios.
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Building a buffer zone using urban storm water proved to be a more complicated task.
Enriching the source water with O2 (0.47 and 0.63 mmol/L) resulted in an increased pyrite
oxidation and consecutively in a more extended ferrihydrite precipitation. This enhanced
ferrihydrite formation, in combination with a pH decrease (Figure 4.7), facilitated the sorption
RI DUVHQLF DQG DFFHOHUDWHG WKH LPSOHPHQWDWLRQ RI DQ HI¿FLHQW EXIIHU ]RQH ZLWK UHVSHFW WR
WKLVHOHPHQW7KHLQFUHDVHGDFLGL¿FDWLRQKRZHYHUSURPRWHGWKHGLVVROXWLRQRI0QVLGHULWH
which, due to enhanced Mn(II) and especially Fe(II) concentrations, limited the successful
LPSOHPHQWDWLRQRIDEXIIHU]RQH,QRWKHUZRUGVWKHWUHDWPHQWWXUQHG)H ,, LQWRWKHHI¿FLHQF\
controlling element since its concentration exceeded the drinking water guideline before As
GLG ,Q RUGHU WR LPSURYH WKH $V VRUSWLRQ ZLWKRXW FDXVLQJ )H RU 0Q SUREOHPV D ¿[HG 22
dosage (0.47 mmol/L) was combined with various levels of NaOH addition (Figure 4.7). The
GLVFRQWLQXDWLRQRIWKHWUHDWPHQWVUHVXOWHGLQDGHFOLQLQJUHFRYHU\HI¿FLHQF\LQGLFDWLQJDJDLQ
WKDWWKHGRVDJHVKRXOGEHFRQWLQXHGHYHQDIWHUWKH$VVSHFL¿FEXIIHU]RQHLVDFKLHYHG,Q
this case, however, the source water treatment should continue for a number of cycles equal
to the one required without dosage. The positive effects of the various treatment methods
are summarized in Table 4.5. We conclude that, when using pH buffers and O2 enrichment to
LPSURYHWKHUHFRYHU\HI¿FLHQF\GXULQJWKHLPSOHPHQWDWLRQRIDEXIIHU]RQHWKHEHKDYLRURI
all critical elements should be carefully monitored since, by changing the aquifer conditions,
ZHPLJKWDOVRFKDQJHWKHRUGHURIWKHHI¿FLHQF\OLPLWLQJHOHPHQWV

ASR well was monitored for a period required for the complete bubble migration (at 0.02
PGIRUWKHVSHFL¿FDTXLIHUOD\HU RULQRWKHUZRUGVXQWLOWKHQDWLYHZDWHUUHDFKHGWKH$65
well (50% breakthrough) (Figure 4.8).
It is clear that the bubble migration caused water quality deterioration long before the arrival
of the native water. For the drinking water, a bubble migration of 40% (340 days) was enough
to cause Mn(II) exceedances in the ASR well, whereas Fe(II) surpassed the drinking water
guideline after 52% (442 days) of bubble migration. The low pH conditions associated with
the injection of the desalinated water, promoting the Mn-siderite dissolution and inhibiting
DQHI¿FLHQWVRUSWLYHUHPRYDOUHVXOWHGLQ)H ,, SUREOHPVDIWHURQO\ GD\V RIEXEEOH
GULIW7KHKLJKF\FOLQJUHTXLUHPHQWVEHIRUHDFKLHYLQJDHI¿FLHQF\XVLQJGHVDOLQDWHG
water makes this a far worse scenario than when using drinking water. The desalinated water
scenario resulted also in the Mn(II) exceeding the drinking water guideline after 23% (506
days) of bubble drift. As discussed earlier, the injection of urban storm water resulted in water
TXDOLW\GHWHULRUDWLRQPDLQO\ZLWKUHVSHFWWRDUVHQLF%XLOGLQJDEXIIHU]RQHDLPHGDWGHÀHFWLQJ
the arsenic wave away from the well, so that it does not appear before achieving 100%
UHFRYHU\HI¿FLHQF\$VH[SHFWHGWKHDUVHQLFZDYHUHDFKHGWKHZHOODIWHU GD\V RI

Adding NaOH or any other buffer solution to the source water should be in agreement with

bubble migration reaching its peak at 49% (392 days) far above background concentrations
(Figure 4.8). The concentration then decreased again as PO4 (not shown) and higher Fe(II)
concentrations reached the ASR well. Even though the water quality reached prohibitive
levels before the arrival of the native water, this does not mean that the native water

the permissible dissolved elemental concentrations in the groundwater. In the Netherlands,
a health-based standard value of 6.52 mmol/L has been established for the dissolved
Na. Above 8.7 mmol/L, sodium may affect the taste of drinking water. Even after a NaOH
dosage, sodium levels remain well below such levels rendering the technique safe from that

composition is an irrelevant factor. The spatial distribution of the sorptive surfaces during
the development of the buffer zone is directly related to the native water composition and
PD\LQÀXHQFHLQGLUHFWO\WKHZDWHUTXDOLW\GXULQJDIXWXUHEXEEOHPLJUDWLRQ$VREVHUYHGLQ
Figure 4.8, the lack of Fe(II) in the native water during the development of the buffer zone

perspective. The bulk prices range between US $300-500/ton for high purity (99%) sodium
hydroxide, depending on the ordered amount. For the highest NaOH dosage tested (0.1
mmol/L) the corresponding costs would thus be 1.2 – 2 dollar cents/m3 water.

results, during the urban storm water scenario, in a stronger As breakthrough (dashed lines)
reaching its peak after the bubble has migrated by 45% (360 days).

The precipitation of calcite may occur around the ASR well upon the injection of water to

The source water treatment (with O2 and/or NaOH) during the creation of the buffer zone not
only serves in accelerating the buffer zone completion but also in protecting the water quality

which a pH buffer such as NaOH has been dosed. A total calcite precipitation of about
0.5 mmol/L was estimated to take place around the ASR well during the maximum NaOH
dosage tested (0.1 mmol/L during the desalinated water scenario). Such concentrations
could potentially cause clogging issues and injectivity problems, so care should be taken

around the ASR well during a long stand-still period where bubble migration may occur. As
observed in Figure 4.9, the Fe(II) exceedances were successfully delayed with increasing
NaOH concentrations used, due to the higher pH conditions around the ASR well. The early
Fe(II) onset after only 9% of bubble migration was shifted to 59% (413 days) when the buffer

ZKHQDSSO\LQJWKLVWHFKQLTXHWRWKH¿HOG

]RQHZDVFUHDWHGE\DGGLQJȝPRO/RI1D2+WRWKHGHVDOLQDWHGVRXUFHZDWHU

4.3.5 Effects of bubble migration
The migration of the ASR bubble could be an issue depending on the background groundwater
ÀRZYHORFLW\DQGWKHGXUDWLRQRIWKHVWRUDJHSKDVH,QFDVHRIEXEEOHPLJUDWLRQWKHLQÀRZ

Similar results were obtained for the breakthrough of Fe(II) and As during bubble migration
after having combined the injection of urban storm water with O2 and NaOH treatment
(Figure 4.10). The more extended ferrihydrite formation associated with the increased pyrite

of mixed and eventually native groundwater may result in further water quality degradation.
7KHHIIHFWVRIWKHEXEEOHPLJUDWLRQDIWHUUHDFKLQJUHFRYHU\HI¿FLHQF\ZHUHPRGHOHG

oxidation contributed to a more effective As sequestration. At the same time, the pH was

by slowly letting the native water approach the ASR well. The simulated water quality at the
102

maintained at levels that did not promote the dissolution of Mn-siderite and that did not inhibit
an effective sorptive removal of Fe(II) and Mn(II), as happened during the O2 enrichment
103
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40

4.3.6 Approach limitations
,Q RXU DSSURDFK WKH$65 DSSOLFDWLRQ KDV EHHQ VLPSOL¿HG WR D UHSHWLWLRQ RI HTXDO F\FOHV
FRPSRVHGRILQ¿OWUDWLRQVWRUDJHDQGUHFRYHU\ZLWKWKHUHFRYHUHGYROXPHQHYHUH[FHHGLQJ

NaOH 100 ȝmol/l
NaOH 50 ȝmol/l

Fe (ȝmol/l)

30

NaOH 30 ȝmol/l

10

WKHSUHFHGLQJLQ¿OWUDWHGYROXPH,QUHDOLW\WKLVLVIUHTXHQWO\QRWWKHFDVH<HDUVZLWKPRUH
DQG OHVV DYDLODELOLW\ RI ZDWHU WR LQ¿OWUDWH ZLOO DOWHUQDWH ZKLOH FRQWUDU\ ÀXFWXDWLRQV LQ WKH
water demand will exert pressure to use parts of the buffer zone. In addition, the ASR
F\FOLQJIUHTXHQWO\FDQQRWEHVFKHPDWL]HGDVDVWHDG\VHTXHQFHRILQ¿OWUDWLRQVWRUDJHDQG

0

UHFRYHU\EHFDXVHRIWKHÀXFWXDWLRQVLQWKHZDWHUDYDLODELOLW\DQGWKHGHPDQG)RUH[DPSOH
recovery may be needed earlier leaving no storage phase, and after recovery it may take

DWG
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80

100

PRQWKVEHIRUHWKHQH[WLQ¿OWUDWLRQF\FOHZLOOVWDUWWKXVFUHDWLQJDQDGGLWLRQDOVWRUDJHSKDVH
Such scenarios can be modeled as well, but are beyond the scope of this paper.



Figure 4.9. Evolution of Fe(II) concentration in the ASR well during a 100% complete bubble migration after having
FUHDWHGDHI¿FLHQWEXIIHU]RQHZLWKGHVDOLQDWHGZDWHUDQG1D2+DGGLWLRQ':* 'ULQNLQJ:DWHU*XLGHOLQH

alone. The Mn(II) concentration (results not shown) improved only slightly (due to its higher
pH requirements) and broke through at 70% (455 days) together with the As, whereas the
Fe(II) exceeded the drinking water guideline at 64% (416 days) of bubble migration (for a
0.47 mmol/L O2DQGȝPRO/1D2+DGGLWLRQ %HVLGHVDODWHUEUHDNWKURXJKWKHDUVHQLF
SHDNZDVDOVRGDPSHQHGDQGUHDFKHGDFRQFHQWUDWLRQRIRQO\ȝPRO/$FFHOHUDWLQJWKH
buffer zone build-up using the NaOH-enriched drinking water had only small positive effects
during a subsequent bubble migration (Table 4.5).
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be calculated when the transmissivity of each screened layer is known. In this case, multiple
PHREEQC models are required to simulate the recovered water quality from each layer.

4.4 CONCLUSIONS
The injection of pre-treated drinking water caused Mn(II) exceedances which, however,
disappeared after a number of cycles, provided that the recovery would halt as soon as
the Mn(II) exceedances would occur. We showed this way how to build an effective buffer
]RQHWKDWZRXOGDOORZDUHFRYHU\HI¿FLHQF\RIWKHVXEVHTXHQWF\FOHV7KHLQMHFWLRQRI
desalinated water caused persisting Fe(II) exceedances which substantially slowed down
the creation of an effective buffer zone, whereas the injection of urban storm water caused
similar issues with respect to arsenic. The oxygen concentration and the pH of the source
water were the key parameters controlling the processes in the storage zone and the quality
of the recovered water. It was shown that enriching the source water with O2 and/or NaOH
KDGPDMRUSRVLWLYHHIIHFWVE\DFFHOHUDWLQJWKHFUHDWLRQRIDQHI¿FLHQWEXIIHU]RQH

10

1
0

As already mentioned, our approach did not consider mixing of water recovered from
different aquifer layers in the ASR well. The mixing proportion of different aquifer layers can

40
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Figure 4.10. Evolution of As and Fe(II) concentrations in the ASR well during a complete bubble migration after
KDYLQJFUHDWHGDHI¿FLHQWEXIIHU]RQHZLWKXUEDQVWRUPZDWHUDQG22 / NaOH addition. DWG = Drinking Water
Guideline.
Table 4.5. Summary of tested enrichment techniques for the 3 source water types and the effect of bubble migration.

(QULFKLQJ WKH GHVDOLQDWHG ZDWHU ZLWK  ȝPRO/ RI 1D2+ ZDV HQRXJK WR GUDVWLFDOO\
LPSURYH WKH UHFRYHU\ HI¿FLHQF\ DQG TXLFNO\ EXLOG DQ HIIHFWLYH EXIIHU ]RQH 6LPLODUO\
enriching the urban storm water with 0.47 mmol/L of O2 was enough to inhibit the persisting
$VFRQFHQWUDWLRQVZKHUHDVDQDGGLWLRQDOȝPRO/1D2+DGGLWLRQTXLFNO\VXSSUHVVHGWKH
Fe(II) and Mn(II) concentrations to safe levels.

