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Preface

Water supply company South-Holland East (WZHO) considers deep well injection of pretreated Rhine
river water as an attractive technique to meet growing drinking water demands within its supply area. In
order to explore the feasibility of this technique, one experimental injection well and 2-3 monitoring wells
were drilled on each of two sites: near Langerak and near Nieuwegein, both in the fluvial plain of the
Rhine River.

WZHO built the test site, performed the hydrological and hydrochemical measurements, and constructed a
hydrological model. Kiwa Research and Consultancy advised on the experimental set-up, performed the
geochemical analyses, built the parallel columns, elaborated the chemical data and made various progress
reports and a final report on the hydrochemical aspects.

WZHO’s main objective of both injection experiments was to know whether pretreated Rhine river water
can be injected into a deep sandy aquifer without serious clogging of the injection well. WZHO’s second
most important objective was to know and understand the water quality changes during aquifer passage.
Water quality changes also formed the scope of the work packages Redox dynamics’ and Water-rock
interaction’ within the EU-project ’Artificial Recharge’. This project was financed by the European Union
within the framework of the Environment and Climate program, under contract ENV4-CT95-0071. This
combined interest (WZHO and EU) resulted in a more profound analytical program and elaboration of
data, collected in this report. In addition the experimental results presented here, formed the basis of
studies on chemical transport modelling in connection with (a) the above-mentioned EU-project, and (b) a
joint project of Kiwa and NITG-TNO sponsored by 9 Dutch drinking water companies.

The help of Frans Liiers (Kiwa) in all the data manipulation is greatly acknowledged.



Abstract

Characterization of the target aquifer

Prior to deep well injection the target aquifer was examined on both field sites: Langerak and Nieuwegein
in the Rhine fluvial plain of the Netherlands.

The target aquifer is composed on both sites of Middle Pleistocene sands belonging to the same
sedimentary unit (mainly Harderwijk Formation). It is composed, in the middle and lower parts, of deep
anoxic, mainly quartz sands, poor in organic carbon (0.09-0.12%), containing a small amount of pyrite
(70-200 mg S/kg) and calcite (0.3-0,6%). CEC is low (8-12 meq/kg), dominated by Ca** (69-77% of CEC)
and Mg®* (17%). The top layer contains on both sites 2-30 times more organic carbon, calcite and pyrite.
The maximum trace element content of pyrite was estimated by linear regression of the pyrite content
(expressed as S) and the amounts of As, Co, Ni and Zn extracted with aqua regia. This yielded the
following most probable stoichiometry of pyrite: Fe5C0y 037Ny 0,Z100,0,S,A80 g0s3-

Batch experiments were carried out with 5 aquifer samples. For 72 hours the samples were shaken with
pretreated Rhine River water in closed vials, with and without addition of 2 mmol NaNO,/l. The main
reaction was the oxidation of pyrite; this reaction was kinetically hindered. Arsenic and nickel, from
oxidizing pyrite, were largely fixed in solid phases again, probably in neoformed ironoxyhydroxides.

On both sites the native groundwater shows a very high pre-industrial quality, which is characterized
further as ’chloride-poor, deep anoxic (high in methane, without any oxygen, nitrate and sulphate) and
calcite-saturated. '

The target aquifer on both sites compared very well, notwithstanding minor differences.

The injection experiments

In the period July 1996 till March 1998 Water Supply Company WZHO carried out 2 deep well recharge
experiments, one in Langerak and the other in Nieuwegein (Netherlands). At both test sites the influent
was oxic and the anoxic sandy target aquifer contained pyrite. Both experiments revealed a typical quality
evolution due to sequential leaching of aquifer constituents. The main processes were, in mean order of
increasing duration: displacement of native groundwater, cation exchange, pyrite oxidation, acid-buffering
by calcite dissolution, and oxidation of organic matter. Differences in quality changes between both sites
relate to their deviating aquifer geochemistry and influent quality. The reactions were quantified using the
mass balance approach (also called ’inverse modeling’).

Pyrite oxidation was kinetically hindered, it took about 10 days to deplete O, and 100 days to deplete
NO; in the influent. Oxygen was reacting faster with pyrite than with labile organic matter, for nitrate the
reverse was true. Pyrite oxidation led to mobilization of As, Ni and Zn, but they were largely fixed by
neoformed Fe(OH),. The main geochemical heterogeneity was related to variations in the reactivity of
both pyrite (high in lower parts of aquifer) and organic matter (high in upper parts of aquifer).

The water quality changes during aquifer passage and the leaching of reactive solid phases from the
aquifer have been successfully simulated for each site, using Kiwa’s model EASY-LEACHER. The main
reactions included were: pyrite oxidation, oxidation of organic matter, cation exchange and calcite
dissolution. In addition, the model was used to predict the quality development over 100 years, for the raw
water recovered by a fictive deep well injection plant on the Langerak site.

Some conclusions of practical interest

Reactions of pretreated Rhine river water with the aquifer and mixing with native groundwater necessitate
to post-treat the water recovered, in order to remove methane, iron, manganese and ammonium for
obtaining drinking water quality. This can be achieved by aeration and rapid sand filtration. Water
softening prior to injection is dissuaded, if the calcite saturation index of the influent is maintained at O
(equilibrium), because of calcite dissolution in the aquifer. However, water softening prior to injection can
be applied if the influent is kept calcite supersaturated (SI > +0.3), because this will buffer the acid
produced in the aquifer.

The presence of oxidizable pyrite and organic matter in the aquifer are expected to protect the recovery
wells in a future plant from a cumbersome clogging (by mixing of aerobic with anaerobic, ferrogenous
water) for at least 50 years.



1 Introduction

Pieter J. Stuyfzand

Kiwa Research and Consultancy, Nieuwegein, Netherlands

1.1 DEEP WELL INJECTION

In general

Artificial recharge of aquifer systems can be achie-
ved by way of injection through deep wells (Huis-
man & Olsthoorn, 1983). In general surface water
is used after a thorough pretreatment in order to
remove suspended fines which otherwise will clog
the injection well.

Deep well injection, in contrast to ASR (Aquifer
Storage and Recovery) consists of separate injecti-
on and recovery wells. It uses single purpose wells
(for either injection or recovery), and aims at qua-
lity improvement. ASR uses a dual purpose well
(first for injection, later for recovery), and aims at
storage without quality changes!

Aquifer passage thus is considered an essential
advantage of deep well injection, for reasons dis-
cussed in section 1.2. The beneficial quality im-
provements make deep well recharge an interesting
option in preparing drinking water from polluted
surface water, especially in areas where space is
too scarce for open recharge or storage reservoirs.

In the Netherlands
Space restrictions predominate in the densely po-
pulated Netherlands and stimulated several water
supply companies to study the feasibility of deep
well recharge since 1970, and in two cases a pro-
duction plant has been realized in 1989-1990 (Stu-
yfzand, 1998b). Although clogging of the injection
well, being the most critical factor, was the main
target of these studies, water quality changes in the
aquifer were also given importance. This is mainly
for two practical reasons:

(a) water quality changes in the aquifer determine
which post-treatment will be necessary and
whether water softening can be included in the
pretreatment or not. Where deep well recharge
is to be applied on an already existing well
field, its water treatment may need modificati-
ons when the quality of the raw water will
change due to the recovery of ’renovated

groundwater’. The water-aquifer interactions
are likely to result in an unsteady water quality
of the infiltrate recovered, which needs to be
quantified in order to schedule adaptations of
the existing treatment facility; and

(b) the mixing of various water qualities in recove-
ry wells poses serious clogging hazards (Van
Beek, 1989). This clogging may shorten the
life time of the pumping wells and thereby
reduce the economic feasibility of the project.
Due to heterogeneity of the aquifer and diver-
ging flow velocities and travel distances in the
artificial flow domain between injection and
recovery wells, mixing of water types will
occur in the recovery well. In this mixing the
following watertypes are involved: (1) the
native anoxic groundwater (slowly replaced,
never completely depleted), (2) anoxic infiltra-
te (the first to arrive at the recovery well), and
in a later stage (3) oxic infiltrate (reaching the
recovery well only after depletion of the reacti-
ve aquifer phases). The mixing of watertype 3
with either 1 or 2 will cause the clogging of
the recovery well.

In Langerak and Nieuwegein

Water supply company South-Holland East
(WZHO) supplies drinking water to 0.7 million
inhabitants in the Rhine fluvial plain in the Nether-
lands, in between Amsterdam, Rotterdam and
Utrecht. The main source is Rhine bank filtrate,
requiring advanced purification techniques. WZHO
considers deep well injection of pretreated river
Rhine water as an attractive technique to meet
growing drinking water demands within its supply
area. To test this technique prior to large scale
application, two experimental injection wells were
constructed, one in Largerak and the other in Nieu-
wegein (about 20 km apart). The chemical results
obtained with these wells are reported in chapters
3-5. The test sites, set-up and goals of the experi-
ments and analytical program are described in
Ch.2.



1.2 CHEMICAL AND MICROBIOLOGICAL
ADVANTAGES OF AQUIFER PASSAGE

From a hygienic point of view, aquifer passage is
the most essential part of artificial recharge and
related techniques like bank filtration (induced
recharge). It has proved to be capable of transfor-
ming polluted surface and waste waters into hy-
gienically save groundwater of a relatively constant

water quality in many parts of the world (Ol-

sthoorn & Huisman, 1983; Asano, 1985; Stuyf-

zand, 1989a,b, 1998a; Frycklund, 1998).

Stuyfzand & Liiers (1996) mention the following

advantages:

(1) a nearly 100% elimination of suspended fines
and the attached heavy metals, trace organic
contaminants, and pathogens, by filtration;

(2) a full 100% elimination of the non-silt-bound
pathogens, by filtration, sorption, and dying-
off, if distance and time in the underground
suffice (Gerba & Goyal, 1985);

(3) attenuation of quality fluctuations (including
temperature) in the influent, by spreading the
detention times, dispersion, sorption, elimin-
ation, and dilution with native groundwater
(Huisman & Olsthoorn, 1983; Stuyfzand, 1989,
1998c; Sontheimer, 1991);

(4) a reduction of the radio-activity, especially by
prolongation of the detention times in the
aquifer through sorption (Haberer, 1989; Stuyf-
zand, 1998c);

(5) a more or less permanent lowering of the con-
centration of many organic micropollutants and
colour, taste and odour compounds, by break-
down or degradation, and dilution with native
groundwater (Bouwer, 1985; Piet & Smeenk,
1985; Stuyfzand, 1998);

(6) a natural hardness and pH correction in case of
an acidic, soft influent passing through a calca-
reous aquifer;

(7) a natural denitrification in case of surface
water contaminated with nitrate passing
through an anoxic aquifer with reactive organic
material or pyrite (Stuyfzand, 1998a,b);

(8) a lowering of the toxicological effects in con-
nection with 1 and 4-7 (Kool, 1983; Noordsij
et al., 1985); and

(9) storage in a medium protected from atmos-
pheric fall-out, microbiological infection, and
algal blooms.

The environmental profits of this ’natural’ purifica-
tion method, as compared to chemical water treat-
ment, are many. The following is considered most
important: a reduced application of undesired che-
micals like coagulants, active carbon and ozone or
chlorine.

1.3 CHEMICAL DISADVANTAGES OF
AQUIFER PASSAGE

Stuyfzand & Liiers (1996) mention the following
disadvantages of aquifer passage from a chemical
point of view:

(a) the accumulation of fine particles in a clogging
layer either at the floor of a basin or at the
bore hole wall of an injection well (see Ch.5).
This layer is harder to remove than the clog-
ging layer in a purification plant;

(b) the accumulation of pollutants in the aquifer.
This is more difficult to remove than in a
treatment plant and may deteriorate a larger
volume of natural, although subterranean,
space;

(c) the leaching of natural reactive solid phases
from the aquifer. Although this may proceed
very slowly, on the long run (sometimes centu-
ries) specific beneficial processes like complete
denitrification and hardness or pH correction
will stop. This reactivity cannot be restored
easily in contrast with a purification plant; and

(d) undesired changes in water quality which re-
quire post-treatment after recollection. These
may consist of an increase in concentration of
Ca**, HCO;, SiO,, SO,”, Fe**, Mn*, NH,",
CH,, As, DOC and PO,* (Stuyfzand, 1998a).

The disadvantages under a and b can be reduced

by a selective intake and intensive pretreatment.

1.4 PROCESSES AND FACTORS AFFECTING
QUALITY CHANGES

Water quality changes during aquifer passage are
related to the 7 main processes listed in Table 1.1.
These processes mainly depend on factors con-
nected with either the aquifer (the presence of an
unsaturated zone, the grain size, travel distance and
travel time), or the water it self prior to infiltration
(temperature, pH, electrical conductivity or ionic
strength, and complexation, for instance with
DOO).

Of course, the processes are also governed to a
large extent by the concentration levels of the
substances involved in each process: the concentra-
tion levels in the influent as well as the aquifer’s
content of reactive phases like organic matter,
carbonates, silicates, phosphates, hydroxides, and
sulphides. Aquifers containing gypsum or halites
haven been excluded from Table 1.1, because they
are not considered a suitable target aquifer for
drinking water supply.



TABLE 1.1

Review of the most important processes during aquifer passage and their dependency on
aquifer and water factors.

PROCESS SUBSTANCES AQUIFER FACTORS WATER FACTORS
INVOLVED unsatur grain dist- time temp. pH EC com- oxidation
Q@ zone size ance plex. capacity
FILTRATION Suspended solids [¢] - + o o o o (o] o
hydrophobic OMPs and TEs o - + + o o o o o
B&V o - + + () o o o o
OXIDATION O,, NO,, SO,, NH,, Fe, Mn, CH, ol - ++ ++ ++ + +? -? /=
or As, Cr, Cu, Sb, Se, V Y ++ ++ ++ + +? -? 4/
REDUCTION DOC, OMPs - - ++ ++ -+ + +? -? ol
SORPTION cations (also OMPs/TEs*) 0 - +4+ o - ++ - - o
anions (F, PO,, OMPs/TEs’) o -- ++ (] - - - - o
OMPs (uncharged) o - ++ ") - - ? 2 o
B&V ? - ++ o - +- +? o o
DISSO- carbonates (Ca, Sr, HCO,, PO,, Fe, Mn) o - o o - - + + o
LUTION silicates (SiO,, Al, Ca, Na, K) o - ++ ++ +4 - + +4 +
sulfides (Fe, H,S, TEs) ++ - ol+ ol+ + - + + ++
phosphates (PO,, Ca, Fe, F) o - + + + - + ++ -
hydroxides (Fe, Al) - - + + + - + ++ -
PRECIPI- carbonates (Ca, Sr, HCO,, PO,, Fe, Mn) o - o [+] ++ ++ - - (<]
TATION sulfides (Fe, H,S, TEs) - - o/+ ol+ - ++ - - -
phosphates (PO,, Ca, Fe, F) o - + + - ++ - - +
hydroxides (Fe, Al) ++ - + + - ++ - - ++
DECAY *H, “C, ®Co, *Sr, "Ru, I, 'Cs 0 o ") ++ o o o o )
B&V (die off) ? o ? ++ ++ ? o o ?
MIXING all (o] - ++ ++ + o o 0 o

o = nollittle influence;

(positive relation); ++ = strong influence (positive relation).

- = moderate influence (negative relation);

- = strong influence (negative relation); + moderate influence

@: OMPs = Organic MicroPollutants; TEs = Trace Elements; B&V = Bacteria and Virusses.

1.5 OBJECTIVES OF THIS REPORT

The main objectives

The main objectives of this report are to:

(a) quantify the migration rate of the nitrate and
oxygen fronts in the anoxic target aquifer and
relate their retardation to the relevant redox
reactions and the initial amount of the reacti-
ve redox constituents of the aquifer material.

(b) quantify all relevant water-aquifer interactions
and thereby predict the dynamic water quality
evolution in the recovery well.

The quality changes of injected drinking or waste

water during movement in aquifer systems, and

particularly the extinction of these changes with
time, were never quantitatively linked to the initial
amounts of reactive phases in the aquifer material.

This linking is attempted here, and is a prerequisite

for predicting the quality of the water being reco-

vered on the long term. This linking results ideally
in a model which only requires the input of soil
chemical data, the quality of the water to be injec-
ted and various hydrological data (like the various
transit times in the aquifer and mixing), and subse-
quently generates the prediction. Knowing the
(approximate) answers before starting injection

experiments, means that the experiment can be
optimized a priori (for instance by selecting a more
appropriate aquifer or another surface water quali-
ty), and that the experimental run can be shorte-
ned, thus saving time and money.

