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Abstract

Artificial recharge and reclamation of stormwater into groundwater is a newly developing
strategy to augment water resources in the Adelaide metropolitan area of South Australia.
Mixing between injected storm water and native groundwater can be most effectively using
naturally occurring chloride ion. Stable isotopes of the water molecule are used more
effectively during short term tests (i.e., immediately following injection events), and requires
frequent monitoring of the surface water end-member. Biogeochemical processes involving
geochemical reactions such as organic matter oxidation, carbonate mineral dissolution and
sulfide mineral oxidation are very effectively traced by 513C and 14C (of TDIC) and 5 34S (of
SO42"). The most important processes occurring in the Tertiary limestone aquifer in Adelaide
were carbonate mineral dissolution which is induced largely by CO2 production during
organic matter oxidation. Sulfide mineral oxidation is a minor process, and is accompanied by
an equivalent amount of sulfate reduction after injection of the stormwater.

INTRODUCTION

Increasing urbanisation throughout the world has resulted in additional demand for water
near cities. Much of the available surface water has now been diverted, and very few new
dams are being constructed. Exploitation of urban groundwater systems has increased
enormously over the past few decades, and in many cases has reached near maximum
potential, with many large urban areas observing enormous water draw-downs (eg., Mexico
City, Sao Paulo, Bangkok, Las Vegas). Growing populations and increasing per capita water
use are probably the single most important limitation to urban development (Gleick, 1999).

A potential solution to the problems of both deficit in water supply and disposal of
stormwater in urban and suburban settings is through a process that is known as aquifer
storage and recovery (ASR). The principle is one where rainwater is diverted through the
stormwater system to temporary holding basins, and this water is recharged into groundwater
aquifers. When needed in drier months, the water is recovered or pumped into reticulations
systems or in some cases used for irrigation. ASR is therefore a form of artificial recharge,
where the same water that is injected is intended to be recovered (rather than being used
expressly to supplement existing groundwater supplies).

There are a number of unknowns in the whole ASR process that need to be addressed
before its' sustainability can be fully assessed. One of the primary issues facing the viability
of such schemes involves uncertainties when oxygenated surface waters, that may have
substantial amounts of dissolved or particulate organic matter (i.e., high Biological Oxygen
Demand) are injected into suboxic or anaerobic groundwaters that usually have higher
salinity. The technical issues include:
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physical limitation for the soil and/or aquifer to accept or release water

depth to which water will be injected below the below the land surface (greater depth
generally results in increasing cost to inject and withdraw)

The ability to contain groundwater within a specified area will depend on the
topography of the groundwater table and hydraulic conductivity.

Clogging of the aquifer, particularly near the intake (screen) intervals due to
precipitation of iron oxyhyroxides, or growth of bacterial cell walls stimulated by the
addition of organic matter to the system

Dissolution of the aquifer matrix resulting in mobilisation of solid material (eg., sand
grains) or collapse of the matrix near the vicinity of the well field

In addition the water quality of the recovered water may be adversely affected by
reactions such as the reductive dissolution of Fe and Mn oxides, H2S production and
methanogenisis, that may result from the anoxification of the aquifer.

2 STUDY AREA

Adelaide is a city of approximately 1.1 million people located in the state of South
Australia (Fig. 1). About half of the water supply comes from the River Murray, which as at
the down-stream end of a very large agricultural catchment, and half from local catchments.
Although there are a considerable number of private and municipal wells and boreholes
within the metropolitan area, the contribution to the total consumption is relatively small. The
surface water quality is renowned for being the worst the Australia, with projected salinity
approaching WHO limits, high amounts of Ca and Mg, and high dissolved organic loads.
Mean annual rainfall within the city environs is about 580 mm/yr, most of which falls in the
cooler months from May-October, and that water has until now been diverted into the sea.
Given that the demand for water is highest in the dry months, there seemed an excellent
opportunity to harvest the excess winter rains, store it in the groundwater aquifers, and
recover that water for the summer high demand.

ASR is becoming an increasingly attractive option in places where surface storages are
not viable or are expensive, and in areas with dry summers and winter dominated rainfall.
Many parts of Africa, middle east and western United States already use reclaimed and treated
water Gleick, 1999 estimated that up to 2 x 109 m3 of water can potentially be reclaimed and
reused by 2020. We can potentially solve the combined problems of insufficient available
water in winter, and excess storm runoff in winter. Although ASR will not aim to replace the
traditional water resource requirements of a modern city of this size, it does alleviate the need
for increasing the infrastructure by offsetting demands from the mains water supply with on-
site resources. Already, parks, golf courses and irrigators of vegetable and grape crops at the
city fringes are using re-used storm water.

Three study sites were chosen out of a possible 20 field pilot projects within a 50 km
radius of the Adelaide metropolitan area for detailed investigation. Of those three, one was
selected for comprehensive study, including full chemistry and isotopes. The site is located
about 15 km from the city centre and is locally as Andrews Farm. It is located within a new
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housing development and is designed to eventually provide all the water needs for the
surrounding household and municipal users. Also, the three holding basins (Fig. 1) are
designed to provide environmental amenity and is a first order clean up step for the storm
water. The first injection of water was in July 1993, and progressively more water was
injected in the following five winters (Fig. 2).