O2 (mmol/l)

1D2+ ȝPROO

% decrease in cycling
UHTXLUHPHQWVIRUHI¿FLHQW
buffer zone

without dosage

with dosage

The effects of bubble migration during a long stand-still phase were studied for the three
types of source water. Exceedances of drinking water guidelines with respect to Fe(II) and
Mn(II) occurred long before the arrival of the native water and were associated with the

drinking water

Mn

0

50-100

20-40

40

42-47

slightly acidic pH conditions promoting the dissolution of Mn-carbonate and preventing

desalinated water

Fe

0

30-100

75-94

9
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DQ HI¿FLHQW VRUSWLYH UHPRYDO$UVHQLF H[FHHGDQFHV ZHUH DOVR DVVRFLDWHG ZLWK LQHI¿FLHQW

urban storm water
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0.47

10-50

60-87

34

47-70

sorptive removal after arsenic was released during pyrite oxidation. Enrichment of the

dosage tested

HI¿FLHQF\GH¿QLQJ
source water type
element

104

bubble migration before water
quality deterioration (%)
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source water with O2 and/or NaOH was also helpful in protecting the water quality around
the ASR well for a longer time during a bubble migration scenario. Scenario modeling with
a calibrated reactive transport model proved to be a useful and practical tool to optimize
an ASR system with respect to water quality. The numerical simulations showed that ASR
using other types of source water besides drinking water can be viable for the potable water
supply, provided of course, that the initial quality of the source water does not exceed any
drinking water guidelines.
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CHAPTER 5

Aquifer pre-oxidation using permanganate to
mitigate water quality deterioration during ASR

Published as:
$QWRQLRX($+DUWRJ1YDQ%UHXNHOHQ%0DQG6WX\I]DQG3-  ³$TXLIHU
pre-oxidation using permanganate to mitigate water quality deterioration during aquifer
VWRUDJHDQGUHFRYHU\´$SSOLHG*HRFKHPLVWU\  

Chapter 5: Aquifer pre-oxidation using permanganate to mitigate water quality deterioration

ABSTRACT

5.1 INTRODUCTION

Water quality deterioration is a common occurrence that may limit the recovery of injected
water during aquifer storage and recovery (ASR) operations. This limitation is often induced

Aquifer storage recovery (ASR) is a water resource management tool used to balance the
water supply with the demand. During periods of excess water supply, water is injected

by the oxidation of the reduced aquifer components by the oxygenated injection water. This
study explores the potential of aquifer pre-oxidation using permanganate to improve the
quality and volume of the recovered water during ASR. An experimental ASR column setup
was developed to simulate the oxygenated water injection and recovery cycles. Undisturbed

and stored in an aquifer for subsequent recovery and use in times of water demand
3\QH   $65 FDQ UHVXOW LQ ZDWHU TXDOLW\ LPSURYHPHQWV LQFOXGLQJ GHQLWUL¿FDWLRQ
biodegradation of organic micropollutants, such as chlorination byproducts (Pavelic et al.
2005) and pharmaceuticals (Overacre et al. 2006), and removal of pathogens (Page et al.

sediments from an anoxic brackish aquifer at a pilot ASR site were used. A series of 4
conventional ASR cycles injecting oxygenated tap (drinking) water was initially performed.
These experimental trials showed a persistent Mn(II) production due to the dissolution of
a Mn-containing carbonate that was triggered by pyrite oxidation reactions, as shown by
the observed sulfate production. The rise in the Mn(II) concentrations above the drinking

2010). However, water quality deterioration may also occur during ASR, for example, when
oxygenated (surface) water is injected into an anoxic environment containing reactive phases,

water standards would limit the recovery to 15-30% of the injected water without treatment
of the recovered water. To a lesser extent, arsenic production resulting from the oxidative

organic material (Vanderzalm et al. 2002, Stuyfzand et al. 2005). This process may result,

dissolution of pyrite posed a water quality threat to the ASR operation. Consequently, a
second series of experiments was performed with an oxidation cycle using a dilute (0.02M)
potassium permanganate (KMnO4) solution, aimed at deactivating the reactive phases
responsible for the acidity-triggered Mn(II) production. This pre-treatment cycle improved
the net recovery ratio to 84% during a conventional ASR cycle using oxygenated tap water.
The extent of pyrite oxidation was decreased by 63% after the permanganate treatment.
The increased competition for oxygen by the adsorbed Fe(II) and Mn(II) on the newly
SUHFLSLWDWHG 0QR[LGHV FRPELQHG ZLWK WKH S\ULWH ³GHDFWLYDWLRQ´ E\ UHPRYDO RI WKH PRVW
UHDFWLYHLURQVXO¿GHFU\VWDOVGXULQJWKHSHUPDQJDQDWHÀXVKZHUHSULPDULO\UHVSRQVLEOHIRU
the observed decrease in the pyrite oxidation. The stability of the Mn-oxide precipitates was
WHVWHGE\ÀXVKLQJWKHFROXPQVZLWKQDWLYHJURXQGZDWHUEHIRUHSHUIRUPLQJD¿QDO$65F\FOH
simulating an increase in the reducing conditions during static periods in the ASR system.
The Mn-oxide reduction by ferrous iron in the native groundwater released substantial
amounts of Mn(II), which adversely affected the ASR operation in the subsequent cycle. In
these cases, repeating the permanganate treatment should be considered.
Keywords: ASR, aquifer storage recovery, aquifer recharge, permanganate treatment,
pyrite, manganese, arsenic, column experiments

such as pyrite, carbonates and sedimentary organic material (SOM). The water quality may
further deteriorate during an extended storage or recovery phase due to the migration of
the stored water or due to the reducing conditions triggered by anaerobic degradation of the
at least during the initial ASR cycles, in elevated concentrations of released Fe(II), Mn(II),
arsenic and other trace elements, such as nickel and cobalt (Stuyfzand 1998, Pyne 2003).
7KHVHHOHYDWHGFRQFHQWUDWLRQVPD\OLPLWWKHUHFRYHU\HI¿FLHQF\RIHDFK$65F\FOHGH¿QHG
as the percent recovery by volume (Pyne 2005).
$UVHQLFUHOHDVHIURPS\ULWLIHURXVDTXLIHUPDWHULDOGXULQJ$65LVSUREOHPDWLFDWZHOO¿HOGVLQ
different parts of the world (Stuyfzand 2001, Mirecki 2004, Price and Pichler 2006, Arthur
et al. 2007, Jones and Pichler 2007, Vanderzalm et al. 2007, Stuyfzand and Pyne 2010).
Persistent manganese release, typically derived from the dissolution of carbonates, has
also been observed during ASR operations (Ibison et al. 1995, Pyne 2005, Stuyfzand et al.
2005b, Pyne et al. 2013). A common aspect of these studies has been that the manganese
PRELOLW\ZDVLQÀXHQFHGE\WKHS+ZKLFKFRQWUROOHGWKHVROXELOLW\RID0QFRQWDLQLQJVLGHULWH
&KURQLFH[SRVXUHWRPDQJDQHVHLQGULQNLQJZDWHUDERYHWKH:+2JXLGHOLQHRIȝPRO/
PD\KDYHQHXURORJLFDOHIIHFWV&RQFHQWUDWLRQVDERYHWKHDHVWKHWLFJXLGHOLQHRIȝPRO/
are related to a water color that is black to brown, black staining, and a bitter metallic taste
(US-EPA 2009). The removal of Fe(II) and Mn(II) requires further treatment of the recovered
water, thus increasing the costs of the ASR system operation. Conventional treatment
techniques for the removal of iron and manganese during drinking water production
LQFOXGHDHUDWLRQDQGUDSLGVDQG¿OWUDWLRQRFFDVLRQDOO\VXSSRUWHGE\FKHPLFDOR[LGDWLRQDQG
sedimentation (Buamah 2009).
To minimize the negative effects of the aquifer reactivity on the water quality, oxygen
removal prior to injection has been attempted. Physical removal using a membrane
degassing system has been tested in Florida but suffered from high costs and operational
issues (Kohn 2009). Catalytic removal of dissolved oxygen from the injected water using
a palladium surface and hydrogen gas has not shown long-term reliability (ENTRIX 2009).
Pearce and Waldron (2010) have successfully limited arsenic production during ASR by the
DGGLWLRQRIK\GURVXO¿GH 1D+623 and NaHS) in the injected water and the chemical removal
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RIWKHGLVVROYHGR[\JHQ+RZHYHUWKHDGGLWLRQRIK\GURVXO¿GHVUHVXOWHGLQVLJQL¿FDQWLURQ
production during ASR cycle testing, and the system is currently inactive. Moreover, oxygen
removal from the injection water is a process that must be repeated prior to every ASR

WUHDWPHQWRIWKHDTXLIHUVHGLPHQWVLPSURYHVWKHUHFRYHU\HI¿FLHQF\DQG HYDOXDWLRQRI
WKH ZDWHU TXDOLW\ GHYHORSPHQW DIWHU UHVDWXUDWLRQ ZLWK QDWLYH JURXQGZDWHU UHÀHFWLQJ WKH
situation during static conditions in the ASR system.

cycle.
Rather than removing oxygen and possibly other electron acceptors (notably NO3) from the
water prior to the ASR injection, extensive pre-oxidation of the aquifer to remove or inactivate
the reactive phases might prevent or decrease the water quality deterioration during
the ASR operation. This approach is based on evidence that water quality deterioration,
especially regarding iron, diminishes with successive cycles (Pyne 2005, Stuyfzand et al.
2005b). In this approach, the injection water is enriched with oxygen or nitrate to accelerate
WKH R[LGDWLRQ RI WKH UHDFWLYH SKDVHV LQ DQ DTXLIHU &KDSWHU   $ VLJQL¿FDQW S+ GHFOLQH
(from 7.6 to 6.7) in the subsequent storage phase due to the increased oxidation reactions
caused an enhanced Mn(II) production. The source of Mn(II) is due to the increased

5.2 MATERIALS AND METHODS
5.2.1 Aquifer sediments
Anoxic cores (1 m length and 0.1 m diameter) were obtained during the installation of an
$65ZHOOLQDFRQ¿QHGEUDFNLVKDQGDQR[LFDTXLIHUDWPEHORZVHDOHYHOLQ1RRWGRUS
the Netherlands, using a reverse-circulation rotary method (Zuurbier et al. 2014). The
VHGLPHQWV FRQVLVW RI ¿QH WR FRDUVH 3OHLVWRFHQH ÀXYLDO VDQGV WKDW FRQWDLQ RUJDQLFULFK
clay lenses. The cores were sealed in PVC liners and stored at 4°C until the following

carbonate dissolution buffering the induced acidity and due to inadequate sorptive removal.
$GGLWLRQDOO\HYHQZLWKR[\JHQHQULFKHGZDWHUDVXI¿FLHQWWKHUHIRUHEHQH¿FLDOGHFUHDVHLQ
the aquifer reactivity may require an impractical amount of treatment cycles.