Scientific issues
Experiments during artificial recharge form an
ideal compromise between laboratory experiments
and field studies. They unify the advantages of
both: most experimental conditions are well
defined (like flow and quality of in- and effluent),
the scale of operation is large enough to contain
the natural heterogenities (in general an aquifer
volume of about 40 m high, 20 m wide and 150 m
long is addressed), and the time scale is also suffi-
cient (1-3 years) for detection of specific trends.
The main scientific questions today, regarding the
behaviour and modelling of solutes in a raw water
source for drinking water preparation, as in case of
artificial recharge and bank infiltration, are con-
nected with:
- unknown reaction Kkinetics in complex natural
environments;
- uncertainties in the contribution of enhanced or
facilitated transport by particles or dissolved



organic macro-molecules (lumped together in
DOC:-analysis);

- a further need to identify hard-to-detect
organic micropollutants (like pharmaceutical
compounds, metabolites of pesticides, and
xeno-oestrogens); and

- the difficult quantification of reactive constitu-
ents of the aquifer matrix, especially the frac-
tion of reactive organic material and the trace
element content of for instance pyrite.

This study addresses some of these scientific issu-
es, especially: (a) the kinetics of denitrification,
pyrite oxidation, the oxidation of organic matter;
and (b) the quantification of the reactive fraction
of organic matter and of the trace element content
of pyrite.

1.6 RELATION WITH OTHER REPORTS

This report is in fact a collection of various contri-
butions of Kiwa and WZHO to the final EU-report
on Artificial Recharge (Jensen et al. 1999).
Contributions to this EU-report, which also elabo-
rate on the experiments at Langerak and Nieuwe-
gein, but which are not included here, are:

on the clogging of the injection wells by Timmer
et al. (1999), and by Perez-Paricio & Carrera
(1999); and on chemical transport modelling by
Saaltink (1999).

Furthermore, there were several contributions to
the third international symposium on artificial
recharge (TISAR) in Amsterdam (21-25 September
1998), which were based on the experiments at
Langerak and Nieuwegein as well. These were on
various results by Timmer & Stuyfzand (1998),
and on chemical transport modelling by Brun et al
(1998) and by Saaltink et al (1998).
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2 Description of test sites Langerak and Nieuwegein (Netherlands)

Pieter J. Stuyfzand

Kiwa Research and Consultancy, Nieuwegein, Netherlands

Harrie Timmer

Water Supply Zuid-Holland Oost, Gouda, Netherlands

ABSTRACT: Water Supply Zuid-Holland Oost has tested deep well injection of oxic water into a deep
anoxic aquifer on 2 sites in the Netherlands: Langerak and Nieuwegein. Both sites are close to the Rhine
River, which is considered to deliver the influent after pretreatment. The experiments were run for 1.5
years and included hydrological, geochemical end hydrochemical monitoring.

2.1 INTRODUCTION

Drinking water supply by WZHO and testing deep
well recharge
Water supply company South-Holland East
(WZHO) supplies drinking water to 0.7 million
inhabitants in the Rhine fluvial plain in the Wes-
tern Netherlands, in between Amsterdam, Rotter-
dam and Utrecht. The main source is Rhine bank
filtrate, requiring advanced purification techniques.
WZHO considers deep well injection of pretreated
river Rhine water as an attractive technique to
meet growing drinking water demands within its
supply area.
The idea evolved to inject the water prepared at
Nieuwegein by the Water Transport Company
Rijn-Kennemerland (WRK) at WZHQ’s well field
"De Steeg’ near Langerak (Fig.2.1). WRK pretreats
100 Mm'y of river Rhine water, for artificial
recharge in the coastal dunes (by spreading) and
for industrial water supply.
The distance between Nieuwegein and Langerak is
about 20 km, which would necessitate an expensi-
ve pipe line for transport of pretreated Rhine water
to the test area Langerak. The risk of failure due to
clogging was considered too high so that field tests
with  WRK-water were inevitable. Lacking any
pipe line, the main tests with WRK-water had to
be done on site at Nieuwegein, where about the
same deep aquifer is present as in Langerak. In
order to be able to savely extrapolate the tests at
Nieuwegein to the Langerak area the following
additional experiments were carried out:
(a) a nearly identical injection test was done in the
same aquifer at the Langerak site, however
using drinking water. In order to make drin-
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king water more similar to WRK-water, Na-
NO, was added continuously;

anoxic sediment cores from both the Langerak
and Nieuwegein site were placed in a column
at Nieuwegein and flushed with the same
WRK-water which was injected in the deep
well; and

anoxic sediment cores from both the Langerak
and Nieuwegein site were shaken for 3 days
with WRK-water in the laboratory. After filtra-
tion this water was analysed.

Thus WZHO’s main objective of both injection
experiments is to know whether WRK-water can
be injected into a deep sandy aquifer without seri-
ous clogging of the injection well. WZHO’s se-
cond most important objective was to know and
understand the water quality changes during aqui-
fer passage.

(b)

(c)

Test site Langerak

The village of Langerak is situated in a polder area
along the Rhine River tributary ’Lek’. Since 1992
WZHO is pumping groundwater from a well field
close to this village, for drinking water supply
(Fig.2.2 left). About 5 Mm*/a is pumped annually
by 21 wells from a semiconfined aquifer. Adjacent
to the well field is the treatment plant (De Steeg),
where the groundwater is transformed in drinking
water by aeration and rapid sand filtration.

In the period February - April 1996 one injection
well and 3 observation wells were drilled by the
auger hole system, in the southern part of the well
field. The locally prepared drinking water was
injected from 22 June 1996 till 23 February 1998.
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FIG. 2.1 Large scale situation of the test sites Langerak
and Nieuwegein (WRK) for deep well injection, with the
possible future pipe line for transport of pretreated Rhine
River water from the pretreatment plant WRK to the well
field at Langerak (De Steeg).
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Test site Nieuwegein

The city of Nieuwegein is situated in a similar
polder area along the Rhine River tributary 'Lek’.
Since 1957 the Water Transport Company Rijn-
Kennemerland (WRK) is pretreating 100 Mm®/a of
River Lek water -- actually taken from a canal
flushed with this water -- to a near drinking water
quality. WRK-water is distributed for artificial
recharge in the coastal dunes (by spreading) and
for industrial water supply. WRK’s standard purifi-
cation consists of subsequently: aeration, sedimen-
tation, coagulation (with aluminium sulphate),
rapid sand filtration and a pH-correction. In additi-
on about 5% of local high quality groundwater is
admixed when needed to reduce the chlorinity
(<150 mg CI/1) or to overcome periods with a too
high pollution load of the Lek River. This water is
pumped by the 6 wells indicated in Fig.2.2 (right).
In the period February - April 1996 one injection
well and 2 observation wells were drilled by the
auger hole system, in the northern part of WRK’s
well field (Fig.2.2). For injection the WRK-water
had to be polished up by filtration over granular
activated carbon in a provisional unit, in order to
remove some trace organic contaminants. This was
necessary to comply with the Dutch standards for
soil protection. Injection took place from 19 Au-
gust 1996 till 23 February 1998.

& Injection well

(@ Monitoring well

@ Pumping well
{(®Main recovery well

ol

Dlant

WRK pregma!men t

FIG. 2.2 Detailed situation of test sites Langerak (left) and Nieuwegein (right) for deep well injection, with their existing well
field for groundwater pumping, treatrment plant (resp. De Steeg and WRK), and the section of observation wells used for

monitoring the quality changes.
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2.2 HYDROGEOLOGY

On both sites the target aquifer is composed of
fluvial sands of Middle Pleistocene age, belonging
to the so-called Kedichem and/or Harderwijk For-
mation. The interfingering of both formations is
shown in Fig.2.3. The Kedichem Formation con-
tains on average more calcite, feldspar and fine
particles than the Harderwijk Formation.

A schematized cross section over the Langerak
(Fig.2.4 above) and Nieuwegein site (Fig.2.4 be-
low) shows resp. 3 and 10 distinct strata. The
indicated permeabilities were calculated from the
total transmissivity of the aquifer as derived from a
pumping test, and sedimentological characteristics
like modal grain size, gravel content and sorting
degree (Stuyfzand et al., 1997). The porosity of the
aquifer was measured in 5 cores and averaged
31%.

Langerak
3 -—

Nieuwegsin

120 —

140 _\L Maassluis\N ‘ NN\ o
i

[20 km]

FIG. 2.3 Relation between the discerned strata within the tar-
get aquifer at Nieuwegein (WRK) and Langerak (De Steeg),
as based on grain size distribution and calcite content.
Hatched = clayey aquitards; White = sandy aquifers; 40 =
horizontal permeability [m/d]; H/K = transition zone of
Kedichem and Harderwijk sands (Middle Pleistocene).

2.3 OPERATION

Test site Langerak

The injection water was composed of the local
groundwater which has been transformed into
drinking water by aeration and rapid sand filtration
(without chlorination). Sodium nitrate was added
continuously in order to make the oxidation capa-
city of this water comparable to WRK-water. Se-
veral problems occurred with its dosage, resulting
in a variable nitrate concentration. Only during the
first month of injection NaCl was added to the
drinking water (CI rose from 10 to 100 mg/l) for
tracing purposes.
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FIG. 2.4 Schematized section of the target aquifer at the
Langerak (above) and Nieuwegein (below) test sites, with the
position of all well screens and the geochemical samples. LS
= Land Surface; K, = horizontal permeability [m/d]. Position
of sections shown in Fig.2.2.

Injection (35 m’/h) and recovery were hardly inter-
rupted. In total the injection was obstructed for a
few days. Clogging of the injection well IP.1 can
be noticed since May 1997. During the last half
year of injection the well was regenerated first by
surging and later by using H,0,, both with little
results (Timmer & Stuyfzand, 1998). The clogging
is probably caused by Fe(OH), colloids which pass
the rapid sand filters.

Injection and recovery occur within an operational
well field (21 wells pumping from the target aqui-
fer) which provides 5 Mm*a of groundwater. Du-
ring the whole injection period wells C16 and C17
were closed off, wells A2 and A3 pumped at a
higher rate (60 m’/h), and all other wells operated
with a normal discharge (ca. 30 m*h), in order to
force the main flow of injected water along the
section of observation wells 1-3.

Some detailed information on the injection well,
the 3 monitoring wells and the main recovery well
is collected in Table 2.1.



TABLE 2.1

Some important data on the 5 observation wells, 2 injection wells and 2 recovery wells, which constitute the

monitoring facilities in the injection experiments at Langerak and Nieuwegein.

well well distance to depth of screens® Drilling

no. type P.1/2 [m] m-MSL [date; type®]
LANGERAK (DE STEEG)'

1P.1 injection 0 73-92 Apr96; Z + f+ ¢
WP.1 monitoring 20 71, 79, 92 Mar.96; P

WP.2 monitoring 40 71,79, A Mar.96; P + 1
WP.3 monitoring 91 70, 74, 78, 84, 88, 91 Feb.96; P

P.A3 recovery 190 78-91 Apr.92; Z
NIEUWEGEIN (WRK)

1P.2 injection 0 104-132 Apr96; Z+f+ ¢
WP.4 monitoring 1 96, 108, 120, 128 Feb.96; P +
WP.5 monitoring 31 96, 104, 112, 121, 129 Feb.96; P

P.522 recovery 130 92-132 Oct.79; Z + ¢

1 = land surface at 1 m-MSL; 2 = land surface at 3.8 m+MSL; MSL = Mean Sea Level.
# = screened interval for injection and recovery wells, center of 1 m long screen for monitoring wells;

@: Z = rotary-suction; P = auger; ¢ = geophysical bore hole logging;

f = flow logging;

1: aquifer cores from 2-3 depths were placed in the chemical parallel filters (resp. no. 1-3 and 4-5), and were used in a

batch experiment (shaking for 72 hours) with 2 solutes.

Test site Nieuwegein

The injection water was essentially composed of
Rhine River water, which received the normal pret-
reatment by WRK (see above) and subsequently
GAC-filtration (over Granular Activated Carbon) in
a provisional unit constructed by WZHO. The
GAC-filtration had a very positive effect on the
MFI (Membrane Filtration Index reduced form 6 to
3 s/L?) and turbidity (from 0.10 to 0.06 NTU). In-
jection and recovery were hardly interrupted. In
total the injection was obstructed for few hours,
and injection well IP.2 did not clog at all (Timmer
& Stuyfzand, 1998). Injection and recovery occu-
red within an operational well field (6 wells pum-
ping from the target aquifer) which provides 5
Mm®/a of groundwater to WRK, when needed (see
above). During the whole experiment, however,
only the recovery well pumped 40 m’h (the other
5 wells did not pump). Some detailed information
on the injection well, the 3 monitoring wells and
the main recovery well is collected in Table 2.1.
Part of the injection water was diverted to flush on
site, 4 hydrological and 5 hydrochemical parallel
columns. The hydrological parallel columns were
flushed with different flow rates to simulate and
stimulate clogging processes. Results obtained with
them are dealt with by Timmer et al. (in prep).
The hydrochemical parallel filters, shown in
Fig.2.5, were used to simulate a very short passage
of aquifer material, in order to (a) quantify reaction
kinetics more precisely and (b) achieve more pore
volume flushings as compared to the observation
wells, which require more time for the water to
flush one pore volume.
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2.4 DATA COLLECTION

The original monitoring program and the elaborati-
on of the resulting data were strongly extended and
intensified thanks to financial support by the EU-
project. Separating all efforts is useless, and we
therefore give here a brief listing of all major
activities regarding data collection. The activities
are grouped together into those connected with
chemical reactions and those with clogging.

Regarding chemical reactions:

1. Collection of 10 anoxic aquifer samples (5
from each site), determination of grain size
distribution and porosity, and quantitative
chemical analysis for total element content (by
XRF), ironsulfides, calcium carbonate, exchan-
geable cations, organic matter, and organic
carbon.

Batch experiments with these aquifer samples,
using synthetic infiltration water, in order to
obtain data on reaction kinetics and to compare
sediment reactivity.

Sampling of the native groundwater on both
sites for chemical analysis of all main constitu-
ents and selected trace elements.

Monitoring in the field of the quality of the
influent on both sites.

Monitoring in the field of the break-through of
the injected water on both sites, by chemical
analysis of water samples and by resistivity
measurements with 13 fixed electrodes in each
observation well.



FIG. 2.5 The S chemical parallel columns (CPC; left) and 2 hydrological parallel columns (right) filled with sediment cores
from the Langerak and Nieuwegein target aquifer. These columns were flushed with the same pretreated Rhine water which was
injected in Nieuwegein. Internal dimensions of each CPC: 4 cm diameter, 43 cm high. Mean recharge rate of CPCs was 0.96
L/d resulting in a residence time of 0.225 d.

Monitoring in the field on both sites for about
1.5 years, of the quality changes of the influent
during aquifer passage (main constituents and
selected trace elements), using a row of obser-
vation wells (at different distances from the
injection well) and the recovery well itself.
Monitoring in the field of the effluent quality
of 5 chemical parallel filters at the Nieuwegein
site.

Regarding clogging of the injection well:

a.

Automatic registration of injection rate, tempe-
rature and turbidity of the influent, and water
pressure in the injection screen, gravel pack
and a close observation well.

Regular measurements of hydraulic heads in
the aquifer using the piezometers of all obser-
vation wells.

Regular measurement of MFI and AOC in the
influent.

Regular measurements of the discharge from
and pressure decline within the 4 hydrological
parallel filters.

A single particle size scan of the influent, on 3
September 1997.

Chemical analysis of the water back-flushed
after surging the injection well on 18 Septem-
ber 1997 and 17-18 December 1997.
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ABSTRACT: In the period July 1996 till March 1998 Water Supply Company WZHO carried out 2 deep
well recharge experiments, one in Langerak and the other in Nieuwegein (Netherlands). At both test sites
the influent was oxic and the anoxic sandy target aquifer contained pyrite. Both experiments revealed a
typical quality evolution due to sequential leaching of aquifer constituents. The main processes were, in
mean order of increasing duration: displacement of native groundwater, cation exchange, pyrite oxidation,
acid-buffering by calcite dissolution, and oxidation of organic matter. Differences in quality changes
between both sites relate to their deviating aquifer geochemistry and influent quality. The reactions were
quantified using the mass balance approach.

Pyrite oxidation was kinetically hindered, it took about 10 days to deplete O, and 100 days to deplete
NO; in the influent. Oxygen was reacting faster with pyrite than with labile organic matter, for nitrate the
reverse holds. Pyrite oxidation led to mobilization of As, Ni and Zn, but they are largely fixed by
neoformed Fe(OH),. The main geochemical heterogeneity was related to variations in the reactivity of
both pyrite (high in lower parts of aquifer) and organic matter (high in upper parts of aquifer).

3.1 INTRODUCTION target aquifer (without buffering sludge or upper
soil layer), and the relatively high reactivity of fine
Water quality changes after injection in general grained deposits in a sandy aquifer in comparison

A characteristic aspect of deep well recharge is, in  with hardrock or gravels.

most cases, the introduction of pretreated, oxic sur-  The quality changes of injected drinking or waste
face water (saturated with oxygen and containing  water during movement in aquifer systems, and
nitrate), into an anoxic deep aquifer (without any  particularly the extinction of these changes with
oxygen and nitrate). The target aquifer may contain  time, were never quantitatively linked to the initial
groundwater deviating from the water injected in ~ amounts of reactive phases in the aquifer matrix.
other hydrochemical respects as well: like ionic  This linking is attempted in the second part of this
strength, pH, cationic composition (especially Fe**,  study (Ch.5), and is a prerequisite for predicting
Mn?** and NH,"), hydrogencarbonate and methane, the quality of the water being recovered on the
phosphate and dissolved organic carbon. This leads  long term.

to various reactions, like cation exchange, the oxi-

dation of pyrite and organic matter, acid buffering  This study

by dissolution of calcium carbonate or the conver- On 2 sites in the Netherlands, at Langerak and
sion of hydrogencarbonate into carbonic acid, sorp-  Nieuwegein, an experiment was carried out for 1.5
tion of siliciumdioxide, fluoride and phosphate, years with deep well injection of oxic water into
and sorption and degradation of organic micropol- an anoxic aquifer. Both test sites are described in
lutants (Sniegocki, 1963; Wood & Signor, 1975; detail in Ch.2. Information is given there on the
Vecchioli et al.,, 1975; Ehrlich et al., 1979; Van specific interests of Water Supply Company
Beek & Van Puffelen, 1987; Stuyfzand, 1998a,b). WZHO, the relation between both experiments,
Deep well recharge leads to a relatively rapid  several operational matters and the data collection.
leaching of the reactive solid phases from the  The results of 2 full reports are summarized here:
aquifer (Stuyfzand, 1998b) for 3 reasons: the high  the first (Stuyfzand et al. 1997) deals with the
flow rates as compared to natural groundwater  original (native) geochemistry and hydrochemistry
flow, direct introduction of the influent into the  of the target aquifer at both test sites, the second
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(Stuyfzand et al. 1998) treats the water quality
changes during aquifer passage, their quantitative
interpretation and modelling. Both reports include
a complete listing of all chemical analyses. The
modelling results are not dealt with here but in
Ch.5 (using EASY-LEACHER), Saaltink et al.
1998 (using RETRASO) and Brun et al. 1998
(using the MIKE SHE system). The objectives of
both experiments are to: (a) quantify the migration
rate of the nitrate and oxygen fronts in the anoxic
target aquifer and relate their retardation to the
relevant redox reactions and the initial amount of
the reactive redox constituents of the aquifer mate-
rial; and (b) quantify all relevant water-aquifer
interactions and thereby predict the dynamic water
quality evolution in the recovery well.

3.2 SITES, TESTS AND METHODS

The 2 sites and their tests

Detailed information on the location of both deep
well injection test sites is given in Ch.2. They are
located in the fluvial plain of the Rhine River,
about 20 km apart. Characteristic data for both
sites and experimental details are listed in Table
3.1.

Hydrochemical monitoring

Water quality monitoring consisted of frequent
(daily to monthly) analysis of: (a) the oxic influent,
(b) groundwater from observation wells at various
distances from the recharge well, and (c) the per-
colate of 5 parallel columns filled with aquifer
cores and flushed with injection water on the Nieu-
wegein site. Most monitoring wells were situated
along the shortest flow paths between injection and
recovery well. Groundwater samples were obtained

TABLE 3.1.

by suction lift from PVC-piezometers (well screen
1 m long). The water content of riser plus well
screen was purged 3 times prior to sampling. Tem-
perature, EC, pH and O, were measured on site.
Alkalinity, pH and EC were measured in the labo-
ratory, on the day of sampling. The portion to be
analyzed for most trace elements, Ca**, Mg, Fe**
and Mn** was filtrated in situ over 0.45 pm, di-
rectly acidified to pH=1,5 using HNO,-suprapure
and was stored in the dark at 4 °C in polyethylene
vessels rinsed out with HNO, and the water to be
sampled. Main constituents were analysed with
conventional, well-standardized analytical methods,
most trace elements were analyzed using Atomic
Absorption Spectrophotometry (AAS) with graphite
furnace.

Geochemical analyses

From each site 5 sediment cores from the target
aquifer were obtained using the Ackerman core
catcher in advance of the auger, during bailer dril-
ling of the monitoring wells. The sediment cores
including their pore water were immediately sealed
on site using lids and liquidized paraffin, and kept
at 4°C in the dark till analysis. Samples were ope-
ned and pretreated in an anoxic glove-box. The
samples were analysed for amongst others: total
content of 27 elements by X-Ray Fluorescence,
organic matter and calcium carbonate by thermog-
ravimetry (resp. 550 and 1000°C), CaCO, by HCI-
extraction of Ca®* (correcting for exchangeable Ca;
ppm level), organic carbon by pyrolysis, exchan-
geable cations using SrCl,, sulphide species (espe-
cially pyrite) with the sequential extraction method
of Begheijn (1978), non-Si-bound trace elements
by aqua regia extraction and amorphous Al-, Fe-
and Mn-(hydr)oxides by ammonium oxalate/oxalic
acid.

Description of the deep well injection tests at Langerak and Nieuwegein.

Recharge site Langerak Nieuwegein
pumping station ’De Steeg’ 'WRK’
EXPERIMENTAL DETAILS

injection period 22-7-96/23-2-98 19-8-96/23-2-98
recharge rate [m%h] 35 40

recovery rate® {m*h] 60 40

source of injection water drinking water Rhine (pretreated)
distance between wells® [m] 190 130

number of observation welis 3 2

number of observation screens 12 9

hydrological paraliel columns - 5 (4N)*

chemical parallel columns - 5 (3L + 2N)*
period of chem. parallel columns 23-10-96/18-12-96
MEAN CHARACTERISTICS TARGET AQUIFER

position [m-LS] 67-92 93-139

altitude Land Surface [m+MSL) -1.0 3.8

thickness [m] 25 46

permeability [m/d] 40 50

geological formation Harderwijk/Kedichem Harderwijk

@ = between injection and main recovery well; $ = of the main recovery well;

Land Surface, MSL = Mean Sea Level.
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# : L = cores from Langerak, N = cores from Nieuwegein; *:LS =



Problems in maintaining anoxic conditions during
the various stages of sample preparation, led in
most cases to a serious dissolution of calcite du-
ring the SrCl,-extraction of exchangeable cations
and losses of exchanged Fe**, Mn** and NH,*. This
necessitated to calculate the exchangeable Ca™,
Fe?*, Mn** and NH,* content by equilibrium calcu-
lations using the approach given in the footnote of
Table 3.2. The exchange coefficients K, (Gaines-
Thomas convention) derive from Appelo & Postma
(1993).

In addition, 5 sediment cores were shaken for 72
hours with 2 different solutes.

3.3 CHARACTERISTICS OF THE TARGET
AQUIFER

Hydro(geo)logy

The target aquifer is composed on both sites of
Middle Pleistocene sands belonging to the same
sedimentary unit (mainly Harderwijk Formation;
Fig.2.3 in § 2.2). Excluding the finer-grained sands
in the toplayer, these sands have a mean grain size
of 300-400 pym, and contain 0.5-2% clay (<2 pm)
and 0-3% gravel (>2 mm). The resulting permeabi-
lity in these layers is 40-70 m/d, while porosity
averaged 31% in 5 cores. In both cases the target
aquifer is (semi)confined. Detailed cross sections
are shown in Fig.3.8 (see also Figs.2.3-2.4).

Geochemical composition

The mean chemical composition of the target aqui-
fer on both sites, excluding the finer grained top-
layer, is shown in Table 3.2. Both aquifers are
composed of deep anoxic, mainly quartz sands,
poor in organic carbon (0.09-0.12%), containing a
small amount of pyrite (70-200 mg S/kg) and cal-
cite (0.3-0,6%). CEC is low (8-12 meq/kg), domi-
nated by Ca** (69-77% of CEC) and Mg** (17%).
The top layer on both sites contains 2-30 times
more organic carbon, calcite and pyrite (Table 5.2
in § 5.3).

The maximum trace element content of pyrite was
estimated by linear regression of the pyrite content
(expressed as S) and the amounts of As, Co, Ni
and Zn extracted with aqua regia (which does not
significantly dissolve these elements from the crys-
tal lattice of silicate minerals). As an example the
plot for arsenic is shown in Fig.3.1. The Y-inter-
cept is interpretated as the contribution from non-
pyritic material and the inclination as the
maximum amount deriving from pyrites. This
yields As = 0,00619 Sgg, resulting in 620 pg
As/100 mg S or 207 pg As/100 mg SO,, or 0.0053
mole As/mole FeS,. The most probable stoichio-
metry of pyrite for Langerak and Nieuwegein then
becomes:  FeyggC000037Nig 01 20 0;S,ASg0s3-  This
composition compares very well with results pre-
sented by Stuyfzand & Vogelaar (1997) and Van
Beek & Van der Jagt (1996).

TABLE 3.2 Comparison of the mean composition of the target aquifer (excl. the less permeable upper layer) at Langerak and

Nieuwegein. Mean based on 4 samples each.

unit Langerak Nieuwegein
clay fraction (<2 pm) % d.w. 1.9 0.7
mean grain size Hm 329 364
pH-H,0 - 8.61 8.68
organic matter® % d.w, 0.22 0.16
organische carbon % d.w. 0.12 0.09
CaCoO, mg/kg d.w. 5820 3085
CEC meqg/kg d.w. 12.36 7.75
Nagyc. meqg/kg d.w. 0.64 0.36
Kexen meaq/kg d.w. 0.52 0.29
Cagyey # meq/kg d.w. 8.54 6.00
M0excn meqg/kg d.w. 2.09 0.89
NH4,, ., # meg/kg d.w. 0.18 0.08
Fegyey # meag/kg d.w. 0.36 0.10
Mngyoq # medg/kg d.w. 0.03 0.03
FeS mg S/kg d.w. 12 4
FeS, mg S/kg d.w. 176 57
s mg S/kg d.w. 198 67
As,, mg/kg d.w. 1.9 11
Co,y mg/kg d.w. 1.7 1.4
Ning mg/kg d.w. 3.2 23
Zn,, myg/kg d.w. 15 13
Feoy T mg/kg d.w. 1156 659
Mn,, mg/kg d.w. 32 16

$
#

Knaica = 04, Kyare = 0.6, Koo = 0.55; Ky = 0.2, Kyane = 0.25.

= loss on ignition at 550°C corrected for inorganic losses by subtracting 0.07 * clay [% d.w.];
= calculated assuming equilibrium with native groundwater, with the following exchange coefficients {(Gaines-Thomas convention): Ky,,, = 0.5,

t = corrected for contribution from groundwater and Fe,.,,, but could derive from Fe, ,Mn,CO, too.
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FIG. 3.1 Plot of the As content (dependent variable) versus
the pyrite content expressed as S (independent variable) for
10 samples from the target aquifer (WP.2 and WP.4).

The aquifers are suspected to contain manganous
siderites (Fe, , Mn,CO,) in small amounts. Their
quantification and reactivity are matter for future
research.

The target aquifer at Langerak is on average finer
grained than the one at Nieuwegein, and conse-
quently contains more reactive compounds, especi-
ally regarding calcite, organic matter, pyrite, and
adsorbed Fe** and NH,* (Table 3.2). The CEC is
higher as well. The differences are rather small,
however, without disrupting the comparability of

both experimental sites!

Aquifer reactivity

Batch experiments were carried out with 5 of the
10 examined aquifer samples. For 72 hours the
samples were shaken with pretreated Rhine River
water (WRK-water) in closed vials with a Nj-gas
cap, with and without addition of 2 mmol Na-
NO,/1. The addition of NaNO; in a second run was
intended to raise the oxidative capacity of the
WRK-water. The main results are summarized in
Table 3.3.

The main reaction was the oxidation of pyrite. This
reaction was kinetically hindered, because 3 days
of shaking with WRK-water resulted in a con-
sumption of oxygen by 30% and of nitrate by
16%, whereas 9-50% of the pyrite was oxidized.
Oxidation of organic matter proceeded at a much
slower rate, because DOC and TIC were not pro-
duced at all. Addition of 2 mmol nitrate to WRK-
water did not lead in 3 days, to any additional
oxidation of pyrite or organic matter.

Arsenic and nickel, from oxidizing pyrite, were
largely fixed in solid phases again, probably in
neoformed ironoxyhydroxides.

Macrochemically there were no significant diffe-
rences in reaction with WRK-water, between the
cores from Langerak and Nieuwegein. Supersatura-
tion of the WRK-water (due to shaking in a N,-
atmosphere) prevented the acid formed during
pyrite oxidation, to dissolve calcite.

TABLE 3.3 Averaged results of batch experiments with cores from the target aquifer: 3 samples from well WP.2 (Langerak)
and 2 from well WP.4 (Nieuwegein) were shaken for 72 hours with O,-saturated WRK-water (pretreated Rhine River) and a N,-

gas cap, with and without addition of NaNO;.

without NaNQ, addition

with 2 mmol NaNO./l added

sample unit blanc Nieuwegein Langerak blanc Nieuwegein Langerak
location WRK- WP.4 WP.2 WRK- wP.4 wpP.2
depth m-LS water 106-119 76-89 water 106-119 76-89
pH - 8.15 8.02 8.03 8.14 8.07 8.03
0O, mgh 2.7 2.0 17 1.9 1.7 17
SO % mg/l 73.0 74.9 75.7 722 73.7 73.2
HCO, mg/t 183 178 181 180 177 179
NOy mg/l 18.9 16.8 16.7 131 137 132
NOZS'-corr@ mg/l - 16.6 16.3 - 137 132
Ca*™ mg/l 86.9 85.2 85.5 85.2 85.2 85.0
Mn, mg/l <0.005 0.09 0.10 <0.005 0.08 0.09
NH,* mg/l 0.08 0.06 0.08 0.06 0.07 0.08
As ug/ <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
B_a nofl 71 74 71 68 83 67
Ni ug/l 5.6 4.1 3.7 4.6 3.8 54
Zn pof 3 18 11 3 16 12
Slacite - 0.74 0.59 0.61 0.69 0.61 0.58
. mmol/ 3.02 2.96 3.00 2.97 2.94 2.97
AQ, corr mg/l - 0.4 0.4 - 0.0 0.0
ASO, sample mg/l - 1.9 2.7 - 1.5 1.0
ASO, max* mg/l - 2.9 3.6 - 5.2 1.4

f: correction for complete oxidation of adsorbed NH,* to NO;: -(NH,gyc,) * (40/1000) * (dry residue/100) * (1000/800) * 62.
2= {Oploanc = (O)sampie + 3.558NH, + 2,72(NH,)exen + 0.17 Fegyoy (assumed: mean dry residue = 85%)

*: = calculated using:  ASO, - max = 1.7 AO, + 1.1 ANO; (all mg/L).
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TABLE 34

Comparison of thé composition of (a) the native groundwater in the target aquifer at Langerak (based on 13

samples) and Nieuwegein (based on 9 samples), and (b) the water injected during the first year on both sites (based on resp. 54

and 24 samples).

unit NATIVE GROUNDWATER INFLUENT
Langerak Nieuwegein Langerak Nieuwegein

Temp °C 13.0 12,5 12.6 13.7
EC (20°C) HS/ecm 610 505 506 728
pH - 7.25 7.3 7.70 7.55
0, mg/L <0.5 <0.5 9.5 5.8
CH, mg/L 8600 3300 0 0
DOC mg/L 49 29 3.0 1.3
colour mg/L Pt/Co 12 4.7 15.9 1.5
Si0, mg/L 21 20 20.0 4.0
S, # - 0.03 0.18 0.34 -0.05
Ccr mg/L 7.5 8 34 126
T Jks mg/L <t <0.1 7.6 615
HCO, mg/L 430 370 298 158
NO, mg/L 0 0 149 141
Na* mg/L 51 10.6 45.9 65.0
K* mg/L 6.8 1.3 6.5 5.4
Ca* mg/L 69 98 60.2 72.7
Mg* mg/L 12 9.0 1.0 1.0
NH,* mg/L 1.05 0.16 0.015 0.035
Fe** mg/L 2.7 1.9 0.04 0.01
Mn* mg/L 0.3 0.5 0.012 0.002
Al Hg/L 4 6 2 27
As Hg/L 1 4 0.8 0.7
Ni po/l 1 0.5 1.1 2
Zn Hg/L 5 15 4 5

#: Sl = calcite saturation index = log ([Ca**][CO,*VK¢aco5)

Hydrochemistry

The mean chemical composition of the groundwa-
ter in the target aquifer, prior to the start of deep
well injection, is given for both sites in Table 3.4.
On both sites the native groundwater shows a very
high preindustrial quality, which is characterized
further as ’chloride-poor, deep anoxic (high in me-
thane, without any oxygen, nitrate and sulphate)
and calcite-saturated. The water at Nieuwegein
contains, however, less sodium, potassium and
magnesium, probably due to a more prolonged
flushing of the aquifer during the Quarternary
epoch with fresh groundwater or less salinizination
in a remote past. The water also contains less
ammonium, DOC, methane and colour, but more
dissolved calcite (calcium and hydrogencarbonate),
manganese and a little more arsenic.