DQDO\VHV  JUDLQVL]H  RUJDQLFPDWWHU UHDFWLYHDQGEXON   WRWDOFDUERQDWHFRQWHQW
by thermogravimetry (TGA in a CO2 DWPRVSKHUH DW    &    WRWDO FDUERQ
DQG VXOIXU XVLQJ D FRPEXVWLRQ DQDO\]HU /(&2 ,QGXFWLRQ )XUQDFH ,QVWUXPHQWV    WRWDO
HOHPHQWDOFRPSRVLWLRQXVLQJ;UD\ÀXRUHVFHQFH ;5) 7KHS\ULWHFRQWHQWDQGWKHUHDFWLYH
LURQ QRQS\ULWH ZHUHFDOFXODWHGXVLQJWKHIROORZLQJHTXDWLRQV *ULI¿RHQHWDO 

$TXLIHUSUHWUHDWPHQWXVLQJ³VWURQJHU´FKHPLFDOHOHFWURQDFFHSWRUVFRXOGDOORZWKHUHPRYDO
of aquifer reactivity while minimizing the number of treatment cycles required. The use of
WKHVHHOHFWURQDFFHSWRUVKDVSUHYLRXVO\EHHQZHOOHVWDEOLVKHGLQWKH¿HOGRILQVLWXFKHPLFDO

 ܵ݁ܨଶ ൌ ͲǤͷ כ ܵ כ

oxidation (ISCO) to minimize groundwater organic contaminant concentrations (Cavé et al.
2007, Mahmoodlu et al. 2013). Because oxygen can achieve a maximum saturation of 5
WLPHV R[\JHQ FRPSDUHGZLWKDLUWKHXVHRI³VWURQJ´HOHFWURQDFFHSWRUVIRUDTXLIHU
SUHWUHDWPHQWGXULQJ$65DOORZVDVLJQL¿FDQWO\JUHDWHUR[LGDWLRQFDSDFLW\SHULQMHFWHGZDWHU
volume, particularly for highly soluble ionic electron acceptors, such as permanganate
(MnO4-) (Cavé et al. 2007). An additional advantage of permanganate for aquifer pretreatment is the increase in the sorption capacity through the generation of Mn-oxide
precipitates. Mn-oxide precipitates are a by-product of the MnO4- reaction with the reduced
aquifer phases, such as sedimentary organic matter and pyrite. These precipitates may
coat the aquifer minerals and could effectively sequester a range of trace metals, including
manganese (Buamah et al. 2009). Finally, the oxidation of the sedimentary electron donors
with MnO4- consumes protons and increases the pH, thereby buffering the negative side
effects related to the lower pH values that occur during aquifer treatment with other electron
acceptors, such as oxygen.
The goal of this study is to test the feasibility of the permanganate pre-oxidation to minimize
the water quality deterioration during ASR operations using bi-directional ASR column
H[SHULPHQWVWRVLPXODWHWKHHYROXWLRQRIWKHZDWHUTXDOLW\LQDQDQR[LFDTXLIHU7KHVSHFL¿F

ܯிௌమ
൘ܯ
ௌ

(5.1)

 ݁ܨ௧௩ሺି௬௧ሻ ൌ ʹ ܯ כி൘ܯ

ிమ ைయ
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ܯி
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where ܯிௌௌమ , ܯ௦ and ܯிమைయ are the molar masses of FeS2, S, and Fe2O3, respectively.
represents the total sulfur content by weight (% dry weight) as measured by the carbon/
sulfur combustion analyzer, and Fe2O3 and Al2O3 represent their content by weight (%
d.w.), as determined by XRF. This formula assumes that the silicate-bound Fe2O3 amounts
to approximately 22.5% of the total Al2O3 content and that the total reactive Fe could be
regarded as enrichment on top of the silicate-bound Fe (Huisman and Kiden 1997, Dellwig
HWDO*ULI¿RHQHWDO 7KHFDWLRQH[FKDQJHFDSDFLW\ &(& ZDVFDOFXODWHGXVLQJ
the following empirical equation (Stuyfzand et al. 2012)

 ܥܧܥൌ ͷǤ  ܮ כ ͷǤͳ  כሺ ܪെ ͳǤͳሻ ܥ כ

(5.3)

where L is the clay fraction obtained from the grain size analyses, and Corg is the organic
carbon content as measured by TGA. The exchangeable Fe and Mn fractions were further
calculated using the PHREEQC model (Parkhurst and Appelo 1999) based on the calculated
CEC and the groundwater composition.

objectives include the following: 1) evaluation of the effect of the aquifer treatment with an
aqueous permanganate solution on the water quality and comparing it with the injection of

The sediment used to pack the columns was obtained from the core at a depth of 28-

FRQYHQWLRQDOR[\JHQDWHG DLUVDWXUDWHG ZDWHU HYDOXDWLRQRIZKHWKHUWKHSHUPDQJDQDWH

H[SHFWHG WR KDYH D PDMRU LQÀXHQFH RQ WKH ZDWHU TXDOLW\ 7KH ZDWHU TXDOLW\ GHWHULRUDWLRQ
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29 m. The core was obtained from a relatively reactive part of the aquifer, which was
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in these sediments has been previously observed during deep well injection experiments
WR GHWHUPLQH WKH IHDVLELOLW\ RI DUWL¿FLDO UHFKDUJH IRU WKH GULQNLQJ ZDWHU VXSSO\ 6WX\I]DQG
1998a). The sediment geochemistry, as averaged by the 5 samples obtained between a

ZHUH SUHFHGHG E\ D VDPSOLQJ SRUW DQG D ÀRZWKURXJK FHOO HTXLSSHG ZLWK VHQVRUV IRU S+

depth of 28 and 29 m, is described in Table 5.1.

Reinach, Switzerland). Two diaphragm-metering pumps (STEPDOS 08, KNF Flodos AG,

Table 5.1. Geochemical characteristics of the sediment used in the column experiments.

6XUVHH6ZLW]HUODQG DOORZHGWKHLQMHFWLRQDQGUHFRYHU\RIWKHZDWHUDWDORZÀRZUDWH 
ml/min). This rate corresponds to a linear velocity of 1.34 m/d, which resulted in a residence

Bulk OM

Carbonates

(Orbisint CPS11D), electrical conductivity (Condumax CLS21D), dissolved oxygen (Oxymax
COS22), and oxidation-reduction potential (ORP) (Orbisint CPS12D, Endress+Hauser AG,

Clay FeS2 Fereac (non-pyrite)

CEC Feexch Mnexch

As

WLPHRIKRXUVLQFROXPQ6WDLQOHVVVWHHOWXELQJ ´6ZDJHORN FRQQHFWHGDOORIWKH

% d.w.

meq/kg

ppm

SDUWVRIWKHFROXPQVHWXS7KHLQQHUZDOOVRIDOORIWKHHOHPHQWVLQFOXGLQJWKHFROXPQVÀRZ

0.49

10.58 0.13 0.02

4

WKURXJKFHOOVWDQNVDQGWXELQJZHUHFRDWHGZLWKD7HÀRQOD\HUWRDYRLGFRQWDFWEHWZHHQWKH

0.04

0.94 0.01 0.002

1.4

water and the stainless steel. Each column end was closed using 2 caps. The inner cap was
FRPSULVHGRID7HÀRQULQJKROGLQJDUHSODFHDEOHVLQWHUHGJODVV¿OWHUGLVN7KH¿OWHUSUHYHQWHG

Median grain size

Al2O3 CaO Fe2O3 MnO

ȝP

(XRF) % d.w.

Average

498

1.89 0.24 0.40 0.01

0.25

0.34

0.51 0.28

St dev

54

0.15 0.04 0.14 0.005

0.11

0.26

0.39 0.19

(LOI 550) % d.w. (LOI 1000) % d.w.

5.2.2 Water quality
Anoxic, brackish groundwater (Table 5.2) was collected from an observation well situated at a
distance of 40 m from the ASR well and screened at a depth of 36 m. The groundwater contained
appreciable concentrations of Fe(II) (0.42 mmol/L) and Mn(II) (0.03 mmol/L), whereas the
sulfate and arsenic concentrations were negligible. Well purging and in-situ measurements
of the dissolved oxygen, electrical conductivity and pH ensured that the water samples were
representative of the native groundwater. The groundwater was pumped via a submersible
pump into an airtight pressurized (with N2) tank until it was completely full. Therefore, the
anoxic groundwater was maintained for later use to saturate the sediment-packed columns.
$OO RI WKH VDPSOHV ZHUH ¿OWHUHG XVLQJ  P PHPEUDQH ¿OWHUV  DQG DFLGL¿HG ZLWK  ȝO
HNO3 65% Suprapur (Merck International, Darmstadt, Germany) for analysis of the cations
(Na, K, Ca, Mg, Mn, Fe, S, Si, P, and trace elements) using ICP-OES (Varian 730-ES ICP
OES, Agilent Technologies, Santa Clara, CA USA). The anions (F, Cl, NO2, Br, NO3, PO4, and
SO4 ZHUHDQDO\]HGXVLQJWKH'LRQH[';LRQFKURPDWRJUDSK 7KHUPR)LVKHU6FLHQWL¿F
Inc., Waltham, MA USA), and the alkalinity was analyzed using the LabMedics Aquakem 250
discrete analyzer (Stockport, UK). All of the samples were cooled to 4 °C after sampling.

the transport of the sediment into the connected tubing. The outer cap was constructed of
VWDLQOHVVVWHHODQGDFFRPPRGDWHGWKHRXWÀRZSRUWZKHUHWKHWXELQJZDVFRQQHFWHG
The anoxic core section was unpacked in a glovebox under a N2 atmosphere and was
mixed carefully before repacking it in the two columns. The compaction was performed
LQ LQFUHPHQWV XVLQJ D 39& SHVWOH WR UHGXFH WKH ULVN RI FUHDWLQJ SUHIHUHQWLDO ÀRZ SDWKV
Once sealed, the columns were weighed and attached to the remainder of the setup. Two
H[SHULPHQWDOVHULHVZHUHSHUIRUPHG 7DEOH WKXVWKHSDFNLQJSURFHGXUHZDVUHSHDWHG
twice. The total porosities (ntot  ZHUH GHGXFHG IURP WKH FDOFXODWHG EXON GHQVLW\ ȡb) and
DVVXPLQJȡsolid ȡquartz. The total porosities calculated during both of the packing procedures
VKRZHGDQHJOLJLEOHGLIIHUHQFH GHYLDWLRQ 7KHUHIRUHWKHWRWDODYHUDJHSRURVLWLHV
were calculated as 0.39 and 0.43 for column 1 and column 2, respectively, and the respective
pore volumes were calculated as 126 and 1185 ml. Prior to attaching the columns, the
WXELQJZDVÀXVKHGZLWK12 gas to purge the oxygen. After attaching the columns, the entire
V\VWHPZDVÀXVKHGRYHUQLJKW DWPOPLQ ZLWKQDWLYHJURXQGZDWHUWRHQVXUHWKDWERWKRI
the columns were fully saturated and the groundwater was in equilibrium with the sediment.
Table 5.3. Cycle characteristics during the 2 experiments. Pore volumes refer to column 1.

Table 5.2. Quality of the native and the injection water used during the experiments.
pH

Native groundwater
Tap water (air/O2-enriched)
KMnO4 source solution 0.02M

O2

HCO3

NH4

Cl

Na

K

Ca

Cycle
Mg

Fe

Mn

SO4

3RUHÀXVKHV

Injectant
Injection

As

Recovery

% recovery
Remaining

per cycle (gross)

cumulative (net)

EC

Tlab

ȝ6FP

°C

6.8

3540

21

<0.01

18.35

0.68

29.30

27.19

0.67

6.79

2.78

0.42

0.01

1

air-saturated tap water

9.1

8.7

0.4

96

96

8

392

21

0.28/0.78

3.85

<0.01

0.25

0.57

0.03

1.74

0.22

<0.01 <0.01

0.95 <0.01

2

air-saturated tap water

3.9

4.3

0

110

100

8.4

2400

21

0.28

0.92

<0.01

0.03

0.07

20.00

0.04

<0.01

<0.01 20.02

0.52

3

air-saturated tap water

11.9

8.5

3.4

71

63

0.6

93

93

86

Experiment 1

ȝPROO

mmol/l
0.03

6.87

0.03

Resaturation with native groundwater
4

O2-enriched (56 %)

8.9

8.3
Experiment 2

5.2.3 Column setup and the experimental phases
The experimental setup (Figure 5.1) consisted of two serially connected airtight stainless
steel columns that accommodated the aquifer sediments. Column 1, with a volume of 324

1

air-saturated tap water

9.3

8.0

1.3 (tap water)

86

2

KMnO4 0.02M

7.1

6.1

1 (KMnO4) + 1.3 (tap water)

86

75

3

air-saturated tap water

8.7

10.2

0.8 (tap water)

117

91

4

air-saturated tap water

7.9

114

114

ml, has a length of 0.3 m and an internal diameter of 3.71 cm. Column 2, with a volume of
2.756 L, has a length of 0.6 m and an internal diameter of 7.65 cm. Both of the columns
114