There is some hydrochemical stratification on both
sites (Stuyfzand et al., 1997). The upper layer
shows the highest concentrations of methane, co-
lour-components and NH,” (from the aquitard
above probably), and the middle parts the highest
Fe**- and lowest CH,-concentrations.

3.4 QUALITY AND TRACING OF INFLUENT

Quality of influent

The injection water is composed of drinking water
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in Langerak, and of pretreated Rhine River water
(WRK-water) in Nieuwegein. Their mean quality is
given in Table 3.4.

The drinking water approaches the native groun-
dwater in Langerak, because it is prepared from
that groundwater. The differences are mainly due
to the effects of aeration and rapid sand filtration
(removal of Fe**, Mn*, NH,*, CH,), mixing of
different groundwaters within the well field, the
addition of NaCl during the first month for tracing
purposes and the continuous addition of NaNO; to
make the oxidative capacity comparable to WRK-
water.

The WRK-water differed more from the native
groundwater due to resp. a fluvial and atmospheric
origin. The pretreatment of WRK-water consists of
subsequently: aeration and settling, coagulation
(using aluminium sulphate), rapid sand filtration
and pH-correction. In addition, thus prepared
WRK-water was further treated by granular active
carbon filtration in a provisional unit, in order to
eliminate organic micropollutants.

The injected drinking water had on average a lo-
wer salinity (Na*, CI, Ca*, SO,*), a higher
oxygen, Si0O, and DOC content, higher saturation
index for calcite, a higher oxidation capacity (due
to more O,), stronger colour, much less quality and
temperature fluctuations.



Tracers and their breakthrough

Chloride, electrical conductivity, sulphate, methane
and hydrogencarbonate proved to be very useful
tracers of the injection water on both sites (Table
3.4). Although only chloride behaved as a perfectly
conservative tracer, the others were conservative
enough for use (see methane in Fig.3.2). At the
Langerak site where sodium chloride was added
for a short time (30 days), sulphate (high in influ-
ent) and methane (low in influent) were especially
useful for the recovery well where dispersion of
the tracer added and mixing with native groun-
dwater faded away the initial chloride contrast
(Stuyfzand et al., 1998). The break-through at
levels in between observation screens was establis-
hed using frequent resistivity measurements (of
formation plus groundwater; latter variable) with
13 fixed electrodes in each observation well. These
measurements compared very well with tracer
sampling (Fig.3.2).

100
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FIG. 3.2. The break-through curves of chloride and methane
(in groundwater sampled with a 1 meter long well screen),
and electrical resistivity (measured with a fixed electrode
couple in gravel pack of well) yield the same mean travel
time and longitudinal dispersivity for observation well WP.5-
101: resp. 105 days and 0.3 m.

The break-through curves of ClI', CH, and resistivi-
ty yielded the mean (t;), near-shortest (t,) and
near-longest travel time (ty), by taking the mo-
ments of respectively 50, 20 and 80% break-
through. The mean travel times as derived from the
3 tracers compared very well. The spatial pattern
of mean travel times to all observation points is
shown for Langerak in Fig.3.3. The shorter travel
times correspond with zones of coarser sand.

The mean travel time was used to calculate for
each observation the amount of pore flushes (PFs)
with the injection water during the injection period

(Atinj):
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PF = At

inj

Jtso (1)
One pore flush means that the whole sand body,
from injection to monitoring well, has been flushed
with the infiltration water exactly one time.

Dispersion

The longitudinal dispersivity o of the porous
medium was calculated from the break-through
curve by taking its mean inclination in between t,,
and tg:

0 = X (tgo-Lo)/(TT AC? tsp) 2
with: X = distance of flow path between injection
well and observation point [m]; AC = concentra-
tion change of tracer from t,, to tg, [mg/L].

Eq.2 is based on Fick’s second law and assumes
stationary, uniform, laminar flow in a homoge-
neous soil with negligible diffusion (Appelo &
Postma, 1993). Although not all assumptions are
satisfied, they are approximated sufficiently to
apply Eq.2 in between injection and recovery well.

I///}ﬂ//////////7///////////////
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FIG. 3.3 The observed mean travel times of the injected
drinking water (in days), in the target aquifer at Langerak.

The o -values as derived from the break-through
curves of CI', CH, and resistivity can be compared
in Fig.3.4. Clearly, the 3 parameters yield, contrary
to the mean travel time, varying differences in o,
with on average the highest values for CH, and the
lowest for CI'. The differences mainly relate to: (a)



differences in sampling frequency (interpolation er-
rors); (b) differences in the amount of water flus-
hed prior to sampling (zero for resistivity!); (¢)
difficulties in reading the t,, and tg, values due to
quality fluctuations in both the influent and the
native groundwater prior to break-through of the
influent; and (d) the possibility of non-conservative
behaviour for methane, which may be released for
instance from small gas-pockets (this explains
some of its anomalously long tg, values).

In a selection of the best measurements, ¢ -values
exhibit a range of 0.3 - 5.5 m, without any relation
with the mean travel time or distance travelled.
This agrees with observations by Broermann et al.
(1997) who studied dispersivity during deep well
injection in coarse fluvial sands in the USA. They
arrived at an o of 0.1-6.5 m using well screens of
0.6 m length. Uffink (1990), however, deduced
much lower values (0.01-0.1 m) and found a clear
positive relation of oy with mean travel time (8-87
d), from a deep well injection experiment using
miniscreens (screen length 0.01 m).

We therefore conclude that our and Broermann’s
high o, -values and the lack of a positive relation
with the travel time, result from dispersion introdu-
ced by the observation well and sampling! The
order of magnitude of oy roughly corresponds to
the screen length used.

12,3

;§ | g
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FIG. 3.4 Comparison of the longitudinal dispersivity (o) of
water injected in Langerak (WP.1-3) and Nieuwegein (WP.4-
5), as derived from water samples (chloride and methane)
and resistivity measurements on permanent electrode couples.
Coding: 4-133 = WP.4 at 133 m-Land Surface.
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3.5 QUALITY CHANGES DURING
AQUIFER PASSAGE

3.5.1 Presentation of results

All results of chemical analysis pertaining the both
field tests and the chemical parallel columns are
listed in Annex 1 of Stuyfzand et al. (1998). Table
3.5 gives a compact synthesis of the results, sho-
wing the mean composition, during the first year,
of: (1) the injection water on both sites; (2) the
injected water from all observation wells (WP.1-5
at 3-6 depths); (3) the influent of the chemical
parallel columns (WRK-water); and (4) the effluent
of these 5 columns.

In Table 3.5, for each observation well the average
is taken over the period ’injection start + 2 times
its travel time till one year later’. The mean con-
centrations therefore pertain to a PF22, which
means that any initial admixing with native groun-
dwater can be excluded.

In a similar way for each parallel column the qua-
lity of the effluent was averaged over a shorter
period, as measurements stopped on 18 December
1996 due to technical problems.

Retardation factors R (for O,, NO;, Na*, K*, Mg**)
or leach factors L (for Fe**, Mn*, NH,*, CH,, As)
were simply deduced from concentration plots
against PFs, because the definition of these factor®
is as follows:

£y

tHZO
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tHZO

(3) L; (4)

with: t, = time for 90% breakthrough of solute "i"
[days]; t; = time required for 90% leaching or till
equilibrium is attained with the injection water [da-
ys]; tyo = mean travel time for water or a conser-
vative tracer like chloride [days].

For practical reasons 90 in stead of 100% break-
through or leaching has been chosen.

The results of all R- and L-readings are listed for
each monitoring point in Table 3.6.

3.5.2 The main redox parameters

The main redox sensitive parameters monitored
were: O, , NO;, SO,>, CH, , Fe**, Mn*, and NH,".
The results in Table 3.5, Fig.3.5 (Langerak) and
Fig.3.6 (Nieuwegein) demonstrate that O, and NO;
were consumed, and SO,*, Fe**, Mn** and NH,*
released (produced). Methane behaved nearly con-
servatively: there was no reaction with oxidants
(0,, NO,; or SO,*) but possibly some contribution
by slowly dissolving gas pockets. Nitrate is brea-
king through prior to oxygen, and when their
breakthrough is significant the release of SO,*,



TABLE 3.5. Mean composition of the injected drinking water (influent Langerak) and WRK-water (influent pretreated Rhf'ne
water Nieuwegein), the injected water during aquifer passage, and the percolate of 5 chemical parallel columns (CPCs), during

the first year.
LOCA- t, PFs No.of Al As Ca CH4 ¢l DOC EGV- Fe HCO3 K  co- Mg Mn Na NH, Ni NO; Oy pH- Sl S0, TEM TIC Zn
TION sam- lab four lab  fleld P
ples
d - - pgl pgl  mgh  pgh mgA  mg mS/ mgl mgd mgl mg mgh mgd mgl mgh pgl  mgh mgh - - mgl C m- gl
ch m [47]] moll

LANGERAK
influent 0,0 - 54 2 08 602 o 34 30 506 004 208 65 159 11,0 0012 459 002 11 149 95 770 034 786 126 65N ]
WP.1-72 130 2-28 18 3 75 635 2543 22 44 539 383 333 45 98 91 0339 545 132 21 11 05 731 -003 190 116 617 4
WP.1-80 60 2-64 20 4 18 586 118 25 27 5,7 062 205 67 101 11,0 0098 496 012 29 89 25 746 004 174 11,7 528 5
WP.1-87 50 257 21 3 170 607 4 29 27 530 1,19 288 60 67 103 O118 542 031 1,9 1,5 08 741 001 309 120 518 S
WP.2-72 330 210 14 3 5% 590 130 14 26 492 242 205 62 7,3 107 0176 404 048 25 02 07 742 -000 295 11,0 5231 ]
WP.2-80 130 218 18 4 49 814 473 21 28 614 1,3 304 67 79 109 0134 429 037 16 1,6 06 737 002 226 116 552 9
WP.2-90 180 2-19 17 3 74 612 a3 20 25 6509 133 201 58 56 103 0086 441 03% 14 00 06 740 002 328 116 52 5
WP3-71 1200 22 2 - 10 622 M35 13 39 51,0 417 38 41 - 94 0625 470 169 - 00 04 730 007 234 113 58 3
WwP.3-74 90,0 23 3 3 25 582 19 1" 27 474 1,35 293 8,3 §6 120 0077 377 08 25 00 07 730 010 270 116 538 3
WP.377 1130 23 5 3 10 580 o mn 25 471 126 295 65 58 122 0112 383 08 25 01 06 740 003 241 115 532 3
WP.3-82 91,0 24 7 3 1,6 60,6 o M 24 484 249 308 64 66 119 0211 368 065 25 00 10 740 000 215 109 55 3
WP.3-86 70 24 8 3 1,0 607 988 11 21 482 1,46 208 65 43 11,6 0260 393 046 25 00 07 7,37 002 286 109 642 3
WP.3-89 650 26 9 2 30 609 128 11 28 483 1,44 204 52 76 102 0123 402 089 18 02 09 738 004 304 111 53 3
NIEUWEGEIN: COLUMNS
influent 0,0 - 4 - 058 TIS o 149 15 779 000 151 6,1 - 11,8 0000 790 001 - 159 77 748  -038 66,1 84 272 5
cpc.1 02 5253 6 - 13 768 - 147 1,7 820 005 168 65 - 10 0266 828 009 - 148 - - 008 670 120 28 20
cpc.2 02 5253 6 - 13 782 - 149 1,3 820 003 187 71 - 13 0397 820 038 - 138 - - 013 672 120 312 29
cPCa 0,2 5-253 6 - 18 791 - 182 11 81,2 004 183 62 - 1M1 0347 822 029 - 128 - - -002 693 120 271 3
cPC4 0,2 5-253 [ - 5 750 - 147 16 81,8 002 166 64 - 109 0240 824 0,03 - 150 - - -002 664 118 287 34
cPCS 0,2 5-253 [ - 15 748 - 147 14 811 001 165 64 - 109 0202 820 0,03 - 151 - - .05 648 118 293 25
NIEUWEGEIN
Influent [ - 24 27 07 727 o 126 13 728 001 158 54 1,5 11,0 0002 650 004 20 141 58 755 005 615 137 279 5
WP.4-95 §90 26 [ 3 1,0 1000 52 128 14 794 170 228 20 16 101 0426 694 033 25 00 09 761 03 682 119 402 3
WP.4-110 50 264 20 13 25 806 2 128 1,0 758 03 173 54 1,7 106 0304 693 005 33 80 15 742 -012 698 121 313 N
WP.4-120 30 2114 21 5 101 779 ¢ 127 o7 755 043 168 50 10 102 0445 672 005 63 76 18 737 017 705 122 308 27
WP.4-130 60 2-65 19 6 18 825 ¢ 128 09 770 003 181 56 1,9 104 0253 662 004 28 87 19 749 001 687 121 320 8
WP595 1060 2.4 6 3 10 1013 0 13 14 801 135 216 12 19 87 0313 649 027 25 00 08 774 037 734 125 3T 3
WP5106 19,0 217 16 - 45 880 o 120 11 75 123 194 4% 08 100 0418 629 007 - 04 1,2 752 000 722 11,2 348 9
WPS112 31,0  2-1% 13 3 37 91,2 139 123 1,3 775 208 217 43 1,2 104 0545 658 o012 23 03 09 745 003 679 11,3 391 ]
WP5120 260 2-13 14 4 76 859 0 129 1,2 772 1,78 189 44 09 105 038 693 012 23 01 09 742 000 767 113 342 7
WP5130 270 213 14 4 98 909 3 13 11 788 120 200 46 1,2 106 0232 681 011 23 03 08 75 012 757 11,5 351 ]

TABLE 3.6. The observed retardation (R) and leach (L) factors for some quality parameters on all observation wells (situation
after 1.5 years of injection) and all chemical parallel columns. N.B.: the threshold was fixed at 90% breakthrough c.q. leaching

(for O, and NO; also 10% given). For definition of retardation and leach factor see resp. Eq.3 and 4.

observation tso o, NO, NH, Fe Mn Mg K Na CH, As
well d R R L L L LR LR R L L

50% 10-90%° 10-90%° 90% 90% 90% 90% 90% 90% 90% 90%
LANGERAK (DE STEEG)
WP.1-72 13 >43 18->43 >43 >43 >43 36?% 3677 ? 32 157
WP.1-80 6 15->102 2-101 16 13 88? 37t 6" <1.4 3.2 12
WP.1-87 6 >81->88 50->88 13 >88 >88" ? 138 ? 1.4 18
WP.2-72 38 >15 >15 9 >15 >15 ? 67" ? 16 >15
WP.2-80 20 >29 13->29 24 28 >29 s 6" ? 4.4 18
WP.2-90 20 >29 >29 19 >29 >29 ? *® ? 14 17
WP.3-71 166 >3.4 >3.4 >34 >3.4 >3.4 >3.4° >3.4° ? >3.4 >3.4
WP.3-74 115 >5 >5 25 >5 >5 4 »® ? 1.3 ?
WP.3-77 107 >5 >5 >5 >5 >5 >5" 37t ? 1.2 >5
WP.3-82 9 >6 >6 >6 >67? >6 ? 27t ? 1.3 >6
WP.3-86 83 >7 >7 7? >7 >7 27t 27+ ? 1.2 >77
WP.3-89 65 >9 >9 7 >9 >9 5? 7™ ? 16 >8?
NIEUWEGEIN (WRK)
MLF.1 0.2 - 9-27 7 <1 67 <5 <5 <5 - 35-200
MLF.2 0.2 - 27 13 <1 100 <5 <5 <5 - 35-200
MLF.3 0.2 - 30 17 <1 100 <27 <27 <27 - 35-200
MLF.4 0.2 - 9-26 10 <1 80 <5 <5 <5 - 35-200
MLF.5 0.2 - 9-26 9 <1 60 <5 <5 <5 - 35-200
WP.4-95 64 >8 >8 >8 >8 >8 5° >8° 3° 23 25
WP.4-110 6 23-94 10-30 8 11.5 80 7.5% 5.3° 1.8% 14 11
WP.4-120 3 40-170 15-36 74 16 127 §7° 57° <2.2R 15 20
WP.4-130 6 23->95 8-30 9 47 85 578 42" 1.2% 1.1 12
WP.5-95 102 >5.2 >5 >5 >5 >5 §7° >5° 1.5% 1.2 >5.2
WP.5-106 21 >26 25-526 24 26 >26 <? <? R 1.5 7
WP.5-112 34 >16 >16 8? >16 >16 *® 7 2.7% 3 9.5
WP.5-120 28 >19 >19 10? >19 >19* 4.5° 8° <2.1? 1.2 14
WP.5-130 28 >19 >19 9 >19 >19 L 8" 2.1% 14 14

° = if only one value, then for both 10 and 90%; * = strong increase.
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Fe**, Mn** and NH,* strongly declined. Oxygen
concentrations below 1-2 mg/l are likely biased by
atmospheric introduction during sample transport
or analysis (also in the field) notwithstanding ef-
forts to prevent this. O,-levels <2 mg/l are therefo-
re considered as zero, if accompanied by zero NO;
levels.

The rate of O,-consumption, when temperatures
superate 10°C, is typically about 1,2-5 mg/l/d, and
the rate of NO; consumption approximates 1-4 mg
NO,/lI/d. When temperatures in the infiltration
water drop below 10°C, as happened only at the
Nieuwegein site in between 30 and 100 pore flus-
hes (Fig.3.6), oxidation reactions slow down signi-
ficantly (for O, and NO; <0.5 mg/l/d). The mean
behaviour is primarily dictated by oxidation of
pyrite (O, and NO; consumed, SO,> and Fe*
produced), oxidation of organic matter (NO, con-
sumed, TIC [= HCO; + CO,* + CO,] produced)

SO4 (mg/l)
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1.5 years of deep well injection of drin-
king water, along a flow path in layer C
(with highly reactive pyrite) on the Lan-
gerak site. The horizontal axis is the
number of pore flushes (PFs).

and cation exchange (desorption of Fe’*, Mn** and
NH,"). The increases for Fe** and Mn** may also
relate to the reduction of (hydr)oxides (Fe(OH),
and MnO,) or dissolution of manganous siderites.
Measurable NO, concentrations combined with
measurable Fe** concentrations only in those few
wells with the highest leach factor for methane, in-
dicating that some mixing occurred with native
groundwater. As expected, Fe** and O,, Mn** and
O, and NH," and O, were never noticed together
during aquifer passage. Nitrate and Mn** were ob-
served together, however, close to the injection
well, indicating that Mn** and NO,; do not react
sufficiently fast to reach thermodynamic equilibri-
um.

The chemical parallel columns showed similar but
less pronounced behaviour. This is due to the very
short contact time (0.2 d) and sluggish oxidation of
pyrite and organic matter (see below).
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Zoning in vertical plane

The pyrite and organic matter content are highest
in the upper aquifer zone, and lowest in the lowest
aquifer zone (Stuyfzand et al., 1997). Yet there is
less pyrite oxidation in the upper and middle zones
than in the lower parts (compare ASO, in Fig.3.7),
especially in Langerak. The upper zone shows,
however, on both sites a relatively high TIC-pro-
duction coupled to a high O,- and NO; consump-
tion. This indicates that the oxidation of organic
matter predominates over pyrite oxidation in the
upper zone, and that the reverse holds for the
lower zone (especially in Langerak). De middle
parts of the aquifer in Langerak contain more
pyrite and organic matter than the lower zone, but
show the lowest production rate of SO, and the
lowest consumption rate of O, and NO,. This
indicates that the pyrite in the lower zone should
be more reactive than in both other zones, proba-
bly by a more favourable crystal structure or size
(smaller) and exposition (less coatings of organic
matter).

Zoning in horizontal plane

Sulphate concentrations did increase significantly
with increasing travel time or distance in the aqui-
fer on both sites (Fig.3.7). This proves that pyrite
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oxidation proceeds at a slow rate (considerably
slower than water transport), which agrees with
experience elsewhere (Nicholson et al., 1988,
1990; Bronswijk et al., 1993). It is concluded from
Fig.3.7 that the complete consumption of O, and
NO; by pyrite oxidation in the lower aquifer zone
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FIG. 3.7. Mean increase in sulphate concentration (by

pyrite oxidation) as a function of the travel time, for Lange-
rak and Nieuwegein. The maximum SO/ increase is indica-
ted for 2 cases: (a) all O, oxidizes pyrite, or (b) all O, and
all NO; oxidize pyrite. SO/ concentrations and travel times
derive from Table 3.5.



requires <6 days in Langerak, and above this layer
40-100 days. In Nieuwegein it takes 20-100 days.
Both oxygen and nitrate oxidize pyrite, but they
are not exclusively used up by pyrite oxidation, the
lower zone in Langerak excluded.

The spatial distribution of redox environments in
February 1998 (after 1.5 years of injection) is
depicted for both sites in Fig.3.8. It follows that
the oxygen front, along the most favourable flow
path, advanced more in Langerak than in Nieuwe-
gein (ca. 25 against 20 m), and this also holds for
the nitrate front (ca. 50 versus 35 m).

Trends

At least a partial break-through of nitrate is obser-
ved in 8 of the 21 sampled monitoring wells, of
which 4 show complete break-through (Fig.3.8).
The retardation factor (Ry,) for nitrate was 30-100
for wells with t,, <10 d (Table 3.6).

Oxygen break-through lagged behind nitrate (Table
3.6, Fig.3.6). On average its retardation factors R,
and Ry, are 3 times higher than those for nitrate.
Pyrite was more or less completely leached after
1.5 years of injection, only up to WP.4-110, WP.4-
120 and WP.4-130. This is evidenced by the con-
centrations of SO,* (no production), NO,” and O,
(both no or hardly losses).

Complete leaching of NH,*, Fe** and Mn?* neces-
sitated on average resp. 15, 13-88 and =90 PFs in
Langerak, and 9, 7-26 and 85 PFs in Nieuwegein
(Table 3.6). The faster leaching of NH,* is due to
rapid exhaustion of its single source, the cation
exchange complex. Both metals are in addition
released by solid phases like pyrite (mainly Fe®*),
Fe(OH), (both), MnO, (Mn**) and siderite
(Fe,,Mn,CO,; both). The leach factor of Fe* is
smaller than the one for Mn*', because traces of 0,
or NO; are sufficient to halt Fe** mobilization,
whereas Mn?* still clearly mobilizes in the presen-
ce of minor amounts of both oxidants (Fig.3.6).

Fluctuations

A remarkable seasonal fluctuation is noticed for
NO; and O, in WP.4 (Nieuwegein; Fig.3.6). Their
peak around 30 and 100 PFs is connected with
temperatures <10°C, indicating a slowing down of
the redox reactions. Simuitaneously the TIC-increa-
se was more suppressed than the SO,* increase.
This means that the oxidation of organic matter
was more sensitive than pyrite oxidation in this
case (the reverse was observed during deep well
injection in older deposits; Stuyfzand, 1998b).
Nitrate and SO,” developed during the first year in
Langerak some irregularities due to variations in
the NaNO,-dosage (Fig.3.5). Higher sulphate levels
were connected with a higher NaNO;-input, de-
monstrating that nitrate was capable of oxidizing
pyrite in the field (the batch experiments with
NaNO, addition did not show this; Table 3.3).
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FIG. 3.8. Redox zoning in the target aquifer in Langerak

and Nieuwegein in february 1998 (after 1.5 years of injecti-
on). 0, = oxic (O,-concentration about equal to the influent);
0," = penoxic (O,-concentration diminishing with distance
Jfrom ca. 10 tot 0 mg/L, and containing all nitrate); NO; =
(sub)oxic (O, = 0, nitrate diminishing with distance from 15
to 0 mg/l); SO, = anoxic (0, = NO; = 0 mg/L, SO/ above
influent level due to pyrite oxidation); n = native groundwa-
ter.

On both sites a partial break-through of nitrate was
observed close to the injection well, only during
the break-through phase of the influent (0.5-1.5
PFs; Figs.3.5 and 3.6). This phenomenon was also
reported by Stuyfzand & De Ruiter (1998). The
isolated peak indicates that denitrification requires



some time to reach its full size, either by diffusion
through coatings or by adaptation of a mediating
bacterial population.

3.5.3 The cations Na*, K* and Mg**

Sodium, potassium and magnesium are retarded at
the Nieuwegein site during the initial 2-8 pore
flushes as a result of cation exchange (releasing
Ca®, Fe**, Mn** and NH,"). The retardation factors
are there on average 2 for sodium, 8 for potassium
and 4-5 for magnesium (Table 3.6 and Fig.3.9).
Notwithstanding a smaller contrast between the
influent and native groundwater in Langerak, cati-
on exchange dominated the behaviour of these
cations there as well. The vertical zoning of the
native hydrochemistry resulted in either adsorption
(retardation) or desorption (leaching), with factors
similar to those observed in Nieuwegein.

After the initial cation exchange Na*, K* and Mg**
behaved conservatively, apart from minor exchange
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FIG. 3.9. Concentration of exchanging potassium and
magnesium in 3 monitoring wells during 1.5 years of deep
well injection of pretreated Rhine River water, in layer D
(with moderately reactive pyrite) on the Nieuwegein site. The
horizontal axis is the number of pore flushes (PFs).
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reactions due to quality fluctuations in the influent.
This means that the dissolution of silicates contai-
ning these cations can be ignored.

3.5.4 Parameters of the CaCO;-CO, system

The following parameters of the CaCO;-CO, sys-
tem are listed in Table 3.5: pH, Ca**, HCO,, SI,
(calcite saturation index; explained in footnote of
Table 3.4) and TIC (= HCO; + CO;* + CO,). The
results in Table 3.5 show that Ca** and HCO;
hardly changed in Langerak, TIC increased slightly
(0.1-0.4 mmol/l), pH (0.3-0.4) and SI, (0.3-0.4)
decreased. Obviously calcite did not dissolve, not-
withstanding its presence and acid formation by
pyrite oxidation. This is explained by supersaturati-
on of the influent.

The results in Table 3.5 and Fig.3.10 show that
calcite dissolved in Nieuwegein: there was an
increase for calcium (2-25 mg/l), HCO; (10-60
mg/1l) and TIC (0.3-1.2 mmol/l), whereas pH decre-
ased (0.1-0.2) and SI, remained ca. 0.0.
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FIG. 3.10 Concentration of 2 parameters for calcite disso-
lution in 3 monitoring wells during 1.5 years of deep well
injection of pretreated Rhine River water, in layer D on the
Nieuwegein site. The horizontal axis is the number of pore
flushes (PFs).



Calcium was also involved in cation exchange: in
Nieuwegin it desorbed due to relatively high con-
centrations of Na*, K* and Mg®* in the influent. In
Langerak Ca®* desorbed from 0.5-1.5 PFs due to
NaCl-dosage, and adsorbed from 1.5-4 PFs due to
displacement of adsorbed Fe**, Mn** and NH,*.

3.5.5 Dissolved organics

Dissolved Organic Carbon (DOC) and colour beca-
me progressively reduced upon aquifer passage
(Table 3.5), probably by degradation. DOC-remo-
val (up to 18% in Langerak, and 15% in Nieuwe-
gein) was less than colour-reduction (up to 65% in
Langerak, and 40% in Nieuwegein). Although the
first meters of aquifer passage contribute most to
DOC and colour reduction, the subsequent 25-85
m lead to significant further losses.

In the upper zone of the aquifer on both sites,
which contains more organic matter than the other
zones, less organics were removed. In this layer
DOC increased in Langerak, and the colour in
Nieuwegein. The aquifer layer with the lowest
organic matter content performed best in removing
DOC and colour on both sites.

DOC showed minor retardation during break-
through of the influent (Fig.3.11), colour did not.
The leach factor for DOC was about 2. DOC and
colour removal were more or less constant, indica-
ting that degradation is the main mechanism.
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FIG. 3.11. Concentration of Dissolved Organic Carbon

(DOC}) in 3 monitoring wells during 1.5 years of deep well
injection of drinking water, in layer C (very reactive pyrite)
on the Langerak site. The horizontal axis is the number of
pore flushes (PFs).
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3.5.6 Trace elements

Aluminium hardly changed at the Langerak site,
the concentration remained low at ca. 2 pg/l as
expected in a pH 7.3-7.4 environment. At the
Nieuwegein site aluminium concentrations were
somewhat higher in the injection water due to
aluminium colloids deriving from coagulation in
the pretreatment. Aquifer passage resulted here in
filtration of these colloids and reduced the alumini-
um concentrations significantly. Cadmium was
analysed but showed in all samples concentrations
below detection (<0.05 pg/l).

Arsenic (as H,AsO; or mainly HAsO,”), nickel (as
Ni**) and zinc (as Zn**) are released during aquifer
passage (Table 3.5 and Fig.3.12). This is explained
by oxidation of pyrite, which was shown in geo-
chemical analyses to contain significant amounts of
arsenic, cobalt, nickel and zinc (§ 3.3). Upon stoi-
chiometric oxidation this pyrite in Langerak (W1th
an observed maximum release of 25 mg SO,*/L)
would add 52 pg As/L, 28 pg Co/L, 76 ug Ni/L,
and 85 ug Zn/L. In Nieuwegein (w1th an observed
maximum release of 15 mg SO,*/L) this would
add 40% (100*[1-15/25]) less of these trace ele-
ments. Only As actually approximated these levels,
however exclusively close to the injection well
during the first 1-3 or 1-10 PFs (Fig.3.12). This is
explained by a higher mobility of As in the begin-
ning due to (a) its reduced state (H;AsO,;) which
prevents it to sorb to neoformed iron(hydr)oxides,
and (b) a limited amount of these iron(hydr)oxides.
After some time the advancing oxygen and nitrate
fronts convert the dissolving arsenic into the oxidi-
zed state (AsO,*) which is much less mobile due
to preferential sorption to neoformed iron(hydr)oxi-
des. In addition the amount of neoformed iron-
(hydr)oxides steadily increases with time, supply-
ing a growing amount of sorption sites.
Downstream the As peak shrinks, probably due to
continued interaction with iron(hydr)oxides. The
latter could be transported as particles over some
distance and then become filtered away by the
aquifer. In fact filtration of the water samples in
the field led to an obvious removal of
iron(hydr)oxides evidenced by a brownish coating
of the filters.

The expected nickel front is retarded by sorption, it
breaks through in between 10 and 100 PFs
(Fig.3.12). The bulk of nickel released by pyrite is
probably incorporated in the neoformed
iron(hydr)oxides as well. Peak levels approaching
the stoichiometric release concentration were not
observed here and neither during other experiments
(Stuyfzand, 1998b). The behaviour of zinc was
blurred by a significant release from the PVC
risers.
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3.6 QUANTIFYING THE REACTIONS
3.6.1 The mass balance approach

Chemical mass balances are drawn up by using a
set of reaction equations in appropriate order and
summing up all resulting mass transfers between
an arbitrary starting and ending point in a flow
system (Garrels & Mackenzie, 1967; Plummer &
Back, 1980; Plummer et al., 1991). In the present
case the observed composition of the injected wa-
ter in the aquifer is simulated by adding to its
initial composition (prior to recharge) the losses
and gains by all relevant reactions with the aquifer
matrix. If such a simulated transformation of water
prior to injection into the observed groundwater
succeeds well, we may have confidence in the
model applied and we obtain insight into the relati-
ve contribution of each process.

Such a simulation approach is, however, never
unequivocal and requires further independent evi-
dence from geochemical inspection and laboratory

28

experiments (Stuyfzand, 1993). In this well defined
case of deep well injection an additional way of
validation exists: validation by calculating the lea-
ching of reactive aquifer components and compa-
ring this with the observed breakthrough of the
reactants which caused the leaching.

The procedure as applied at Kiwa, involves 6 steps
(Stuyfzand et al., 1998). The first 4 steps regard
the normal mass balance for the liquid phase and
are discussed in this section. As a tool the simple
spread sheet model "'REACTIONS+’ (Stuyfzand et
al., 1998) is used to perform several tedious calcu-
lations. Steps 5 and 6 regard the mass balance for
all reactive solid phases and are discussed in § 5.3.
Those balances were calculated using the model
"EASY-LEACHER’ (Ch.4).