Resaturation with native groundwater
9.2

-

115
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Injection was simulated by pumping (using pump 1) oxygenated (air-saturated) tap water out
of a stainless steel container (Figure 5.1) and injecting it into column 1. The native groundwater
was displaced out of column 2 and into an anoxic and slightly pressurized (with N2) glass tank.
$RQHZD\YDOYHDOORZHGWKHQLWURJHQWRHVFDSHWRPDLQWDLQD¿[HGRYHUSUHVVXUHZKLOHWKH
JODVVWDQN¿OOHGXSZLWKWKHJURXQGZDWHUIURPFROXPQ$VWKHRQO\WUDQVSDUHQWHOHPHQWLQ
the set-up, the glass tank was covered with aluminum foil to prevent photo-oxidation or other
interferences from the light. Recovery was similarly simulated by pumping (using pump 2) all
of the water out of the glass tank and injecting it back into column 2. Nitrogen gas was allowed
WRUH¿OOWKHJODVVWDQNWRSUHYHQWDQXQGHUSUHVVXUHDQGDLUOHDNDJHLQVLGHWKHWDQN'XULQJ
LQMHFWLRQSRUWZDVPDQXDOO\VDPSOHGE\GLYHUWLQJWKHÀRZYLDDZD\YDOYHZKHUHDVGXULQJ
UHFRYHU\WKHÀRZZDVSHUPDQHQWO\GLYHUWHGWRZDUGVSRUWLQZKLFKDQDXWRPDWLFIUDFWLRQ
FROOHFWRU )2;<  7HOHG\QH ,6&2 /LQFROQ 1( 86$  REWDLQHG VDPSOHV LQ SUHGH¿QHG
volumes and periods. Therefore, port 2 simulated an observation well, and port 1 simulated
DQ$65ZHOO'XULQJUHFRYHU\SRUWZDVQRWVDPSOHGWRDYRLGDGLVFRQWLQXRXVÀRZ
7KHWZRFROXPQVVLPXODWHGWKHDTXLIHUÀRZSDWKDVIROORZV  EHWZHHQWKH$65ZHOODQG
an observation well and, (2) beyond the observation well, respectively. Column 1 served as
the main study column, whereas column 2 functioned as a buffer volume that allowed for the
expansion and contraction of the injected pore volumes during the injection and recovery
phases. As determined by the electrical conductivity values, the mixing front between the
injected water and the groundwater was contained within column 2 during the consecutive
cycles, displacing only groundwater into the glass tank.
7KH¿UVWH[SHULPHQWFRQVLVWHGRIFRQYHQWLRQDO$65F\FOHVLQMHFWLQJR[\JHQDWHGWDSZDWHU
(0.28 mmol/L at 21 ± 2°C) followed by a resaturation of both of the columns with native
JURXQGZDWHU DQG D ¿QDO F\FOH LQ ZKLFK R[\JHQHQULFKHG WDS ZDWHU a PPRO/  ZDV
LQMHFWHGWRWHVWWKHUHPDLQLQJVHGLPHQWUHDFWLYLW\ 7DEOH 7KHWHUP³FRQYHQWLRQDO$65
RSHUDWLRQ´ ZDV XVHG WR GLIIHUHQWLDWH WKH$65 F\FOHV LQ ZKLFK R[\JHQDWHG WDS ZDWHU ZDV
used during the injection from those involving the injection of a treatment solution.
The second experiment involved the injection of a 0.02 M KMnO4 solution during cycle 2 to
treat the sediment (Table 5.2). The effects of this treatment were then evaluated using a third
conventional cycle that immediately followed the treatment. A fourth cycle was performed
DIWHU ERWK RI WKH FROXPQV ZHUH ÀXVKHG ZLWK DEXQGDQW QDWLYH JURXQGZDWHU  FROXPQ 
pore volumes) to simulate the water quality changes after a long period of inactivity at an
ASR system or during an extended recovery.
During the ASR operation, the injected water mixes with the groundwater, and the fraction
of the recovered groundwater is affected by the recovery of the preceding cycles. Therefore,

Figure 5.1. ASR column installation.
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the gross and net recovery ratios (in percentages) were determined for the different injectionUHFRYHU\F\FOHVLQWKHWZRH[SHULPHQWV 7DEOH 7KHVHUDWLRV 99L GH¿QHGWKHUHFRYHU\
(V) of the injected volume (Vi) within a cycle and the cumulative recovery of the injectant
overall.
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5.2.4 Calculation methods
The oxygen consumption in column 1 was determined from the difference in the oxygen
concentrations measured by the two dissolved oxygen sensors placed at either end of

FDUERQDWHZDVFRQ¿UPHGE\DFKDUDFWHULVWLFSHDNDW&ZKHUHDVDWDGHSWKRI

the column (Figure 5.1). The permanganate consumption was determined by measuring
the MnO4- concentrations in the samples from port 2 (during injection) and port 1 (during
recovery) via UV spectrophotometric analysis of the absorption at 525 nm.

amount of supplementary reactive iron content, indicating an additional source, such as

A mass balance approach was applied to quantify and compare the consumption of the
electron acceptors that occurred during the two experimental series. The degree of pyrite
oxidation was calculated stoichiometrically based on the observed sulfate production
(Reactions 1 and 5, Table 5.4). To monitor whether the pyrite reactivity of the sediment in
column 1 decreased with consecutive ASR cycles, the sulfate production was monitored at

m, two peaks, at dissociation temperatures of ~690 and 490 °C, indicated the presence
of Mg-carbonate and Fe/Mn-carbonates, respectively. The XRF results revealed a certain
Fe-hydroxides or Fe-containing carbonates. The XRF results also revealed a low Mn
content (0.01 – 0.02%), most likely also contained in the carbonates. Thus, pyrite, organic
matter, and Mn/Fe-bearing carbonate are the potential sedimentary electron donors in the
sediment used. Whether individual (calcite, siderite, or rhodochrosite) or a mixed carbonate
phase (ankerite) existed in the sediment was unclear and would have required additional
geochemical analyses, such as X-ray diffraction. However, the presence of mixed phases
might complicate the success of this technique.

port 2 during the injection phase.
Forward reactive transport modeling was performed to interpret the data and the conclusions
derived by the mass balance calculations during the conventional ASR cycles. A 1-D
PHREEQC model was developed to simulate a conventional ASR cycle in column 1. The
model featured pyrite, calcite, and rhodochrosite as individual phases and the calculated
exchanger concentration. The initial theoretical contents of calcite and rhodochrosite were
estimated from the CaO/MnO XRF-derived ratio and the total carbonate content, as derived
by the TGA (Table 5.1). Ferrihydrite was initially absent, but its formation was allowed to

5

occur following the pyrite oxidation. The native groundwater quality was used as the initial
solution.
Table 5.4. Potentially relevant reactions.
Process

Reaction equation

O2 oxidizing pyrite (buffered)

4FeS2 + 15O2 + 6H2O + 8CaCO3

No.

O2 oxidizing SOM

CH2O + O2

O2 oxidizing Fe(II) (buffered)

4Fe2+ + O2 + 4CaCO3 + 6H2O

O2 oxidizing Mn(II) (buffered)

2Mn2+ + O2 + 2CaCO3

MnO4- oxidizing pyrite

FeS2 + 5MnO4- + H+

MnO4- oxidizing SOM

3CH2O + 4MnO4- + 4H+

MnO4- oxidizing Fe(II)

3Fe2+ + MnO4- + 7H2O

4Fe(OH)3 + 8Ca2+ + 8SO42- + 2CO2

CO2 + H2O

MnO4- oxidizing Mn(II)

3Mn2+ + 2MnO4- + 2H2O

Fe(II) reducing Mn-oxides

2Fe2+ + MnO2 + 4H2O

Figure 5.2. TGA results of the two sediment samples obtained at depths of 27.5 and 29 m.

1
2

4Fe(OH)3 + 4Ca2+ + 4CO2

3

2MnO2 + 2Ca2+ + 2CO2

4

5MnO2 + 2SO42- + FeOOH

5

3CO2 + 4MnO2 + 5H2O

6

3Fe(OH)3 + MnO2 + 5H+

7

5MnO2 + 4H+
2Fe(OH)3 + Mn2+ + 2H+

8
9

5.3.2 Experimental series 1 - Conventional ASR simulation
Oxygen consumption
The injection of air-saturated water (Table 5.2) into the anoxic sediment column resulted in
oxygen-consumption by the aquifer sediments. No dissolved oxygen was detected in the
HIÀXHQWIURPFROXPQGXULQJWKH¿UVWLQMHFWLRQUHFRYHU\F\FOHV/RZR[\JHQFRQFHQWUDWLRQV
were detected during cycles 3 (7.4%) and 4 (10.2% of the injected oxygen concentration).
The sulfate concentrations measured at port 2 (Figure 5.3) increased during all 4 cycles,

GHSWKVEHWZHHQDQGP7KH7*$RIWKHVSHFL¿FVHFWLRQVUHYHDOHGYDULRXVGLVWLQFW

suggesting pyrite oxidation by oxygen (Appelo et al. 1998, Prommer and Stuyfzand 2005).
The pyrite oxidation accounted for 93% of the total oxygen consumption in cycle 1, whereas
all of the oxygen consumption (100% ± 2) was due to pyrite oxidation in cycles 2 and 3.
During cycle 4, the sulfate production increased to 0.3 mmol/L, agreeing with the three-fold
LQFUHDVHLQWKHR[\JHQFRQWHQWRIWKHLQMHFWLRQZDWHUDQGUHÀHFWLQJDQR[\JHQOLPLWDWLRQLQWKH

peaks in the close vertical proximity (Figure 5.2). At a depth of 29 m, the presence of Ca-

oxidation of pyrite. However, pyrite oxidation accounted for 93% of the oxygen consumption

5.3. RESULTS & DISCUSSION
5.3.1 Sediment geochemistry
Ca-carbonate, Mg-carbonate and Fe/Mn-carbonates were evident in the samples from
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IURPWKHR[\JHQHQULFKHGLQMHFWLRQZDWHU 7DEOH ZKLFKZDVLGHQWLFDOWRWKH¿UVWF\FOH
Because the sediment was saturated with native groundwater before cycles 1 and 4, the
competition for oxygen in each cycle was likely due to the oxidation of the adsorbed Fe(II)
and perhaps, to a certain extent, the Mn(II) on the sedimentary exchange sites. To examine
ZKHWKHUWKHDGVRUEHG)H ,, 0Q ,, ZRXOGEHVXI¿FLHQWWRFRPSHWHZLWKS\ULWHIRUR[\JHQ
the maximum amount of oxygen consumption by the exchangeable/sorbed Fe(II) and
Mn(II) was calculated with the PHREEQC model using the native water composition and
the calculated cation exchange capacity (CEC) of 10.6 meq/kg sediment (Table 5.1). The
FDOFXODWHGUHGXFWLRQFDSDFLW\RIWKHH[FKDQJHDEOHVRUEHG)H ,, DQG0Q ,, WRWDOHGȝPRO
oxygen/L, equivalent to 37% and 12% of the available oxygen in the oxygenated tap water
(cycle 1) and in the oxygen-enriched tap water (cycle 4), respectively.
Table 5.5. Electron acceptor consumption and total oxidized pyrite during the two experiments.
Cycle

Oxidant consumption (%)

Relative contribution in oxidant consumption (%)
FeS2

Other reductants

Total oxidized FeS2
% d.w.

Experiment 1
1

100

93

7

1.3E-04

2

100

100

0

1.5E-04

3

92.6

100

0

1.4E-04

7

3.8E-04

5

Resaturation with native groundwater
4 (O2)

89.8

93
Experiment 2

1

100

94

6

1.3E-04

2 (MnO4-)

51.8

45

55

2.4E-03

3

89.3

55

45

7.4E-05

55

6.4E-05

Resaturation with native groundwater
4

89.7

45

Other electron donors present in the aquifer, such as sedimentary organic matter and
)H0QFDUERQDWHV GLG QRW TXDQWL¿DEO\ FRQWULEXWH WR WKH REVHUYHG R[\JHQ FRQVXPSWLRQ
However, the oxidation of these phases might gain more importance if the pyrite oxidation
rates decrease due to the accumulation of the Fe/Mn-(hydr)oxides on the pyrite surface
(Evangelou 1995, Johnson and Hallberg 2005).
Carbonate dissolution
Pyrite oxidation is the primary process responsible for the observed oxygen consumption,
whereas the associated proton production will be buffered by the dissolution of the
sedimentary carbonates. Carbonate buffering by pure calcite (Reaction 1, Table 5.4) will
release equal amounts of sulfate and Ca. However, the calcium concentrations are also
affected by cation exchange due to freshening of the sediment during the replacement of
the brackish groundwater by the fresh injection water (Appelo 1994) This process affected
the initial cation concentrations as observed at port 2 (Figure 5.3) and caused an initial
120


Figure 5.3. Water quality changes during the 4-cycle conventional ASR operation (experiment 1).
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GHFUHDVHLQWKHFDOFLXPFRQFHQWUDWLRQVEHORZWKDWRIWKHLQMHFWLRQZDWHUGXULQJWKHÀXVKLQJ
RIWKH¿UVWIRXUSRUHYROXPHV7KHUHIRUHWKHRYHUDOO&DDQG0JSURGXFWLRQZDVPHDVXUHG
GXULQJHDFKF\FOHDIWHUWKHLQÀXHQFHRIWKHFDWLRQH[FKDQJH !SRUHÀXVKHV  6WX\I]DQG

Mn-oxides or Mn-containing carbonates. Desorption from the cation exchange sites is
inconsistent with the observed persistent manganese production during the consecutive

1998a).

the native sediments (section 5.3.1). Dissolution of the Mn-containing carbonate was the
likely origin of the observed Mn(II) production. During the injection of the oxygen-enriched

%H\RQG WKH LQÀXHQFH RI WKH FDWLRQ H[FKDQJH WKH VXOIDWH SURGXFWLRQ LV VLPLODU WR WKH &D
production, as expected for proton buffering by a calcite phase. However, the average Ca
SURGXFWLRQZDVUHODWLYHO\KLJKHUE\PPRO/ 7DEOH UHÀHFWLQJWKHEXIIHULQJRIWKH
extra acid production by additional carbonate dissolution, possibly by the partial oxidation of
the exchangeable/sorbed Fe(II) and Mn(II) (Reactions 3 and 4, Table 5.4). The Ca production
during cycle 2 is more similar to the sulfate production (Table 5.6), supporting that the
additional carbonate dissolution during cycle 1, due to the oxidation of the exchangeable/
sorbed Fe(II) and Mn(II) that was observed to contribute to the oxygen consumption, is
absent in cycles 2 and 3.
Along with the Ca production, a slight increase in the Mg and Mn contents was observed.
The ratio of the produced Ca and Mg concentrations during cycles 1 and 4 corresponds to
the Ca/Mg ratio (3:1) for the bulk sediment analysis by the XRF, supporting the assumption
of a mixed Ca/Mg carbonate. The three times higher Ca and Mg production for cycle 4
UHÀHFWVWKHLQFUHDVHGSURWRQSURGXFWLRQE\S\ULWHR[LGDWLRQGXHWRWKHWKUHHWLPHVKLJKHU
oxygen concentration in that cycle (Table 5.6).
Table 5.6. Average production of sulfate, Ca and Mn during experiment 1.
Average production
Cycle

SO4 (mmol/l)

Ca (mmol/l)

0Q ȝPROO

1

0.10

0.12

3.3

2

0.12

0.12

3.7

3

0.12

0.11

3.8

4 (O2)

0.30

0.36

5.4

Observed water quality deterioration: Mn and As production
Because the fresh water was injected to replace the brackish groundwater (Table 5.2),
salinization of the recovered water was a clear risk to the recovered water quality.
However, before the salinization during recovery yielded chloride concentrations above
the drinking water guideline (7 mmol/L), the recovered manganese concentrations and,
to a lesser extent, the arsenic concentrations had already compromised the quality of the
UHFRYHUHG ZDWHU 'XULQJ WKH ¿UVW  F\FOHV 0Q ,,  VKRZHG DQ DYHUDJH SURGXFWLRQ RI 
ȝPRO/ SHUVLVWHQW WKURXJKRXW WKH GXUDWLRQ RI WKH LQMHFWLRQ SKDVH DOWKRXJK WKH LQMHFWHG
water contained no manganese (Figure 5.3). The manganese production surpassed the
aesthetic guideline after only 30% of water was recovered. The possible sources of the
Mn(II) production are desorption from the exchange complex and dissolution of the existing
122

SRUHÀXVKHV7KHOLNHO\SUHVHQFHRI0QEHDULQJFDUERQDWHVZDVLQGLFDWHGE\WKH7*$RI

ZDWHU LQ F\FOH  D VWURQJHU 0Q ,,  SURGXFWLRQ ZDV REVHUYHG  ȝPRO/ 7DEOH  
suggesting that this was also related to the enhanced carbonate dissolution in response
to the increased pyrite oxidation, as has been suggested in a previous study following
WKH LQMHFWLRQ RI R[\JHQHQULFKHG ZDWHU DW DQ$65 ¿HOG SLORW LQ +HUWHQ7KH 1HWKHUODQGV
(Chapter 2). However, the increase in the Mn(II) production during the oxygen-enriched
cycle in our experiment did not triple, as was observed for sulfate and calcium, suggesting
that the produced manganese was further involved in precipitation or adsorption processes.
The dissolved iron was not measured, although the TGA and XRF analyses suggested the
presence of iron-containing carbonates in the sediment. This result suggests that when
Fe(II) was produced (during Fe-carbonate dissolution), it precipitated within a secondary
iron phase, such as Fe-hydroxide.
The arsenic concentrations, most likely of pyritic origin (Huisman 1998, Jones and Pichler
 9DQGHU]DOP HW DO   VKRZHG D UHODWLYHO\ KLJK LQLWLDO SHDN  ȝPRO/ )LJXUH
5.3) during injection 1. Compared with the sulfate contents, the arsenic concentrations
rapidly decreased to low levels, suggesting their sorption on or incorporation into the freshly
precipitated iron hydroxides (Stuyfzand 2001, Buamah 2009, Van Halem 2011) that resulted
from the pyrite oxidation. Similarly, arsenic posed a concern during recovery 1, surpassing the
GULQNLQJZDWHUJXLGHOLQHRIȝPRO/DIWHUKDYLQJUHFRYHUHGRIWKHLQMHFWHGZDWHUDQG
indicating the possible instability of the Fe-hydroxide precipitates (Vanderzalm et al. 2007).
+RZHYHUWKHDUVHQLFSURGXFWLRQGHFUHDVHGLQWKHVXEVHTXHQWF\FOHVWREHORZȝPRO/
LQGLFDWLQJDQLQFUHDVHGVHTXHVWUDWLRQHI¿FLHQF\3URGXFWLRQRIRWKHUS\ULWHDVVRFLDWHGWUDFH
elements, such as Co, Ni and Zn (Zhang et al. 2009), was not observed in this experiment.
5.3.3 Experimental series 2 – effect of the MnO4- pre-treatment on the recovered water
quality
In the second experimental series, the effects of the aquifer treatment with permanganate
DUHSUHVHQWHG7RHQDEOHDFRPSDULVRQZLWKWKH¿UVWH[SHULPHQWDOVHULHVWKH¿UVWF\FOHZDV
initiated with the injection of the same oxygenated tap water into the fresh aquifer sediment
containing brackish native groundwater. The reactions that occurred and the associated
water quality changes were similar (Figures 5.3 and 5.4, Table 5.5).
Cycle 2: Permanganate Treatment
During cycle 2, a 0.02 M KMnO4 solution was injected instead of the normal oxygenated
tap water (Table 5.2). The MnO4- solution represented an electron acceptor load 57 times
greater than the oxygenated tap water based on the electron acceptance capacity/L. The
VWURQJR[LGL]LQJHIIHFWVZHUHUHÀHFWHGE\VLJQL¿FDQWLQFUHDVHVLQWKHVXOIDWHFRQFHQWUDWLRQ
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(2.43 mmol/L) and the alkalinity, as measured at port 2 (Figures 5.5 and 5.6). The initial
sulfate production decreased over time, indicating a decrease in the extent of the pyrite
oxidation. The total amount of sulfate produced accounted only for a small calculated
fraction (0.85%) of the pyrite present in the sediment. Therefore, the decrease in the sulfate
concentration was due to the progressive depletion of the most reactive pyrite surfaces or
due to coating effects.
The permanganate concentration during the injection, as measured at port 2, increased from
5.2 to 13.6 mmol/L between the 3.2 and 4.2 pore volumes, respectively, approaching the
FRQFHQWUDWLRQRIWKHLQMHFWHGVROXWLRQ )LJXUH 7KLVUHVXOWLQGLFDWHGWKDWGXULQJWKH¿UVWSRUH
ÀXVKHVPRVWRIWKH0Q24- precipitated as Mn oxide. Although the sulfate production increased
WLPHVFRPSDUHGZLWKWKH¿UVWF\FOHWKHS\ULWHR[LGDWLRQFRXOGRQO\DFFRXQWIRU RU
mmol MnO4-/L) of the measured total MnO4- consumption. Consistent with the proton consuming
stoichiometry of the oxidation of pyrite by permanganate, the pH values initially increased to 9.5,
after which they started to decrease concurrently with the decrease in the sulfate concentrations
(Figure 5.6). However, throughout the cycle, the observed pH values were at or above the
pH of the injected permanganate solution (8.4) at both of the sampling ports. According to
Reaction 6 (Table 5.4), during the oxidation of the organic matter, the pH increase due to proton
consumption is mitigated by the production of weakly acidic CO2. Therefore, the organic matter
oxidation was likely the primary contributor to the remaining 55% of the observed permanganate
consumption. The low adsorbed Fe(II) and Mn(II) concentrations were expected to contribute
minimally (<1%) to the overall observed permanganate consumption.
'XULQJ WKH LQMHFWLRQ RI WKH SHUPDQJDQDWH VROXWLRQ R[\JHQ ZDV PHDVXUHG LQ WKH HIÀXHQW
at port 2 after 3 pore volumes and reached a concentration of 0.07 mmol/L (25%) by the
end of the injection. This result suggests that the permanganate treatment resulted in a
pronounced reduction in reactivity towards oxygen compared with cycle 1 in which all of
the oxygen introduced was still consumed in the column. Even during the oxygen-enriched
IRXUWKF\FOHLQWKH¿UVWH[SHULPHQWDOVHULHVDPD[LPXPRIRIWKHLQMHFWHGR[\JHQ
FRQFHQWUDWLRQZDVGHWHFWHGLQWKHHIÀXHQW
,Q DGGLWLRQ WR WKH UHDFWLYH VXO¿GHV 620 ZDV DOVR VLJQL¿FDQWO\ FRQVXPHG GXULQJ WKH
SHUPDQJDQDWH ÀXVK 7KH FRQWULEXWLRQ RI WKH 620 WR WKH 0Q24- consumption decreased
GXULQJ UHFRYHU\ DOORZLQJ WKH UHDFWLYH VXO¿GHV WR FRQVXPH WKH UHPDLQLQJ SHUPDQJDQDWH
PRUH H[FOXVLYHO\ DV LQGLFDWHG E\ WKH LQFUHDVHG VXOIDWH FRQFHQWUDWLRQV GXULQJ WKH ¿UVW
stages of recovery (Figure 5.5). These maximum sulfate concentrations were 88% of the
stoichiometric value expected based on Reaction 5 in Table 5.4. The sulfate concentrations
GHFUHDVHGDVWKHPL[HGGLVSHUVLRQIURQWZLWKWKHJURXQGZDWHUDUULYHG$SDUWIURPWKH¿UVW

Figure 5.4. Water quality changes during the permanganate treatment experiment (experiment 2).
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two samples during recovery (< 30% V/Vi), which showed high total manganese levels
due to the remaining MnO4- 0Q ZDV SUHVHQW LQ YHU\ ORZ FRQFHQWUDWLRQV   ȝPRO/ 
throughout the remaining part of recovery (Figure 5.4).
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the adsorbed Fe(II) and Mn(II) acquired a major role as electron donors and caused an
increased competition for oxygen consumption. After permanganate reacted with the SOM,
it is unlikely that the organic matter oxidation by oxygen suddenly became as competitive
as the pyrite oxidation. However, during recovery 2, the dissolved Fe(II) and Mn(II) from the
native groundwater were expected to sorb on the Mn-oxides formed during the permanganate
ÀXVK2[LGDWLRQRIWKHVHHOHPHQWVQRZFDWDO\]HGE\WKH0QR[LGHV 6WXPPDQG0RUJDQ
1996, Scot 2005) is expected to cause an increased competition for oxygen consumption,
impeding the oxidation of pyrite and producing the additionally observed Ca (Reactions 3 and
7DEOH 2[\JHQLQWKHHIÀXHQWDWSRUWLQGLFDWHGFRPSOHWHR[LGDWLRQRIWKHDGVRUEHG


Figure 5.5. Sulfate and permanganate behavior as observed during the injection (at port 2) and during the recovery (at
port 1) of the treatment cycle (cycle 2). X axes was reversed during the recovery (after correcting for the pore volume
between the two observation ports) in order to match the injected pore volumes and make them comparable. The
recovered sulfate concentrations were corrected for the dispersive mixing with the groundwater (sulfate corrected).