3.6.2 Selecting samples and precalculations
(phase 1)

Sample selection

Those samples were selected which satisfied the
following criteria: (1) the analysis covers at least
all main constituents and resulted in a square ionic
balance; (2) break-through is completed (no mixing
with native groundwater; PF22); (3) sample can be
unambiguously related to the influent (after a time
shift); and (4) most reactive phases are still present
in the aquifer. Quality fluctuations and analytical
noise in influents and water samples taken during
aquifer passage, forced to compare the mean hy-
drochemistry before and after some aquifer passage
(resp. in- and output) instead of comparing indivi-
dual samples.

Three monitoring wells were selected as output,
using their mean water quality during the first year
excluding the first 2 PFs: from Langerak WP.2-80
(pyrite moderately reactive, t;, 20 d, 2-20 PFs),
and WP.2-90 (pyrite very reactive, ty, 20 d, 2-20
PFs), and from Nieuwegein WP.5-120 (pyrite mo-
derately reactive, ty, 28 d, 2-14 PFs). Their mean
input quality (of influent) was taken, applying a
time shift to the period selected equal to their
respective ts,. This procedure does not prevent that
minor differences arise for conservative tracers
between in- and output couples. Such differences
are balanced in the term ’convective transport’.

Precalculations using REACTIONS+

All concentrations in water are converted from
mg/l into micromoles per liter. The measured alka-
linity (often expressed as HCO;) is converted into
total HCO,” and CO,”, and if not measured, the
H,CO," (=CO, + H,CO,) concentration is calcula-
ted according to Stuyfzand (1989). Subsequently
the ionic balances are squared completely, by a
proportional change for each cation or anion or
both. Inorganic carbon speciation is then recalcula-
ted.



Results of these precalculations are presented for
the INPUT-rows and middle OUTPUT-row in Ta-
ble 3.8. They are performed by Kiwa’s computer
code REACTIONS+, a spread-sheet (in QPRO+ or
EXCEL), which is used for calculating the whole
mass balance.

Equilibrium calculations using WATEQ4F
Mineral equilibria were calculated using the com-
puter code WATEQ4F (Ball & Nordstrom, 1991).
It is concluded that the water injected remained in
the aquifer supersaturated with respect to gibbsite
(Al(OH),) and amorphous Fe(OH),, and undersatu-
rated with respect to siderite (FeCO,) and rhodo-
chrosite (MnCQO,). This makes it highly unlikely
that the waters injected would dissolve gibbsite or
Fe(OH);. They could dissolve, however, a manga-
nous siderite if present. With respect to calcite, the
influent in Langerak was supersaturated and the in-
fluent in Nieuwegein was in equilibrium or slightly
agressive. Aquifer passage conduced to equilibri-
um, which means -- in an acid producing system --
that in Nieuwegein calcite dissolved. Arsenic was
calculated to be present mainly as HAsO,” in
waters containing nitrate, and mainly as H,;AsO, in
anoxic waters (O, = NO; = 0 mg/L).

3.6.3 Looking for the right reactions (phase 2)

The most important reactions as observed during
deep well injection in the Netherlands (Stuyfzand,
1998b), are listed in Table 3.7. The reactions in-
volving F, PO, and SiO, are not considered here
due to lack of their analysis. The presence of reac-
tive calcite eliminates the alternative acid buffering
by HCOj. Siderite or a manganous siderite could
be present in small amounts, but if so, its reactivity
needs to be demonstrated as well (it is known to
react much slower than calcite). These uncertain-
ties and the possibility to use other reactions, made
us skip siderite reactions.

The oxalate extractions demonstrated that MnO,
and Fe(OH), or related phases may be present in
the aquifer (Table 3.2). It cannot be excluded,
however, that this extraction actually dissolved a
manganous siderite! Anyhow, MnO,-reduction was
selected and Fe(OH),-reduction was disregarded,
because the water was either supersaturated with
respect to Fe(OH); or other Fe-sources explained
the observations well enough.

Some of the reactions typical for mixing (1-4b in
Table 3.7) remain important also beyond the break-
through phase (0.5-1.5 PFs), because desorbing
Fe**, Mn** and NH,* can be oxidized when not all
O, or NO;™ has been consumed earlier by reaction
with pyrite or organic matter.

TABLE 3.7 Listing of possible reactions between on the
one hand the injected water and native groundwater (upon
mixing), and on the other hand injected water and solid
constituents of the target aquifer. Quantitatively the most
important reactions are marked with an asterix. N.B.: acidify-
ing reactions can be recognized by presence of CO, (=carbo-
nic acid) on the right side of the reaction equation.

Reactions with oxygen

0, + 4 Fe* + BHCO, + 2 H,0 ~> 4 Fe(OH), + 8 CO, (1)
20, + NH;' + 2HCO, ~> NO; +2CO, +3 H,0 2)
3,75 0, + FeS, + 4 HCO, >
Fe(OH), + 2 SO,* + 4 CO, + 0,5 H,0 * (3a)
3,5 0, + FeS, + 2 HCO, > Fe** + 2 80,* + 2 CO, + H,0 * (3b)
0, + 4 FeCO, + 6 H,O0 --> 4 Fe(OH), + 4 CO, 4)
0,+CH,0 -> CO,+H,0 (5)
Reactions with nitrate
0,2 NO, + Fe** + 1,8 HCO, + 0,6 H,0 ->
, Fe(OH), + 0,1 N, + 1,8 CO, * (6a)
NO, + 3 Fe* + 5 HCO, + 2 H,0 >
0,5 N, + 3 Fe(OH), + 5 CO, (6b)
2,8 NO, + FeS, + 0,8 H* -->
Fe* +2S0,* +1,4N, + 0,4 H,0 * (7a)
3 NO, + FeS, + HCO; + H,0 ~>
Fe(OH), + 250, + 1,5 N, + CO, * (7b)
NO; + 5 FeCO; + 8 H,0 —>
5 Fe(OH), + 2N, + HCO, + 4 CO, (8)
NO, + 1,25 CH,0 >
0,5 N, + 0,25 CO, + HCO, + 0,75 H,0O * (9a)
NO, + 0,5 CH,0 > NO, + 0,5 CO, + 0,5 H,0 (9b)
Other redox reactions
MnO, + 0,5 CH,0 + 1,5 CO, + 0,5 H,0 —-> Mn* + 2 HCO, (10)
Fe(OH), + 0,25 CH,0 + 1,75 CO, ->
Fe* + 2 HCO, + 0,75 H,0 1)
SO,* + 2 CH,0 + Fe** -> FeS + 2 CO, + 2 H,0 (12)
CO,+2CH,0->CH,+2CO, (13)
Exchange reactions
[Fe,NH,,Mn,Mg]-EXCH + Ca** + K* + Na‘<->
[Ca,K,Nal-EXCH + Fe** + NH,* + Mn* +Mg* * (14)
[OH}-EXCH + F + CO, <--> [F}-EXCH + HCOy’ * (15)
[HSiO,-EXCH + X <-—> [X]-EXCH + H,SiO, * (16)
[H,PO,J-EXCH + HCO; <--> [HCO,]-EXCH + H,PO, *(17)
Dissolution/precipitation and pH-buffering
CaCo, + H,CO, <~> Ca* + 2 HCO, (18)
FeCO, + H,CO, <-> Fe* +2 HCO, (19)
Cag(PO,),OH + 7 CO, + 6 H,0 >
5 Ca** + 3 H,PO, + 7 HCO, (20)
Si0, + 2H,0 > H,Si0, (21)
Fe(OH), + x H,Si0, + H,0 <--> Si,Fe(OH),.,,- H,O (22)
CaAl,Si,0, + CO, + 8H,0 -->
Ca* + 2HCO,; + H,Si0, + 2Al(OH), (23)
H* + HCO, <-> H,CO, <-> CO, + H,0 * (24)

29

CaCo, = calcite; CH,0 = organic matter; EXCH = exchanger;
droxide; FeCO, = siderite; FeS, = pyrite; CaAl,Si,0, = anorthite;
silicon species dissolved in water.

Fe{OH), = ironhy-
H,Si0, = dominant



TABLE 3.8. Mass balance, using the REACTIONS+ spread-sheet, for observation screen WP.2-f2 at 80 m-LS at 40 m from
the injection well (travel time 20 d), with the mean composition for period 27 August 1996 till 22 July 1997. The calculated
OUTPUT is equal to the water injected (INPUT) plus the reaction products during aquifer passage. The observation well is
representative for the middle parts of the target aquifer. Concentrations in umol/l. Insignificant reactions have been omitted.

balance term 0, CO, CH, H 80X NO; HCO; Cr Na* K' Ca* Mg* NH, Fe Mn As DOC
umol/l

INPUT = Drinking water produced from well field Langerak, averaged as WP.2-f2, however period shifted back 20 days

mg/L: measured 95 107" 0 777 75 143 297 194 416 6.52 601 111 0015 004 0012 0.0008 3.1
umol/L: calculated 297 242 0 0 78 231 4876 547 1809 167 1500 457 1 1 0 0.011 258
umol/L: corr. for 1.B.® 297 242 0 0 79 232 4905 551 1796 165 1488 453 1 1 0 0.011 258
CONVECTIVE TRANSPORT 17 17

REACTIONS (Eq.)”

FeS, oxidation O, (3a) -246 262 131 -262 - [¢] - 0 -
DOC-oxidation O, (5) 25 25 . - - - - - -25
OC-oxid (aquifer) (5) 25 25 - - - - - - - -
Fe* + NO, (6a) - 18 - - - -2 -18 - -10 - -

FeS, oxid. NO, (7a) - -7 - - 18 -25 7 - 9 - 0.048
OC-oxidat. NO, (9a) - 4 - -169 169 - - - - - - - -

cation exchange (14) - - - - 30 6 -51 -1 18 23 2

dissol. calcite (18) - -91 182 - - 91 - -

QUTPUT WP.2-80 7.39°

calculated® 0 518 0O 0 228 41 4981 595 1870 172 1529 452 19 23 2 0.060 233
measured: pmol/ (corr. .B.®) 0 528 O 0 228 41 4983 595 1870 172 1529 452 19 23 2 0.060 233
measured: mg/l 0 232* 0 738 219 254 304 211 430 674 613 110 035 129 0.132 0.0045 2.8

" = reaction equation in Table 3.7.

* = calculated from HCO,, pH, EGV and temp; @ = correction for a not 100% squaring lonic Balance;
% OUTPUT = INPUT + CONVECTIVE TRANSPORT + reaction terms = calculated hydrochemistry for WP2-2.

3.6.4 The total reaction scheme (phases 3+4)

Procedures

Phase 3 of the mass balance approach is composed
of putting together all selected reactions and add
the resulting losses and gains to the mean quality
of the influent. This is done with the spread-sheet
model REACTIONS+ discussed earlier. Each reac-
tion requires the input of either the reactant or one
reaction product, after which the total mass balance
is directly recalculated. The distribution of a reac-
tant or reaction product over various reactions may
need various trials. The best distribution and the
best mass balance are obtained when the result, the
simulated water quality after interaction with the
aquifer, closely approximates, in this case, the
observed water quality as sampled from a monito-
ring well. The most important calibration terms in
the balance are CO, and HCO,, because they are
not balanced them selves but result from balancing
the other parameters.

Phase 4 represents the evaluation of the final mass
balance, followed by its acceptance or rejection. In
case of rejection phase 2 should be repeated by
selecting other reactions.

Results

The best mass balance for observation well WP.2-
80 is presented in Table 3.8. The mass balances
for WP.2-90 and WP.5-120 are presented in Stuyf-
zand et al. (1998). In all cases an excellent mass
balance could be obtained. The results in Table 3.8
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show that the following reactions are quantitatively
most important for WP.2-80, in decreasing order:
(a) oxidation of organic matter from the aquifer by
nitrate; (b) pyrite oxidation mainly by O, and little
by NO;’; (c) cation exchange mainly with Na*, K%,
NH,*, Fe** and Mn™ being desorbed and Ca™
adsorbing; (d) calcite dissolution; (e) oxidation of
DOC and organic matter from the aquifer by O,;
angl (f) denitrification by oxidation of mobilized
Fe™.

Expressing all these reactions in umol/L leads to
the total reaction scheme for WP.2-80 indicated in
Table 3.9. This scheme is also shown for the 2
other wells. Wells WP.2-80 and WP.5-120 are
representative for the middle aquifer zone, well
WP.2-90 for the lower zone (higher reactivity of
pyrite). The middle aquifer zone showed in Lange--
rak, as compared to Nieuwegein, much less calcite
dissolution, no MnO, reduction, less oxidation of
organic matter, and more oxidation of Fe** and
DOC. Pyrite oxidation and cation exchange had a
similar size. These differences are mainly connec-
ted with the composition of the influent (SI, and
DOC higher in Langerak) and the aquifer (more
exchangeable Fe** in Langerak).

The lower aquifer zone showed in Langerak, as
compared with the middle aquifer zone, much
more pyrite oxidation, less oxidation of organic
matter and more DOC removal. The latter could be
due to losses by sorption to neoformed
iron(hydr)oxides.



TABLE 3.9.
WP.5-120 during the first year.

Comparison of the total reaction scheme for injected water arriving in monitoring wells WP.2-80, WP.2-90 and

well Reactions with aquifer in pmol/L (+ = formation; - = loss of pzhase) -
FeS, CH,0 (o] Fe(OH), CaCoO, EXCH Fe** Mn

LANGERAK (drinking water)

WP.2-80 -75 -169 -25 +85 -46 +66 -10 0

WP.2-90 -131 -48 0 +125 -46 +131 -10 0

NIEUWEGEIN (pretreated Rhine River water)

WP.5-120 -75 225 0 +57 -260 +60 0 -3

FeS, = pyrite oxidation mainly by O, and little by NO,; CH,O = oxidation of organic matter from the aquifer by n_itratc_a; 0s = oxidation of
organic matter from the aquifer by 0,; Fe(OH), = oxidation product of pyrite and desorbing Fe**; CaCO, = cglc_lt_e d!ssolutlon;_ E)_(CH =
cation exchange mainly with Na*, K*, NH,", Fe** and Mn* being desorbed and Ca® adsorbing; Fe** = denitrification by oxidation of

mobilizing Fe**; Mn* = dissolution of MnQ,.

3.7 CONCLUSIONS

The influent could be traced down in the aquifer
using CI, CH, and electrical resistivity. Their
break-through curves yielded a longitudinal disper-
sivity (o) of the sands varying from 0.3 to 5.5 m,
without any relation with travel time or distance.
This is explained by dispersion introduced by the
observation facilities (screen length 1 m).

The quality of the aerobic influent changed during
passage of the anoxic aquifer by oxidation of pyri-
te and organic matter, calcite dissolution and cation
exchange. In the 1.5 years of injection, pyrite and
the labile fraction of organic matter were comple-
tely leached up to several monitoring wells. This
resulted in the break-through first of NO, (after
30-100 PFs) and subsequently of O, (3 times later),
which decreased simultaneously the production of
TIC and SO,*.

Pyrite oxidation also mobilized As, Ni and Zn,
however not in accordance with its chemical com-
position  (Fe,45C000037Nig 01Z00,015;AS00053)-  They
were fixed to a large extent by neoformed Fe-
(OH);. In the course of time this fixation increased,
especially regarding As.

The geochemical heterogeneity of the aquifer
mainly consisted of a higher reactivity of pyrite in
the lower aquifer zone, and a higher reactivity of
organic matter in the upper parts. In the lower
aquifer zone in Langerak pyrite oxidation was rela-
tively fast (all O, and NO; used up within 6 days
mainly by pyrite), and elsewhere their elimination
took 40-100 days (most NO; used by organic
matter). When temperatures dropped below 10°C
the oxidation of organic matter decreased more
than pyrite oxidation.

The leaching of NH,*, Fe** and Mn** took on ave-
rage resp. 9-15, 7-88 en 290 PFs on both sites.
Cation exchange supplied most NH,*, oxidizing
pyrite most Fe**, and MnO, or a manganous side-
rite (Fe, , Mn,CO,) most Mn**. The leaching of Fe?*
and Mn** stopped prior to complete leaching of
their sources due to penetration of aerobic con-
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ditions. Cation exchange of Na*, K*, and Mg** was
in general completed within resp. 2, 7 and 5 PFs.
DOC (Dissolved Organic Carbon) and colour sho-
wed a permanent reduction (10-30% for DOC, and
30-60% for colour) due to degradation and perhaps
some incorporation in neoformed Fe(OH);.