Fe(II) and Mn(II) fractions. The extent of pyrite oxidation was lower compared with that prior
WRWKHSHUPDQJDQDWHWUHDWPHQW7KLVUHVXOWVXSSRUWVWKHFRQFOXVLRQWKDWDVLJQL¿FDQWSRUWLRQ
RIWKHR[LGL]LQJVXO¿GHVZDVUHPRYHGRUFRDWHGGXULQJWKHSHUPDQJDQDWHÀXVK
The Mn concentrations during recovery remained below the drinking water guideline (0.91
ȝPRO/ XQWLODFKLHYLQJDUHFRYHU\UDWLRRI RUDQHWUHFRYHU\UDWLRRI7DEOH 
7KHQ WKH 0Q FRQFHQWUDWLRQ LQFUHDVHG WR  ȝPRO/ DIWHU UHFRYHULQJ  PRUH ZDWHU
compared with the injected volume (Table 5.3, Figure 5.4). This high recovery ratio with
respect to Mn(II) suggested an effective removal of the dissolved Mn(II) by sorption to the Mnoxides formed during the treatment cycle (Reactions 5-8, Table 5.4). The removal continued
until the sorption capacity of the MnO2 precipitates was saturated with the groundwater
composition. Additionally, the Mn(II) adsorption capacity of the precipitates was expected
to decrease as the pH values gradually decreased towards the native groundwater level,
UHÀHFWLQJWKHS+VHQVLWLYLW\RIWKHH[FKDQJHVLWHVDWWKH0Q22 surface (Buamah 2009).
Cycle 4: After resaturation with the native groundwater


Figure 5.6. Alkalinity and pH behavior during the treatment cycle (cycle 2) of experiment 2.

Cycle 3: Conventional ASR cycle after the permanganate treatment
&\FOHVWDUWHGGLUHFWO\DIWHUWKH¿QDOUHFRYHU\RIF\FOHZLWKWKHLQMHFWLRQRIR[\JHQDWHG
WDS ZDWHU DV LQ F\FOH  2[\JHQ ZDV GHWHFWHG LQ WKH HIÀXHQW DW SRUW  DIWHU OHVV WKDQ 
SRUHÀXVKHVDQGUHDFKHGDFRQFHQWUDWLRQRIPPRO/  E\WKHHQGRIWKHLQMHFWLRQ
SKDVH ,Q DGGLWLRQ WR WKH LQLWLDO SRUH ÀXVKHV FRQWDLQLQJ D SRUWLRQ RI WKH VXOIDWH IURP WKH
previous cycle, the sulfate production stabilized at ~0.06 mmol/L by the end of the injection,
DUHGXFWLRQRIFRPSDUHGZLWKWKH¿UVWF\FOH
An average Ca production of 0.23 mmol/L was measured, indicating a higher calcium/sulfate
ratio compared with cycle 1. This result combined with the decreased pyrite contribution
to the oxygen consumption (55%) compared with cycle 1 (94%, Table 5.5) indicated that
126

)ROORZLQJ F\FOH  WKH FROXPQV ZHUH DEXQGDQWO\ ÀXVKHG DQG UHVDWXUDWHG ZLWK WKH QDWLYH
groundwater. The injection of oxygenated tap water during cycle 4 resulted in a steady
sulfate production of ~0.05 mmol/L, 63% lower than in cycle 1, and slightly less than cycle
 )LJXUH   2[\JHQ ZDV GHWHFWHG LQ WKH HIÀXHQW IURP FROXPQ  DIWHU  SRUH ÀXVKHV
and reached a concentration of 0.06 mmol/L (21%) by the end of the injection. Therefore,
more oxygen consumption was observed in cycle 4, whereas the relative contribution of
pyrite decreased to 45% (Table 5.5). This result suggested an even greater contribution of
heterogeneous Fe(II) and Mn(II) oxidation. The average net Ca production (0.33 mmol/L)
DQG WKH FDOFLXPVXOIDWH SURGXFWLRQ UDWLR LQFUHDVHG VLJQL¿FDQWO\ FRPSDUHG ZLWK F\FOH 
FRQ¿UPLQJWKDWWKHKHWHURJHQHRXVR[LGDWLRQRIWKHDGVRUEHG)H ,, DQG0Q ,, DFTXLUHGD
leading role in the oxygen consumption and further impeded the pyrite oxidation.
Increased and persistent manganese production (~0.06 mmol/L) occurred throughout the
injection phase of cycle 4, suggesting the cation exchange between the injected/produced
Ca and the exchangeable Mn(II). The exchanging Mn(II) concentrations derived from the
QDWLYHJURXQGZDWHUÀXVKFRXOGQRWKDYHH[FHHGHGPPRO/ 7DEOH LQGLFDWLQJWKDW
the remaining exchangeable concentration was derived from another source. The partial
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formed Mn(IV)-oxides, releasing an equal amount of Mn(II) (Reaction 9, Table 5.4). A Mn(II)
concentration of 0.2 mmol/L was measured at port 2 after injecting 0.8 pore volumes of
the oxygenated tap water (Figure 5.4), consistent with the production of Mn(II) during
WKH 0QR[LGH UHGXFWLRQ E\ )H ,,  GXH WR WKH SUHFHGLQJ ÀXVK ZLWK WKH QDWLYH JURXQGZDWHU
The released Mn(II) was expected to load the sorption sites on the MnO2 to subsequently
exchange (with Ca) or oxidize (heterogeneously) in the following injection during cycle 4.
During the recovery phase in cycle 4, the abstracted Mn(II) concentrations immediately
exceeded the drinking water guide levels. The concentrations continued to rise towards a
VWDEOHOHYHOZKLFKUHÀHFWHGWKH0Q ,, FRQFHQWUDWLRQH[SHFWHGIRUWKHUHGXFWLYH0QR[LGH
GLVVROXWLRQE\)H ,, GHULYHGIURPWKHQDWLYHJURXQGZDWHUÀXVKSULRUWRF\FOH )LJXUH 
5.3.4 Reactive transport modeling
The water quality observed at port 2 (during injection) and port 1 (during recovery) was
satisfactorily reproduced during a conventional ASR cycle (Figure 5.7). The model simulated
the exchange processes and the mineral behavior along column 1 (Figure 5.8). According to
the model, Ca and, initially, Mg displaced Na and K from the exchanger, whereas Mg is later
also displaced by Ca. The model provided additional insight into the carbonate behavior along
the column during the injection. Calcite supersaturation due to the high Ca levels might have
FDXVHGSUHFLSLWDWLRQRIWKHPLQHUDODORQJWKH¿UVWKDOIRIWKHFROXPQZKHUHDVWKHH[SHFWHG
dissolution, triggered by the pyrite oxidation, occurred in the second half (Figure 5.8).
Rhodochrosite dissolved along the entire column causing the persistent Mn(II) production
observed at port 2. We conclude that the PHREEQC model supported the conclusions derived
by the observations and reinforced the mass balance calculations and the reactions chosen.
(I¿FLHQF\RIWKHWUHDWPHQW
The goal of permanganate treatment was to limit the As and Mn(II) production. Arsenic
removal was observed even without treatment during the consecutive cycles of experimental
series 1. Lower As concentrations were measured after the permanganate treatment,
LQGLFDWLQJWKDWDTXLIHUVZLWKSHUVLVWHQW$VUHJXODWRU\H[FHHGDQFHVPLJKWEHQH¿WIURPWKLV
treatment technique. Based on the recovered Mn(II) concentrations, the permanganate
treatment resulted in an increase from 15% recovery before treatment to 85% (net) recovery
after treatment in cycle 3. However, the increased recovery ratio regarding Mn(II) in our case,
could be prohibitive with respect to other elements. For example, the chloride levels would
prevent, for this particular brackish aquifer setting, a recovery ratio higher than 65% (results



not shown) from a drinking water perspective. Buoyancy effects would further complicate
the stability of the stored water, consequently affecting the recovery ratio regarding chloride,
as has been observed by Zuurbier et al. (2014) for the same site.

Figure 5.7. Model output and observations measured at port 2 during injection (red dots) and at port 1 during recovery (blue dots) during a conventional ASR cycle (cycle 1 –
experiment 2).

MnO2 reduction triggered by Fe(II), as has been described in detail by Postma and Appelo
 PLJKWKDYHRFFXUUHGGXULQJWKHQDWLYHJURXQGZDWHUÀXVK&RQVLGHULQJWKLVSRVVLELOLW\
0.42 mmol/L of Fe(II) in the native groundwater can reduce 0.21 mmol/L of the previously
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Figure 5.8. Modeled spatial distribution of exchanger and mineral concentrations along column 1 during a conventional ASR cycle (injection 1 - experiment 2). Black lines indicate
WKHLQLWLDOFRQGLWLRQVZKLOHUHGOLQHV IURPOLJKWWRGDUN LQGLFDWHWKHHYROXWLRQGXULQJWKHSRUHÀXVKHV$UURZVKHOSYLVXDOL]LQJWKHHYROXWLRQ
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The extended precipitation of Mn-oxides due to the permanganate treatment may result
in clogging issues during the following ASR cycles. The pump operation and the pressure
meters did not show any signs of clogging during the experiments. However, clogging
FRXOGEHDQLVVXHGXULQJWKH¿HOGVFDOHRSHUDWLRQ)XWXUHVWXGLHVDLPLQJDWXSVFDOLQJWKLV
technique should address these potential issues.
The permanganate solution, depending on its purity, might introduce certain trace elements in
the aquifer. The solution introduced in the columns, even at a 20 times dilution of a concentrated
KMnO4 solution, introduced trace concentrations of Al, Ag, Co, Cr, Ni, Pb, and Se that were
above the native water concentration and, in certain cases (Cr, Ni, Pb, Se), above the drinking
ZDWHUJXLGHOLQHV 7DEOH DVGH¿QHGE\WKH:+2 D $OWKRXJKWKH\ZHUHGHWHFWHGLQWKH
HIÀXHQWDWSRUWGXULQJWKHWUHDWPHQWF\FOHWKHVHWUDFHFRQFHQWUDWLRQVZHUHQRWHQFRXQWHUHG
in the recovered water from port 1 (Table 5.7), even during cycle 4, which followed the Fe(II)induced reduction of the Mn-oxide precipitates. The recovered concentrations were even
ORZHU FRQ¿UPLQJ WKHLU HI¿FLHQW VRUSWLYH UHPRYDO E\ WKH UHPDLQLQJ 0QR[LGHV ,Q DQ\ FDVH
GXULQJD¿HOG$65DSSOLFDWLRQDWUHDWPHQWVROXWLRQFDQEHGLOXWHGIRUUHJXODWRU\FRPSOLDQFH
Table 5.7. Introduced trace elements with the permanganate solution that were above the native concentration or
DERYH WKH GULQNLQJ ZDWHU JXLGHOLQH ':*  ³5HFRYHUHG´ GH¿QHV WKH PD[LPXP FRQFHQWUDWLRQ PHDVXUHG LQ SRUW 
during the recovery phase of cycle 4.
Element

KMnO4 solution

Native

DWG

Recovered

0.96

ȝPROO
Al

1.44

0.07

7.41

Ag

0.60

<0.01

0.93

0.01

Co

0.52

0.04

-

0.06

Cr

2.86

0.08

0.96

0.03

Ni

0.65

0.05

0.34

0.19

Pb

0.50

0.03

0.05

0.04

Se

7.67

0.04

0.13

0.09

The elevated potassium and sulfate levels resulting from the KMnO4 treatment solution and
the pyrite oxidation were also recorded in the recovered water, which should be considered
non-potable. However, once the injected treatment volume has been fully recovered,
normal ASR cycling can be re-applied in a more stable aquifer setting, characterized by
OHVVUHDFWLYHSKDVHVDQGKLJKO\VRUSWLYHVXUIDFHVDEOHWRHI¿FLHQWO\VFDYHQJHWKHLQFRPLQJ
Mn(II) and As. Whether this treatment would prove economical depends on the treatment
costs, including the frequency with which it would have to be re-applied. Currently, the
bulk price of potassium permanganate is 2-5 USD/kg, depending on the quantity ordered,
resulting in a price of 6-16 cents/L for the 0.02 M solution used in our experiments.
5HJDUGLQJ WKH ORQJHYLW\ RI WKH EHQH¿FLDO HIIHFW RI WKH SHUPDQJDQDWH WUHDWPHQW LW LV
expected that if the recovery ratio remains below 100%, then the Mn-oxides will continue
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to scavenge the Mn(II) by adsorption aided by catalytic oxidation (Buamah et al. 2009).
The entire process will possibly self-enhance, as occurs with consecutive cycles during the
application of subsurface iron removal (Van Beek 1983, Rott and Friedle 1985, Appelo et al.
1999). If the ASR recovery ratios do not exceed 100%, then the dissolved native Fe(II) will
not approach and reduce the Mn oxide precipitates.
In practice, ASR operations might undergo intentional or circumstantial downtime, which
GHSHQGLQJRQWKHOHQJWKRIWKHGRZQWLPHDQGWKHORFDOJURXQGZDWHUÀRZFRQGLWLRQVPLJKW
UHVXOWLQDVXEVWDQWLDOLQÀRZRIWKHQDWLYHJURXQGZDWHULQWRWKH$65VWRUDJH]RQH'XULQJD
long static phase, the Mn (and Fe)-oxides may also be used as electron-acceptors for the
mineralization of the biomass around the ASR well, also releasing high Mn(II) concentrations
in the groundwater (Vanderzalm et al. 2006, Stuyfzand et al. 2005b). In these cases, the
repetition of the permanganate treatment cycles might be periodically required. Generally,
WKHSHUPDQJDQDWHWUHDWPHQWLVUHFRPPHQGHGGXULQJWKH¿UVWRUVHFRQG LIDQLQLWLDOVFUHHQLQJ
F\FOHLVGHVLUHG $65F\FOHVRWKDWWKHSODQWFDQLPPHGLDWHO\EHQH¿WIURPWKHWUHDWPHQW
In conclusion, following the permanganate treatment, the Mn(II) production may increase,
showing a persistent production during the injection phase of the subsequent cycles. This
production is a result of the native Mn(II) that sorbed on the new exchange sites during the
recovery of the permanganate solution and that, during the following injection, exchanges
with the injected/produced Ca. This concentration cannot exceed the native levels (typically
PPRO/%XDPDK XQOHVVUHGXFWLRQRIWKHQHZO\IRUPHG0QR[LGHVRFFXUV7KH
high native Fe(II) concentrations, in our case, constitute a worst-case scenario regarding
the Mn-oxide reduction and the resulting Mn(II) production. Despite the unavoidable Mn(II)
production during injection, if care is taken as to avoid Mn-oxide reduction by an undesirable
LQÀRZRIWKHQDWLYHJURXQGZDWHUQR0Q ,, LVH[SHFWHGWREHGHWHFWHGLQWKHUHFRYHUHG$65
water. Based on these conclusions, the permanganate treatment could be a viable option at
the Nootdorp site for drinking water ASR applications.
5.3.6 Limitations of the laboratory assessment
7KLV H[SHULPHQWDO VHWXS VLPXODWHG D RQHGLPHQVLRQDO ÀRZ DORQJ D ÀRZ SDWK H[WHQGLQJ
away from the ASR well. This simulation posed, as expected, certain limitations compared
ZLWKD¿HOG$65DSSOLFDWLRQ7KHPRVWLPSRUWDQWOLPLWDWLRQLVWKDWWKHDTXLIHUKHWHURJHQHLW\
HIIHFWVZHUHQRWFRQVLGHUHGLQWKHVHH[SHULPHQWV3UHIHUHQWLDOÀRZSDWKVZHUHQRWSUHVHQW
LQWKHVHFDUHIXOO\KRPRJHQL]HGVHGLPHQWV7KHLQÀRZRIWKHQDWLYHJURXQGZDWHUZKLFKLV
responsible for the observed reduction of the newly formed Mn-oxides, may even result
GXULQJ UHFRYHU\ LI SUHIHUHQWLDO ÀRZ SDWKV DUH SUHVHQW +RPRJHQL]LQJ WKH VHGLPHQW PLJKW
KDYH LQFUHDVHG WKH RYHUDOO UHDFWLYLW\ LQVLGH WKH FROXPQ DV RSSRVHG WR D ¿HOG VLWXDWLRQ
LQ ZKLFK WKH UHDFWLYH PDWHULDO LV W\SLFDOO\ FOXVWHUHG LQWR ¿QHJUDLQHG OHQVHV WKDW PD\ QRW
WUDQVPLWWKHPDMRULW\RIÀRZ7KHVHLVVXHVVKRXOGEHFRQVLGHUHGZKHQWKLVWHFKQLTXHLVWR
EHDSSOLHGLQD¿HOG$65DSSOLFDWLRQ
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5.4. CONCLUSIONS
Column experiments simulating the ASR cycles in which oxygenated tap water was
LQMHFWHGLQWRDEUDFNLVKDQGDQR[LF³DTXLIHU´VHWWLQJZHUHSHUIRUPHG7KHSULPDU\REVHUYHG
processes were cation exchange due to freshening of the sediment, oxidation of pyrite, and
carbonate dissolution, whereas oxidation of the adsorbed/exchangeable Fe(II) and Mn(II)
was deduced by the pyrite oxidation and the oxygen consumption patterns. Carbonate
dissolution was directly related to the magnitude of the oxidation reactions and resulted
from proton production. The Mn(II) production, resulting from carbonate dissolution, did
not show any decrease in time or with consecutive cycles. To neutralize the Mn production,
which persistently compromised the recovered water quality after having recovered 15% of
the injected water, the aquifer sediment was treated with a 0.02 M potassium permanganate
(KMnO4) solution. The extended oxidation reactions with organic matter and pyrite caused
partial depletion and coating of their reactive surfaces (reactive organic matter and readily
R[LGL]DEOH LURQVXO¿GHV  DORQJ ZLWK DQ H[WHQVLYH SUHFLSLWDWLRQ RI 0QR[LGHV 'XULQJ WKH
following ASR cycle, these precipitates allowed a recovery ratio of 110% (a net recovery
ratio of 84%) before encountering prohibitive Mn(II) concentrations at port 1.
The amount of pyrite oxidized and its relative contribution to the electron acceptor consumption
E\RWKHUHOHFWURQGRQRUV 620DQGDGVRUEHG)H ,, 0Q ,, ZHUHTXDQWL¿HGIROORZLQJDPDVV
balance approach. No decrease in the pyrite reactivity was observed during the 4-cycle
conventional ASR experiments, whereas the pyrite oxidation decreased by 63% after the
permanganate treatment. The increased competition for oxygen consumption of the adsorbed
Fe(II) and Mn(II) on the newly precipitated Mn-oxides was responsible for this decrease, possibly
LQFRPELQDWLRQZLWKDS\ULWH³GHDFWLYDWLRQ´E\UHPRYDODQGFRDWLQJRIWKHPRVWUHDFWLYHLURQ
VXO¿GHFU\VWDOVGXULQJWKHSHUPDQJDQDWHÀXVK7KHGHFUHDVHLQWKHS\ULWHR[LGDWLRQUHVXOWHG
in a suppressed As production, which initially compromised the recovered water quality after
recovering 75% of the injected water. Although permanganate was not necessary for the As
removal in our case, the MnO4- treatment further lowered the As concentrations, indicating that
DTXLIHUV ZLWK SHUVLVWHQW$V SUREOHPV PLJKW EHQH¿W IURP WKLV WUHDWPHQW WHFKQLTXH$OWKRXJK
Mn(II) is produced during the injection phase, even after treatment, the abundant accumulation
RIWKH0QR[LGHVDOORZHGIRUDQHI¿FLHQW0Q ,, VRUSWLRQGXULQJUHFRYHU\:HFRQFOXGHWKDWWKH
sediment in column 1 was more suitable for ASR after the permanganate treatment.
The abundant resaturation of the permanganate-treated columns with the native groundwater,
simulating a potential scenario during operational ASR downtime or an extended recovery
resulted in a substantial reduction in the previously formed Mn-oxides by the release of high
Mn(II) concentrations from ferrous iron in the groundwater. During the subsequent recovery
cycle, these Mn(II) concentrations were not successfully sequestered due to the absence of
VXI¿FLHQW0QR[LGHVUHVXOWLQJLQDGYHUVHHIIHFWVRQWKHUHFRYHUHGZDWHUTXDOLW\7KHUHIRUH
FDUHVKRXOGEHWDNHQWRDYRLGWKLVVLWXDWLRQRWKHUZLVHDUHSHWLWLRQRIWKHSHUPDQJDQDWH
treatment might be required.
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6.1 SUMMARY AND CONCLUSIONS
Based on the current knowledge gaps described in the introductory chapter, three key
UHVHDUFKREMHFWLYHVZHUHGH¿QHG
1.

Acquiring an improved insight in hydrogeochemical patterns and processes and water
quality improvements through long term monitoring of a drinking water ASR pilot and
through lab experiments with an innovative column setup (combined with modeling).

2.

Improving ASR operation with optional treatments (O2, NaOH, permanganate) as
LQYHVWLJDWHGLQWKH¿HOGZLWKFROXPQH[SHULPHQWVDQGZLWKUHDFWLYHWUDQVSRUWPRGHOLQJ

3.

Assessing and optimizing ASR performance through reactive transport modeling alone,
by evaluation of variations in operational aspects (different source water compositions,
implementation of a buffer zone, and bubble migration during a prolonged storage
phase).

In order to realize these goals, we evaluated the extensive monitoring data of a 9-year
$65SLORWDWZHOO¿HOG+HUWHQRI:DWHU8WLOLW\:0/ZHFRQVWUXFWHGDQRYHOFROXPQVHWXS
IRU VLPXODWLQJ ÀRZ UHYHUVDOV GXULQJ$65 DSSOLFDWLRQ DQG ZH LPSOHPHQWHG D ' UHDFWLYH
transport model capable of simulating and predicting the evolution of water quality along
ÀRZOLQHVUHSUHVHQWLQJGLIIHUHQWDTXLIHUOD\HUV

FROXPQ H[SHULPHQWV DQG ZDV YHUL¿HG E\ UHDFWLYH WUDQVSRUW VLPXODWLRQV RI WKH +HUWHQ
aquifer. Fe(II) and partly Mn(II) removal during recovery was demonstrated by particle
tracking between the 3 observation wells in Herten and pointed to sorption on neoformed
ferrihydrite. The model suggested an increasing sorption capacity due to a gradual buildup of Fe-hydroxide precipitates resulting from prolonged injection phases. Modeled Fe(II)
suggested a long term subsurface removal, while Mn(II) showed a tendency to easily
GHVRUE (YHQWXDOO\ 0Q ,,  UHPRYDO ZDV LQVXI¿FLHQW GXULQJ ERWK WKH +HUWHQ SLORW DQG WKH
column experiments hindering the smooth operation of ASR. The frequent Mn drinking water
VWDQGDUGH[FHHGDQFHV PJ/ LQFRPELQDWLRQZLWKH[SHFWHGWUHDWPHQWGLI¿FXOWLHVDQG
high costs convinced water utility WML in 2009 to abandon the idea of ASR application in
the Herten aquifer. An eventual drinking water ASR application in the Nootdorp aquifer, from
which the column sediments derived, would have had a similar fate.
The leaching progress of reactive minerals in two aquifer layers (layers A and D), a
QDWXUDO SURFHVV SURPRWHG E\ VXEVHTXHQW SRUH YROXPHV DQG$65 F\FOHV ZDV TXDQWL¿HG
using a mass balance approach. In layer A, where initial mineral contents were lower and
ÀRZ YHORFLWLHV KLJKHU ZH FDOFXODWHG D IXOO GHSOHWLRQ RI S\ULWH DQG FDOFLWH LQ WKH SUR[LPDO
observation well (8 m) but not in the more distant one (25 m) implying that the leaching front
is now situated somewhere in-between. In layer D, on the other hand, complete leaching
ZDVQRWLGHQWL¿HG7KHS\ULWHOHDFKLQJIURQWVDQGWKH)HK\GUR[LGHSUHFLSLWDWLRQIURQWVZHUH

The focus in this study was exclusively on fresh water aquifers, ASR application for supply

VLPXODWHGLQWKHWZRDTXLIHUOD\HUVGXULQJWKH$65F\FOHV7KHUHVXOWVFRQ¿UPHGWKDWD

of water meeting drinking water standards, and on the inorganic chemistry. This excludes
the complications due to upward bubble migration (buoyancy effects) driven by density
differences, includes subtle problems with sometimes minor Fe, Mn and As exceedances of
GULQNLQJZDWHUVWDQGDUGVDQGMXVWL¿HVQRWWRGHDOZLWKDODUJHJURXSRISROOXWDQWVZKLFKDUH

higher permeability, as in layer A, in combination with the low pyrite content caused more
H[WHQGHGS\ULWHGHSOHWLRQ6KRUWHUWUDYHOWLPHVWUDQVODWHLQWRDKLJKHUR[\JHQÀX[LPSO\LQJ
higher oxidation rates.