The mass balance approach clearly quantified the
most important reactions.
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Principles of EASY-LEACHER

Pieter J. Stuyfzand

Kiwa Research and Consultancy, Nieuwegein, Netherlands

ABSTRACT: At Kiwa the model EASY-LEACHER was developed for simulating the dynamic quality
changes of an infiltrating solute which ’leaches’ the aquifer. It is an analytical 2D-spread sheet model,
based on: (1) the mass balance approach, for both reactive solutes in the water recharged and solid
reactive phases in the aquifer system; and (2) some empirical rules regarding the sequence of reactions,

reaction kinetics and mobility of elements.
4.1 INTRODUCTION

The model EASY-LEACHER is an alternative to
reactive 2-D transport codes which require a high
skill, tedious data input and powerful computers. It
is easy to work with and generates quick answers
which are ready for manipulation in a spread-sheet
environment. It was developed at Kiwa specifically
for use in artificial recharge and bank filtration,
where the rapid leaching of reactive aquifer consti-
tuents needs consideration and variations in the
input signal can be neglected. As it is partly based
on empirical rules pertaining to the situation in the
Netherlands, it cannot be used without adaptations
in strongly deviating environments. However, the
principles should be applicable anywhere.

4.2 MAIN CHARACTERISTICS

EASY-LEACHER is an analytical 2D-spread sheet
model, simulating the dynamic quality changes of
an infiltrating solute which ’leaches’ the aquifer
(Figs.4.1-4.2). 1t is based on:

(1) the mass balance approach, for both reactive
solutes in the water recharged and solid reactive
phases in the aquifer system (Fig.4.1); and (2)
some empirical rules regarding the sequence of
reactions, reaction kinetics and mobility of ele-
ments. These rules are based on 20 years of expe-
rience with water quality changes in aquifer sys-
tems in the Netherlands, especially regarding basin
recharge, deep well injection, and bank filtration
(Stuyfzand, 1989a,b, 1998a,b,c).

The required data input consists of: (i) mean com-
position of the influent; (ii) mean composition of
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native groundwater in each layer of the target
aquifer; (iii) native geochemistry of each layer of
the target aquifer (content of reactive solid phases);
(iv) the cumulative frequency curve of detention
times in each model layer or flow path, as derived
from either a separately run hydrological model or
tracer breakthrough data; and (v) specific informa-
tion derived from the mass balance of the water
phase (which reactions are needed, how do O, and
NO; distribute over the various redox reactions).
The model then calculates, (primarily) for a site
with artificial recharge or bank filtration, the deve-
lopment of the water quality of the raw water
recovered, either as a whole (mixed) or for each
individual aquifer layer or flow path, since the start
of infiltration.

The model simulates for as many strata as desired:
(a) displacement of the native groundwater by the
influent, including effects of dispersion; (b) lea-
ching of reactive aquifer constituents: exchangea-
ble cations, calcite, organic matter, iron sulphides
and MnQO,; (c) breakthrough of solutes; and (d)
sorption and breakdown of organic micropollutants.
The composition of the recharge water is assumed
constant, which means that the input signal takes
the shape of a step function. The leaching of reac-
tive solid phases is also taken into account when
modelling the behaviour of organic pollutants,
because the advance of redox fronts determines the
overall breakdown rates.

As shown in Fig.4.2 there are essentially 2 options
for running EASY-LEACHER. When flow paral-
lels the discerned aquifer layers, as in case of deep
well injection, the model is built up by the indivi-



Assumptions:

flow tube sharp leaching front
H,O-+treaction- O, reacts only with
product FeS,

375

H20+
=£-50,2+

SO, derives only from
FeS,, no sink

FeS, homogeneously
distributed

3. 75"'

3.75 0,+FeS,+3.5 H,0 = Fe(OH),+2 SO,2+4 H*

tCI

FIG. 4.1.
the mass balance approach.

< 0y NOg

model constructed using layers

O=native groundwater
2=as 1 - EXCH

5=as 4 - CaCOj, dissolution

N.B. 3-5 depend-on leaching sequence
for each model layer: A-D

own native hydrochemistry
own original geochemistry
own travel time

own flux: (contribution to Q

same’injection water

out)

. Po(FeSy)
n(ASO,)0.5

The basic concept behind "EASY-LEACHER’ is the steady leaching of reactive phases in the aquifer, as described by

model constructed using flow paths

the shifting of geohydrochemical zones (0 =1 =2 etc.)
1=EXCH + FeS,-ox + CH,0-ox +CaCO, dissolution + rest

3=as 2 - CH,0-0ox 4=as 3 - FeS,-ox

for each flow path: 1-111

Other solid fases
CaCO,
exchange complex
org. matter (3)
MnO,

native hydrochemistry of layer at
well screen
weighted mean geochemistry of

involved strata (by travel time)
as left

BISBRVSCOR

FIG. 4.2.  Essential features of EASY-LEACHER in case flow parallels the stratified medium (left) or crosses it (right).

dual layers. If flow crosses the discerned aquifer
layers, as in case of basin recharge, the model is
built up by selected flow paths. In the latter case
some problems may arise and information on the
exact position of leaching fronts is lost, due to the
necessity to average the geochemistry along each
flow path (excluding sludge at the bottom of re-
charge basins, which is treated separately).
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The basic assumptions or conditions of the model
are summarized in Table 4.1. The 6 main switches
of EASY-LEACHER for validating the model, are
discussed in § 5.2 (see Table 5.1).

For running the program the following is needed:
PC 2486, DOS or Windows, Internal memory =8
Mb. The software is written for QPRO+ and EX-
CEL.



TABLE 4.1. The 10 basic assumptions or conditions of EASY-LEACHER

natural erosion or man;

suspended solids are filtrated at the water/sediment interface and do not play a further role, because of inert behaviour or removal by either

(2) steady hydrology (travel times, water depth in ponds, flow path, etc.);

(3) there is no unsaturated zone (if any, then take the upper groundwater as influent or add the expected changes to the influent);

(4) bottom studge in a recharge basin remains in steady state leading to constant O, and NO, losses by oxidizing organic material;

(5) DOC and NH, in influent are (partly) oxidized first; the remaining O, and NO; can oxidize aquifer materials;

(6) exchange reactions and the dissolution of inorganic aquifer phases are without kinetic hinderance (sharp fronts);

(7) the leachable phases are all homogeneously distributed within each layer or along each flow path;

(8) organic material in the aquifer matrix is composed of a labile (highly reactive), tough (little reactive) and inert fraction, with the tough fracti-
on being oxidized only after total consumption of the labile fraction;

(9) the oxidation rate of organic material depends on the presence of O, and NO,, and the original amount of the labile c.q. tough fraction; and

(10) the leaching sequence is such that when pyrite is completely leached, tough organic material is still present.

TABLE 4.2. Some of the most important transport equations used in EASY-LEACHER.

The retardation and leach factor in general

Sorbing and oxidizing solutes are retarded during aquifer passa-
ge, and similarly desorbing and dissolving compounds are
delayed by leaching. In the latter case raised concentrations drop
to the influent level long after passage of the chloride front.
These delays are quantified by respectively the retardation factor
R, and leach factor L;:

£y

tHZO

R (1)

(2)

i

with: ¢ = time for 90% breakthrough of solute "i" [days]; ¢,
time required for 90% leaching or till equilibrium is attained
with the injection water [days]; tg,, = mean travel time for water
or a conservative tracer like chloride [days].

For practical reasons 90 in stead of 100% breakthrough or lea-
ching has been chosen.

The general formula for a stationary and fast leaching of a
homogeneously distributed reactive phase in the aquifer, is:

p, (s0lid)

L=1+ ——— o
n(reac) r,

(3)

with: (solid) = content of reactive phase in aquifer {[mmol/kg dry
weight]; (reac) = concentration of reactant in flushing fluid
[mmol/L]; r, = reaction coefficient, i.e. number of mmoles of
solid phase leached by I mmol of reactant [-]; p, = bulk density
= (I-n)p, with p; = density of solids [kg/L];

n = porosity [-].

In stead of the concentration of the reactant (reac) and its reacti-
on coefficient r, also the concentration of a reaction product
(prod) and its reaction coefficient r, can be taken, so that Eq.8
becomes:

p, (solid)

L=1+ 2 ""_"_"*
n{prod) r,

(4)

Of course, (reac) or (prod) should have no other sinks or sour-
ces, unless these can be properly accounted for.

Cation exchange

The period of cation exchange reactions (here Base EXchange)
can be estimated by:

L . PLCEC
IIEC

(5)

Rpex = Lpgx

with: CEC = cation exchange capacity [meq/kg d.w.}; Z¢ = sum
of cations in flushing liquid, the influent [meq/L].

For the individual, adsorbed cations like Fe**, Mn®* and NH," the
following approximation holds:

P XexcH

L bTEXCH (6)
0.75nX,

Ly pxew = 1 +

with: Xgyony = content of X in cation exchange complex [meq/kg
dw.l; X, = concentration of X in anoxic, native groundwater
prior to displacement [meq/L]. The factor 0.75 is empirical and
assumes the influent to be without X.

Pyrite oxidation
The leach factor for pyrite (FeS,) is the result of oxidation by O,
and/or NO;™

p, (Fes,)

7
0.5n(AS0,) )

Lpesz = 1

with: (FeS,) = pyrite content [mmol/kg d.w.]; ASO, = sulphate-
increase due to pyrite oxidation [mmol/L].

Oxidation of organic matter
The leach factor for organic matter (C,) is the result of oxidation
by O, and/or NO;

PpLap ()

=1 %(0.84N0,+A0,)

+

Leiab (8)

with: (C,) = total organic carbon content [mmol/kg d.w.];

f,, = fraction of easily degradable (labile) organic carbon
[kg/kgl; ANO, = nitrate-decrease due to oxidation of labile
organic matter {mmol/L]; AO, = oxygen-decrease due to oxidati-
on of labile organic matter [mmol/L].

After leaching of the labile fraction of organic matter (some-
times 2%), the tough fraction (assumed 100 - 20 - 100 ) is to
be leached. About 20% is considered inert then.

Dissolution of calcite
The leach factor for calcite (or CaCQ,) is the result of disso-
Iution by CO,:

p, (Cacoy)

nfq,,Co,

LCaC03 =

(9)

with: (CaCO,) = total calcite content [mmol/kg d.w.];

feo, = fraction of carbonic acid reacting with calcite [-]; CO, =
CO,-concentration prior to reaction with CaCO, but after its
production upon oxidation of pyrite, organic matter (and DOC),
and nitrification [mmol/L].
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4.3 CALCULATIONS

Contrary to most transport codes, the situation after
each time step is directly calculated with analytical
formulae, i.e. without iterations, finite elements
and equilibrium calculations. Only calcite and
CO,/H,0 equilibria are calculated, in an easy direct
way (nearly as accurate as speciation and mineral
equilibria programs like WATEQA4F) by a method
proposed by Stuyfzand, 1989c). Some of the most
important transport equations regarding inorganics
are collected in Table 4.2. The equations regarding
organic micropollutants are not presented here (see
Table 2 in Stuyfzand 1998c), as trace organic
contaminants are not considered during the experi-
ments with deep well injection. The transport equa-
tions involving calcite dissolution and the oxidati-
on of organic matter strongly depend on the lea-
ching sequence (see Annex 4 in Stuyfzand et al.,
1998), as this changes resp. the amount of CO,
produced and the amount of O, and NO; available
for organic matter.

How to assess the mass balance for the water pha-
se, is explained in § 3.6.
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5 Modelling chemical reactions during deep well injection
at Langerak and Nieuwegein with EASY-LEACHER

Pieter J. Stuyfzand
Kiwa Research and Consultancy, Nieuwegein, Netherlands

ABSTRACT: On 2 sites in the Netherlands, at Langerak and Nieuwegein, an experiment was carried out
for 1.5 years with deep well injection of oxic water into an anoxic aquifer. The resulting water quality
changes during aquifer passage and the leaching of reactive solid phases from the aquifer have been
successfully simulated for each site, using the model EASY-LEACHER. The main reactions included
were: pyrite oxidation, oxidation of organic matter, cation exchange and calcite dissolution. The general
leaching sequence was, starting with the first to be leached: exchangeable cations, labile organic matter,
pyrite, tough organic matter and calcite.

In addition, the results are presented of a prognosis of the quality development over 100 years, for the raw
water recovered by a fictive deep well injection plant on the Langerak site. A rapid clogging of the
recovery wells by mixing of aerobic with anaerobic, ferrogenous water was feared. The presence of
oxidizable pyrite and organic matter in the aquifer are expected to protect the recovery wells from a
cumbersome clogging for at least 50 years.

5.1 INTRODUCTION observation well WP.1-90 in Langerak (20 m from

injection well, travel time 6 days in aquifer layer
On 2 sites in the Netherlands, at Langerak and C), and observation well WP.5-120 in Nieuwegein
Nieuwegein, an experiment was carried out for 1.5 (31 m from injection well, travel time 28 days in
years with deep well injection of oxic water into  aquifer layer E). The position of these wells and
an anoxic aquifer. Both test sites are described in  the discerned aquifer layers are shown in Fig.2.4
detail in Ch.2. Information is given there also on  of § 2.3. The geochemical and other characteristics
the specific interests of Water Supply Company  of the discerned layers are listed in Table 5.2. Du-
WZHO, the relation between both experiments, ring most of the experimental period the water
several operational matters and the data collection.  sampled at both wells was not aggressive anymore
The results of monitoring and interpretation of the  towards pyrite, i.e. all O, and NO; was used up
water quality changes in the target aquifer at both  earlier.
sites, are summarized in Ch.3, and reported fully = The influent was resp. drinking water to which
by Stuyfzand et al. (1998). In this section these = NaNO, was added, and WRK-water (pretreated
water quality changes and the resulting leaching of =~ Rhine River water). Although their concentration
the aquifer are simulated using the model EASY-  varied with time (especially the WRK-water), their
LEACHER, which is explained in Ch.4. In additi- concentration had to be assumed constant, so that
on, the results are presented of a prognosis of the  their respective mean concentration was taken. The
quality development over 100 years, for the raw  native groundwater quality for each observation
water recovered by a fictive deep well injection  point was assumed equal to the measurements
plant on the Langerak site. prior to the start of injection.

The mass balances for the water phase as discus-

sed in § 3.6 were used to quantify the various

5.2 SIMULATION OF WATER QUALITY reactions and distribute the oxidants O, and NO;

CHANGES IN OBSERVATION WELLS over reactions with DOC, pyrite, organic matter

and desorbing or dissolving Fe**. These results and

General set-up the observed break-through data have been combi-

The water quality measurements have been simula- ned to tune the 6 main ’switches’ of EASY-LEA-
ted in detail for one well on each injection site: CHER as indicated in Table 5.1.

37



TABLE 5.1

The 6 main ’switches’ of EASY-LEACHER for matching the simulations to the observed quality evolution:

principles and specific settings for this case.

fhb

f

tough

doz’ciab

fC02

fNO3

adjusts the fraction of labile organic matter. This was set at 0.02 (2% of C,,), because this resulted in the best
simulation of the break-through of oxygen and nitrate.

regulates the fraction of tough organic matter. This switch is much less sensitive than f,,, and without clear
experimental proof it was set at 78% (this means that 20% of all organic matter is considered inert).

defines the rate of oxygen consumption (in mg O, L' d) by labile organic matter. This rate was set at 5 times
the original fraction of total organic carbon in the aquifer (f,. on kg/kg basis), because this resulted in the best
simulation of the break-through of oxygen and nitrate. The dO,-C,,, switch also fixes: dNO;-C,, (= 0.5*d0,-C,),
d0,-C,,,q (= 0.1*dO,-C,,,) and dNO,-C,,, ., (= 0.05*d0,-C,,,), all on mg/L/d basis.

regulates the fraction of all resulting CO, which reacts with calcite (CaCO,). This is done by forcing the calcite
saturation index (Sl of the water after aquifer passage to approach 0’ (indicating equilibrium with calcite) or a
slightly higher value when some supersaturation is noticed. In case of WP.1-90 there was actually a slight
supersaturation (Sl = 0.3), which necessitated adjustment of f;,, to a value of 0.3. In WP.5-120 the influent was
in equilibrium with calcite (Sl = 0), which made f_,, = 0.8.

adjusts the fraction of oxygen which reacts with pyrite. In case of competition between pyrite and labile organic
matter for oxygen, the larger part is in general consumed by pyrite. The f,, switch has to be set such that the
observed sulphate concentration is approached. Because nitrate can be used for pyrite oxidation as well (see
below), the mass balance' needs to be consulted. For both monitoring wells f,, was 0.91.

fixes the fraction of nitrate reacting with pyrite. In case of competition between pyrite and labile organic matter
for nitrate, the larger part is in general consumed by organic matter. The f,,, switch has to be set such that the
observed sulphate concentration is approached. Because oxygen can be used for pyrite oxidation as well (see
above), the mass balance' needs to be consulted. For monitoring well WP.1-90 f,,, was 0.83 (pyrite much more

reactive than organic matter), for WP.5-120 it was 0.27 (organic matter much more reactive than pyrite).