usually addressed when injecting surface water with a limited pretreatment.
Patterns and processes
:LWK UHVSHFW WR WKH ¿UVW UHVHDUFK REMHFWLYH ERWK UHDOVFDOH DQG ODEVFDOH REVHUYDWLRQV
pointed to the fact that during ASR, the water quality is mainly altered by oxygen consumption
by pyrite, sedimentary organic matter, and exchangeable Fe(II), NH4+, and Mn(II), and, if
present, by the subsequent dissolution of carbonate minerals (calcite, siderite, ankerite),
DV WHVWL¿HG E\ WKH LQFUHDVLQJ 7,& GXULQJ VWRUDJH SKDVHV ,I LQMHFWLRQ LV SHUIRUPHG LQ D
brackish aquifer, cation exchange between Ca, Mg, Na, and K will cause major changes in
the concentrations of these cations, possibly masking carbonate dissolution processes, as
REVHUYHGGXULQJWKHFROXPQH[SHULPHQWV%RWK¿HOGDQGODEUHVXOWVLQGLFDWHGWKDWFDUERQDWH
dissolution was directly related to the magnitude of oxidation reactions, as concluded after
enriching the source water with O2.
Carbonate dissolution reactions as well as desorption from Fe-hydroxides released Fe(II)
and Mn(II) in the water during recovery phases. This behavior was observed during the
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The mobilization of Fe(II), SO4, As, Co, Ni and partly of Mn(II), was observed to decline
during consecutive cycles in the Herten ASR pilot. Leaching of pyrite’s reactive crystals
and their coating with reaction products were considered responsible for the gradually
decreasing mobilization of these elements. Mn(II) mobilization deriving from acidity-driven
carbonate dissolution (Mn-siderite) is also expected to decrease with the decline of oxidation
UHDFWLRQV &RQWUDU\ WR WKH ¿HOG REVHUYDWLRQV QR GHFUHDVH LQ 624 and Mn(II) mobilization
was observed during the column experiments. This was clearly due to the small number of
cycles (4) in combination with a much higher pyrite content of the cored aquifer sand from
Nootdorp. Since no decrease in oxidation reactions was observed, carbonate dissolution
and therefore Mn(II) mobilization did not decrease either.
Treatment options
With respect to the second research objective, two treatment techniques were evaluated in
order to suppress the mobilization of elements responsible for the quality deterioration in
the recovered ASR drinking water. Each technique approached the problem from a different
perspective.
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1.

3UHWUHDWLQJ WKH VRXUFH ZDWHU SULRU WR LQMHFWLRQ ZDV WHVWHG ERWK LQ WKH ¿HOG DQG ZLWK
model simulations. Oxygen enrichment of the source water was performed in Herten
in order to accelerate the aquifer’s leaching from its reactive species. The reactive

an even lower pH as compared to the pre-treated drinking water, caused Fe(II) mobilization

transport model proved that such approach can actually accelerate pyrite leaching
and cause a more extended Fe-hydroxide precipitation, enhancing thus the overall
sorption capacity in the aquifer for Fe(II) and partly for Mn(II). Such measure, however,
also caused an increased carbonate (Mn-siderite) dissolution, and as a net result,

consumption by the DOC fraction resulting in a less extended precipitation of ferrihydrite. As
a consequence, arsenic deriving from the oxidation of pyrite was inadequately sorbed and
exceeded the drinking water standard.

the dissolved Fe(II) and Mn(II) concentrations increased in the aquifer, as observed
in Herten and during the column experiments. Pretreating the source water in order
to lower its aggressivity towards siderite was modeled using the calibrated reactive
transport model of the Herten aquifer. Scenario simulations showed that, if oxygen
enrichment is combined with pH-buffering agents (e.g. NaOH), dissolution of Fe(II),
Mn(II) and As can be controlled without impeding an accelerated aquifer leaching. This
technique was further successfully tested, by scenario simulations, also to other source
water types such as desalinated and urban storm water.
2.

Aquifer pretreatment was tested next by means of column experiments. In order to
neutralize the Mn mobilization which persistently compromised the recovered water
quality after having recovered 15% of the injected water, the column sediment was
treated with a 0.02M potassium permanganate (KMnO4) solution. The enhanced
oxidation reactions with the various reductants in the sediments, causing their partial
depletion and an extensive precipitation of Mn-oxides, allowed during the following ASR
F\FOHDUHFRYHU\HI¿FLHQF\RI QHWHI¿FLHQF\RIZLWKUHVSHFWWRF\FOH EHIRUH
encountering prohibitive Mn(II) concentrations in the ASR well. While no decrease
in pyrite reactivity was observed during 4 cycles of conventional ASR operation, the
SO4 behavior revealed a decrease of 63% in pyrite reactivity after the permanganate
WUHDWPHQW7KHVXEVWDQWLDOS\ULWH³GHDFWLYDWLRQ´ZDVDOVRSULPDULO\UHVSRQVLEOHIRUWKH
suppressed As mobilization, which initially compromised the recovered water quality
after having recovered 75% of the injected water. Arsenic remained well below the
GULQNLQJ ZDWHU JXLGHOLQH  ȝJ/  DIWHU WKH SHUPDQJDQDWH WUHDWPHQW 'HVSLWH
Mn(II) mobilization during injection still taking place after the treatment, the abundant
DFFXPXODWLRQ RI 0QR[LGHV WRZDUGV WKH ³$65 ZHOO´ DOORZHG IRU DQ HI¿FLHQW 0Q ,, 
sorption during recovery.

How to improve ASR performance
With respect to the third research objective, ASR performance was tested based on three
different source water types, representative of potable ASR applications: pre-treated drinking
ZDWHUGHVDOLQDWHGDQGXUEDQVWRUPZDWHU7KHLQMHFWLRQRISUHWUHDWHGGULQNLQJZDWHUYHUL¿HG
the Mn(II) exceedances observed in the Herten aquifer, which derived from the dissolution of
0QVLGHULWH,QDGHTXDWHVRUSWLRQWRIHUULK\GULWHEHFDXVHRILQVXI¿FLHQWO\KLJKS+FRQGLWLRQV
was the main reason for the Mn(II) mobilization. The injection of desalinated water, having
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even before Mn(II) would exceed the drinking water standard. Injecting urban storm water
containing substantial amounts of dissolved organic carbon, lead to a considerable oxygen

Implementing a buffer zone around the ASR well, able to allow for a complete (100%)
UHFRYHU\RIWKHLQMHFWHGZDWHUDWDVSHFL¿FVWDJHRIDTXLIHUGHYHORSPHQWZDV¿QDOO\WHVWHG
by means of numerical simulations. Independently of the source water used, if recovery is
halted and injection restarted as soon as the drinking water standards are exceeded, an
effective buffer zone will be gradually formed. The buffer zone build-up was substantially
accelerated by enriching the source water with oxygen and NaOH during every cycle until
KDYLQJDFKLHYHGDHI¿FLHQWEXIIHU]RQH)URPWKDWPRPHQWRQWKH$65SODQWZLOOEH
DEOHWRUHFRYHUHI¿FLHQWO\SURYLGHGWKDW L WKHHQULFKPHQWFRQWLQXHVIRUDVSHFL¿HG
QXPEHURIF\FOHVDQG LL WKHF\FOLQJVFKHPHRIHTXDODPRXQWVRILQ¿OWUDWLRQDQGUHFRYHU\
can be maintained in practice.
6WRUDJH GXUDWLRQ ZDV ¿QDOO\ HYDOXDWHG ZLWK UHVSHFW WR EXEEOH GULIW GXH WR WKH QDWLYH
JURXQGZDWHU ÀRZ 6LPXODWLQJ WKH EXEEOH PLJUDWLRQ DIWHU KDYLQJ FUHDWHG D  HI¿FLHQW
buffer zone led to exceedances of drinking water standards long before the arrival of the
native water. These exceedances were, however, retarded if continuous treatment of the
source water took place during the implementation of the buffer zone. On a different note,
the abundant resaturation of the permanganate-treated columns with native groundwater,
simulating a potential scenario during operational ASR downtime, resulted in substantial
reduction of the previously formed Mn-oxides by ferrous iron in the groundwater, releasing
higher Mn(II) concentrations. Precipitation of Mn-containing carbonate might occur which
can act as an enriched Mn(II) source during potential acid buffering processes, triggered by
new ASR cycles when oxic water is injected.

6.2 CONCLUDING RECOMMENDATIONS
Tackling hydrogeochemical issues of ASR application
The following steps are recommended when considering a drinking water ASR application.
Once the candidate aquifer and drilling location are found, groundwater and (undisturbed)
sediment samples should be obtained at frequent depth intervals during the installation
of the ASR well. This way, a good image of the hydrogeochemistry of the candidate
aquifer is obtained. At least two fully-recovering (100%) ASR test cycles should then be
performed and the recovered water sampled and analyzed at frequent time intervals. Even
though one cycle could be enough, performing a second cycle will give additional insight
on the natural processes responsible for the removal of various potential pollutants and
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WKHUHIRUH IRU WKH LQFUHDVH LQ UHFRYHU\ HI¿FLHQF\ ZLWK VXEVHTXHQW F\FOHV 7KH QH[W VWHS
is implementing a reactive transport model. The reactive phases and processes to be
included should be carefully chosen based on the hydrogeochemical analyses performed.
It is up to the modeler to empirically decide which processes should be included in the
PRGHO DQG ZKLFK RQHV VKRXOG EH WUHDWHG NLQHWLFDOO\7KH PRGHO VKRXOG ¿UVW VLPXODWH WKH
two ASR test cycles and should be automatically calibrated based on the water quality
recovered from the ASR well. Once the model is calibrated, it is considered capable of

scenario modeling to the next level by implementing 1D ASR reactive transport models in
ZKLFKDQXPEHURIÀRZOLQHVLQGLIIHUHQWDTXLIHUOD\HUVFDQEHPL[HGWRVLPXODWHZHOOPL[LQJ
,W LV ¿QDOO\ UHFRPPHQGHG WR XSJUDGH VXFK PRGHOV E\ LQFOXGLQJ WKH EHKDYLRU RI RUJDQLF
micro-pollutants and micro-organisms.

predicting the water quality evolution during future ASR cycles. The recovered water quality
DQGWKHUHIRUHWKHHYROXWLRQRIUHFRYHU\HI¿FLHQF\ZLWKUHVSHFWWRWKUHDWSRVLQJHOHPHQWV
during subsequent ASR cycles can be monitored. Depending on the issues to be dealt with,
one of the treatment/operational techniques described in this study might be helpful, or
even necessary, to render ASR sustainable or to achieve desired goals such as increased
UHFRYHU\HI¿FLHQF\RUSURORQJHGVWRUDJHSKDVH
Monitoring
,W LV KLJKO\ UHFRPPHQGHG WR LQFUHDVH WKH VDPSOLQJ IUHTXHQF\ GXULQJ WKH ¿UVW VWDJHV RI
each ASR phase. This allows fast processes such as cation exchange to be captured in
detail and to allow for their accurate numerical simulation. The development of anoxic
conditions close to the ASR well during storage is another process, the extent of which can
only be assessed by frequent sampling of the ASR well during the initial stage of recovery.
(YHQLQ¿HOGSLORWVZKHUHUHODWLYHO\VWDEOHGULQNLQJZDWHULVLQMHFWHGDVXI¿FLHQWQXPEHU
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RIVDPSOHVLVQHHGHGWRIXOO\FKDUDFWHUL]HLQSXWZDWHUTXDOLW\EHFDXVHVPDOOÀXFWXDWLRQV
may otherwise compromise the extent of the interpreted hydrogeochemical interactions
with the aquifer.
Column experiments and pretreatment techniques
Column experiments should be performed as a preliminary step to test the reactivity of
the aquifer material, identify the potential mobilization of threat-posing elements and
asses how effective the various treatment techniques might be. However, the laboratory
DVVHVVPHQWV SHUIRUPHG FDQQRW FDSWXUH DOO WKH FRPSOH[LWLHV RI D ¿HOG$65 DSSOLFDWLRQ
as described in chapter 5. Treatment techniques should, thus, be tested in a realistic
hydraulic situation to verify their positive effects and conclude whether they are applicable
IURPDWHFKQLFDODQG¿QDQFLDOSRLQWRIYLHZ3URPLVLQJUHVXOWVZHUHREWDLQHGZLWKUHVSHFW
to recovered water quality after pretreating the column sediments with permanganate or
the source water with O2 and NaOH. It is therefore highly recommended to test these
WHFKQLTXHVLQD¿HOGSLORW
Scenario modeling
Scenario modeling proved to be a useful tool to visualize and predict the development of
the various hydrogeochemical processes of interest in the aquifer, including the evolution
of reaction rates, mineral leaching and recovered water quality. It is recommended to take
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