=see § 3.6

The break-through of the influent was simulated by
only taking the measured mean travel time (t,;
50% break-through) to the observation point, and
divide the whole frequency distribution of travel
times into 5 equal parts in between 0.5t;, and
1.5t5y. This results in a break-through curve com-
posed of 5 parts of 20% of the water with a mean
travel time of resp. 0.6, 0.8, 1.0, 1.2 and 1.4 times
ts,- In EASY-LEACHER, in stead of running one
layer for each observation point (see Fig.4.2 on
p.34) 5 equal layers were run each with its own
travel time.

Results

Some of the modelling results are shown for

WP.1-90 (Langerak) in Fig.5.1, and for WP.5-120

(Nieuwegein) in Fig.5.2. The simulation compares

in general very well with the observed quality

evolution, especially considering the folowing

complications:

a the model was run with a constant quality of

the influent notwithstanding fluctuations: drin-

king water especially regarding nitrate, WRK-

water regarding all parameters;

the model had to yield a good fit also for other

monitoring wells; and

¢ complications due to the NaCl-addition for one
month at Langerak, and variations in recharge
and recovery rate had to be ignored.

In Fig.5.1 the pyrite leaching front is approaching

WP.1-90, which can be deduced from the break-

through of first nitrate and then oxygen in combi-

nation with a declining sulphate production after

about 400 days. Ammonia and potassium clearly
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exchange for each other, 20% of DOC is continu-
ously removed, and methane closely follows the
break-through of the influent. Below 0.1 mg
CH,/L, however, methane shows a minor contribu-
tion of either semi-stagnant water or gas pockets.
In Fig.5.2 the pyrite leaching front is still far up-
stream of WP.5-120, because oxygen and nitrate
were completely used up and the sulphate produc-
tion was stable. The oxidation of pyrite is largely
responsible for the continuous mobilization of Fe**
and arsenic. Initially they show a peak or bulge
due to more escape from capture by precipitating
Fe(OH),. Calcite is clearly dissolved over the who-
le period, and methane closely follows the break-
through of the influent (without complications).

5.3 CALCULATED VERSUS OBSERVED
LEACHING

Another way of validating the predictions of EA-
SY-LEACHER is to check for the actual leaching
of reactive solid phases in the aquifer. As geoche-
mical analyses were only performed on aquifer
cores taken prior to injection, the hydrochemistry
is used to indicate when these phases are practical-
ly leached. The thus observed leach factors can be
compared in Table 5.2 with the leach factors calcu-
lated by the model. The calculation of leach factors
and their comparison with observed leach factors
form steps 5 and 6 respectively, in the mass balan-
ce approach as presented in § 3.6.1.

It is important to notice that the leach factors are
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FIG. 5.1 Observed and calculated quality evolution in
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time 6 days), where the injected drinking water passed
layer C (with very reactive pyrite) in Langerak.



80
701
60
50+
»
401
301
207
101
L T T T T T
0 100 200 300 400 500 600
days since start
Fe (mg/l)
2.57
2
----- -B--8--8--8- - S——8
1.5q calculated
L
14
WRK-water
0.5
0 100 200 300 400 500 600
days since start
103
J CH4(mgn)
-
4 ®
ER
. measured
0.1§
] /calculated
0'015 { WRK-water
0.001 ,‘C--..._: - - 5.
0 100 200 300 400 500 600
days since start
120-
Ca (mg/))
calculated

~ B --B-- S B--8--8

WRK-water &

300
days since start

200

400

40

1U
-wat

14|  NO3(mgA) WRK-water
127
101

&1

61

4 caloulated

measured
2
mmﬁsaaaéf\., e e r &
0 100 200 300 400 500 600
days since start

WRK-water
0 100 200 300 400 500 800
days since start
HCO3 (mg/))
W)
350
300+
250+
measured
zw- B8 €
\_/_/'\-( calculated “=
1501 WRK-water
100 , ; ; r .
[ 100 200 300 400 500 600
days since start
FIG. 5.2  Observed and calculated quality evolution in

observation well WP.5-120 (31 m from injection well,
travel time 28 days), where injected WRK-water passed
layer E in Nieuwegein.



TABLE 5.2. Calculated and observed leach factors for the most important reactive phases in 3 zones of the target aqui-
fer in Langerak and Nieuwegein, which were flushed with resp. drinking water and WRK-water. Based on the schema-

tization of the geochemistry and hydrology as given below, and

calculated with the model EASY-LEACHER,

Langerak Nieuwegein
model-layer no. unit A B C B D E
Depth m-MV 68-72 72-88 88-93 96-102 104-117 118-137
Permeability (K,) m/d 15 40 65 20 50 70
Travel time in aquifer d 1027 384 280 1050 420 300
Geochemistry: see footnote # - 2.67*B, B, c B, D E
Hydrochemistry - WP1-72 WP1-80 WP1-87 WP4-95 WP5-112 WP4-110
WP2-72 WP2-80 WP2-90 WP5-95 WP4-120
WP3-72 WP3-74 WP3-86 WP4-130
WP3-77 WP3-89 WP5-106
WP3-82 WP5-120
WP5-130
GEQCHEMISTRY (before the start)
CEC meq/kg 40.3 151 9.3 65.4 11.8 6.6
Feexen meqg/kg 0.85 0.32 0.09 0.41 0.10 0.04
Mng,cn meqg/kg 0.11 0.04 0.01 0.16 0.03 0.02
NH,excn meg/kg 0.43 0.16 0.06 0.28 0.03 0.02
CaCo, mmol/kg 204.3 76.6 41.2 481 44.3 15.4
Org. carbon mmol/kg 300 117 83 133 75 67
FeS, mmol/kg 9.75 3.65 2.06 3.87 1.56 2.37
CALCULATED LEACH FACTORS (with resp. mean drinking water and mean WRK-water)
CEC - 42 16 10 51 10 6
Fepyen - 198 21 9 65 12 6
Mngyc,, - 44 14 8 77 13 10
aExCH - 32 24 9 154 25 20
CaCo, - 140820 35290 14310 274760 8670 1071
Org. matter: labile’ - 198 88 218 84 53 58
Org. matter: tough® - 6369 2957 6896 2745 2430 3220
FeS, - 912 280 92 518 159 193
OBSERVED LEACH FACTORS (from Table 3.6 on p.22)
Fe - >43 21 >88 >8 >16 7-26
Mn - >43 88? >88 >8 >16 100
NH,cee - 9->43 20 7-19 >8 8? 9
CaCoO, - @ @ @ >8 >16 **
Org. matter: labile - >43 100 >88 >8 >16 32
FeS, - >43 >102 >88 >8 >16 95-170
'z this fraction is leached first, before the tough fraction starts to be leached;
2= this fraction starts to leach only, after complete leaching of the labile fraction;
#: reference to samples indicated in Fig.2.4 on p.12. In Langerak: A = 2.67*B, ; B = {WP2-73 + WP2-76 + WP2-82 + WP2-84}/4; C = WP2-89; in
Nieuwegein: B, = WP4-98; D = (WP4-106 + WP4-119)/2; E = (WP4-112 + WP4-130)/2.
t: modal travel time from injection to recovery well.
@ = cannot be established due to insufficient calcite dissolution in consequence of supersaturation of the influent;

partial leaching of pyrite.

equal to the amount of pore flushes needed to
remove the reactive phase, and that the total
amount of pore flushes achieved during both expe-
riments (ca. 1.5 years) varied for all observation
wells between 2 and 102 for Langerak, and be-
tween 2 and 167 for Nieuwegein. This explains the
many ’>’ values reported in Table 5.2 for the
observed leach factors.

Nevertheless there is in general a good agreement
between the observed and calculated leach factors.
The larger deviations are seen for iron and manga-
nese, which are related, however, to differences in
definition: the observed leach factors are not solely
dictated by the leaching of exchangeable Fe** and
Mn*, as their calculated phases are, but also by
dissolution of resp. pyrite and MnQO, or a manga-
nous siderite.

It can be deduced from Table 5.2 that calcite and
the tough fraction of organic matter survived the
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after ca. 70 pore flushes calcite dissolution seems to diminish, which is only due to a reduced production of acid in consequence of a

whole injection period on all observation points
(leaching not completed). The leaching of ammoni-
a is in most cases representative enough for the
leaching of most exchangeable cations (CEC; Fe**
and Mn? only close to the injection well). Its
leaching proved to be completed during the experi-
ments up to most observation points, except those
with a very low flow rate and high CEC (layer A
in Langerak, and layer B in Nieuwegein). The
labile fraction of organic matter was completely
leached during the experiments up to WP.1 in
layer B (Langerak) and up to WP.4 in layer E
(Nieuwegein). Pyrite was completely oxidized up
to WP.4 in layer E (Nieuwegein), and this leaching
front was approaching WP.1 in layer C (Langerak).
The general leaching sequence was, starting with
the first to be leached: exchangeable cations (main-
ly NH,"), labile organic matter, pyrite, tough orga-
nic matter and calcite.



5.4 PROGNOSIS FOR A FUTURE
INJECTION PLANT

Boundary conditions

Water supply company South-Holland East
(WZHO) aims at a deep well injection facility
integrated into its existing well field in Langerak
(see § 2.1). A first design of this facility is shown
in Fig.5.3: 10 future injection wells are projected
in between the existing 2 rows of 10 recovery
wells each. About 3 Mm®/a of WRK-water (pretre-
ated Rhine River water) is to be injected.

AR
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oo, \\\'\\'\\\@%%\K\\\X\\
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FIG. 5.3.  Provisional WZHO-design of the injection plant
for well field Langerak, with the distribution of groundwater
types in 1996 (without injection). The inner row of dots is
composed of the future injection wells, both outer rows are
the actual 20 pumping wells. A = deep-anoxic, authochtonous
groundwater; D = as A, however with more methane; M =
mixture of A and U; U = Rhine bank filtrate (which infiltra-
ted prior to 1953).

__

For this facility WZHO made preliminary hydrolo-
gical calculations using the 3D-model MICRO-
FEM. This resulted in the frequency distribution of
travel times for the discerned aquifer layers A, B
and C, which is required for running EASY-LEA-
CHER.

The target aquifer was schematized exactly as
indicated in Table 5.2. The native hydrochemistry
of the target aquifer was based on an inventory of
the water produced by the 20 existing pumping
wells in 1996. This survey resulted in the recogni-
tion of the 4 watertypes depicted in Fig.5.3. The
areal distribution of these watertypes was incorpo-
rated in EASY-LEACHER by subdividing each of
the 3 aquifer layers into 5 sublayers and fill these
layers with one of the 4 watertypes, such that the
areal distribution was simulated well. The 5 sub-
layers were also used to simulate the frequency
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distribution of travel times of the injected WRK-
water. The mean quality of WRK-water, as obser-
ved during the experiment in Nieuwegein, was
taken for the influent during 100 years, the forecast
period.

An important, additonal boundary condition was
that the injection wells do not clogg significantly,
because this could cause a notable consumption of
oxygen and nitrate close to the injection wells in
and downstream of the clogged parts. The model
was run with the 6 model switches listed in Table
5.1, in the same position as during the simulation
of the experimental results at Langerak.

The predicted quality evolution of the water reco-
vered

The results obtained with EASY-LEACHER are
presented in Fig.5.4. It shows the quality evolution
for the total mixture of recovered groundwater
since the start of injection till 100 years of conti-
nuous operation.

Displacement of the native groundwater by the
influent is mainly responsible for the quick respon-
ses, in between 0.5 to 3 years, of the tracers CI,
CH,, DOC and HCO;, as well as SO/ and Ca*.
The latter ions show of course also a concentration
increase due to respectively pyrite oxidation and
calcite dissolution. Oxygen is completely consu-
med during the entire 100 years, but nitrate shows
some break-through after 50 years due to leaching
of labile organic matter in layer B. Cation exchan-
ge causes the delay in ammonia leaching and a
small retardation for sodium. Arsenic is mobilized
by pyrite oxidation, but its mobility is reduced in
the course of time due to expansion of the oxidi-
zed zone. This creates an increasing amount of
sorption sites (to neoformed iron(hydr)oxides) and
oxidizes an increasing amount of arsenite into the
less mobile arsenate.

The strongest uncertainties in the prediction regard
the behaviour of iron and especially manganese,
because these ions already exhibited some unex-
pected behaviour during the experiment in Nieuwe-
gein. This behaviour seemed to relate to fluctuati-
ons in the O,- and NO;-concentrations and in tem-
perature of the WRK-water. The observed concen-
tration range of manganese has been included in
Fig.5.4 by showing 2 curves for Mn**: the lower
one as predicted by EASY-LEACHER and the
upper curve as based on the measured concentrati-
on levels in Nieuwegein.

Other uncertainties in the predicted quality evo-
lution are connected with amongst others the cor-
rectness of (a) the imported hydrological model,
(b) the geochemical schematization, and (c) the
chemical transport code. The main problem con-
nected with the latter is, that it assumes all lea-
ching fronts to be sharp. In reality a broad pyrite
leaching front is seen already during the first 1.5
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FIG. 5.4 Predicted quality evolution of WRK-water which is recovered in a future plant at Langerak, after deep-well injection
and aquifer passage of 200-3550 days (calculated with EASY-LEACHER).

years (Fig.3.7 on p.24). This front could be broade-
ning further in the course of time due to coating of
pyrite by fresh precipitates of iron(hydr)oxides.
This could also happen to organic matter and will
happen with calcite leaching as this is strongly
depending on pyrite oxidation.

The consequence of a further broadening of the
leaching fronts is, that nitrate and oxygen may
break-through in the recovery wells earlier than
predicted. This is compensated, however, to some
extent by an expected fouling of the aquifer in the
vicinity of the injection well which will consume
part of the oxygen and nitrate.

Well clogging by mixing of water types

Clogging of the injection wells by mixing of the
influent with the native groundwater is considered
impossible, which is corroborated by field expe-
rience. More realistic, however, is the clogging of
recovery wells by mixing of aerobic injectate with
anoxic waters containing dissolved Fe?*. In that
case the well-known reaction of oxygen with Fe**
proceeds to form a clogging precipitate of amorp-
hous iron(hydr)oxides together with a considerable
mass of bacteria and their slimes (Van Beek,
1989). As nitrate should arrive in recovery wells
ahead of oxygen, an important question arises:
"does the mixing of water containing nitrate but no
oxygen, with anoxic waters containing dissolved
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Fe** lead to a sufficiently fast reaction to clog a
well?’. The answer is unknown.

Anyhow, Fig.5.4 shows that nitrate might arrive
after 50 years of injection and is to be followed by
oxygen centuries later. At worst clogging of the
recovery wells by mixing could start then after 50
years, which is not alarming indeed. It can be
concluded that the presence of oxidizable pyrite
and organic matter in the aquifer protects the reco-
very wells from a cumbersome early clogging.

5.5 CONCLUSIONS

The simple analytical 2D-spread sheet model EA-
SY-LEACHER is very well capable of simulating
the dynamic quality changes of an infiltrating,
oxidizing solute which leaches an anoxic aquifer.
The main processes simulated here were: displace-
ment of the native groundwater and the leaching of
exchangeable cations, calcite, organic matter and
pyrite.

The best fit was obtained by assuming that only
2% of all organic matter was really labile, i.e.
reacting fast with an oxygen consumption rate (in
mg O,/L/d) of ca. 5 fy. (original fraction of total
organic carbon in aquifer, on kg/kg-basis).

The main problems encountered, are connected
with front-broadening and the behaviour of iron



and manganese. Pyrite oxidation is not resulting in
a sharp oxygen and nitrate front, as assumed in
EASY-LEACHER. This front is occupying actually
(after 1.5 years of injection) a zone of 20-30 m
wide. With a minimum total travel distance in the
aquifer of 130-190 m the actual size of this zone is
not too worrying. But it should not widen further.
Future research should focus on the possibility of
front-broadening. The second point is that the
behaviour of dissolved Fe** and Mn** seems to
depend on fluctuations of O, and NOj™ in the influ-
ent, and that a manganous siderite could contribute
to their supply. These aspects need further investi-
gation as well.
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