The receiving aquifer is a confined, partly karstic Tertiary limestone aquifers (Fig. 3).
The water is injected at a depth of about 120m, and samples retrieved from the injection well,
as well as three monitoring boreholes located 25m, 65m and 325m down-gradient
respectively. The native groundwater is a Na-Cl-HCOs type with salinity of about 1,800-
2,150 mgL/1.
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Fig. 1. Top Panel: Schematic map of the surface holding ponds, drains and location of injection well
and observation boreholes at Andrews Farm. Bottom panel: Location map of Adelaide and that of the
field study site (Andrews Farm),
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Fig. 2. Cumulative water balance of the Andrews Farm experimental site. The successive injection
years shows that about half of the total injection volume took place in the 1995/1996 injection year.
About half of all total volume of water injected was recovered in 1997.

Injected water is storm water of salinity <100 mg L'1. Dissolved oxygen (DO)
concentrations are zero, or very low in the native groundwater, whereas the injected waters
tend to be high in DO and high in both dissolved and particulate organic carbon loads.
Groundwaters from the injection wells and observation boreholes were sampled during and
after injection of surface water. The sampling interval varied from weekly to over two
months, with the sampling generally more frequent during and immediately following
injection of fresh water. The last injection of storm water at Andrews farm was in 1997, and
this was followed by an extensive long term recovery phase.

3 OBJECTIVES

We have divided our project into two main objectives. The first involves the tracing of
physical water movement and mixing within the zone of injection of surface water using
conservative water mass and the second involves evaluating the relative importance of the
various biogeochemical reactions induced by mixing of contrasting water types. These are
elaborated on in more detail below.

3.1. What is the extent of mixing of injected water with the ambient groundwater?

Evaluate different environmental tracers to estimate quantitative mixing proportions of
injected stormwater and native groundwater. The conservative environmental tracers such as
chloride concentration (for waters of different concentrations), stable isotopes of the water
molecule (52H & 818O) and anthropogenic tracers chlorofluorocarbons (CFC-11, CFC-12) are
applicable.
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3.2 What types of geochemical reactions occur during the mixing process?

The addition of oxygen and organic matter (dissolved and particulate) to an anaerobic
groundwater can induced a number of biogeochemical reactions, furthermore, recharge water
has a much lower salinity, and different chemical composition that the ambient groundwater,
therefore inorganic reactions may also be taking place. That is, the ionic strength of the
mixture may change as well as speciation of cations and anions.
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Fig. 3. Cross sectional schematic map of the Andrews Farm stormwater injection site. The injection
zone is shown at approximately 120m below the land surface, and three observation bores used for
sampling.

RESULTS AND DISCUSSIONv

4.1 Water mass tracers

4.1.1 Stable isotopes of water

Deuterium and oxygen-18 measurements were made at the Andrews Farm site during the first
2 or so years of the injection phase of the study (Table 2). The isotopic composition of the
native groundwater (i.e., the T2 aquifer) prior to any injection of surface water can be
estimated from data recorded at the borehole located at 325 m. The Tertiary aquifer has a
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uniform stable isotopic composition that is almost identical to the weighted mean composition
of rainfall measured in Adelaide over a 12 year period (82H=-24±1.8%0; 818O=-4.3±0.3%0).
The isotopic concentrations of the injection well water show very large variability for two
reasons. First, the variability of isotopic composition of rainfall from one event to another
depends on a number of factors such as storm track and air temperature. The second factor is
that the water the held in three inter-connected ponds for different periods of time prior to
injection. The longer the water is left in the open ponds, the greater the amount of
evaporation, and this in turn depends on the season (i.e., summer time rain will undergo a
greater degree of evaporation).

The stable isotope data demonstrate a very good and rapid connection between the injection
well and the observation borehole at 25 m, but virtually no detectable breakthrough to 65m or
at 325m. Interpretation of water mass mixing depends on there being a contrast between the
injection water and that of the native groundwater. this situation does not always occur as can
be seen in Table 1, where in general, injection waters in 1993, 1994 and July 1995 are
enriched in 2H and 18O relative to the native groundwater. At other times it is similar to (June
'96) or depleted in !8O (Aug. '95) relative to native groundwater.

The relationship between S2H and 818O (Fig. 4) shows that most data fall above the world
meteoric water line. All data points excluding those from the injection well plot but close to
the local meteoric water line defined by a slope of 7.6. Those data points from the injection
well and the 25m well highlight the variability of rainfall isotopic composition.

The use of stable isotopes of water is very useful for showing significant penetration of
stormwater into the aquifer, but is not sensitive when the amount of stormwater penetration is
<20% into the native groundwater, or when the isotopic values of injected water is not very
distinct from the native groundwater. The best time to use these as tracers is after substantial
residence time within the holding pond, and can be used as a tracer of discrete injection
events.

Table I. List of some reactions that may occur during artificial recharge of surface water into
an aquifer. Reactions 1-3 represent oxidation of organic matter in decreasing order of energy
yield. Reactions 4-5 represent pyrite oxidation by o2 or fe(iii) reduction respectively (note the
much higher yield of protons in the latter reaction). Reactions 6 and 7 are geochemical
reactions that may occur due to perturbation of carbonate equilibria induced by reactions 1-5

1. O2 + CH2O = CO2 + H2O Organic matter oxidation via O2

2. FeOOH + CH2O = Fe2+ + HCO3 Organic matter oxidation via Fe(III)
3. SO4

2"+ 2CH2O = H2S + 2HCO3" SO4 reduction.

4. 15/4O2 + FeS2 = 2SO4 + Fe(OH)3+4H+ Pyrite oxidation via O2
3 2 e2+

Pyrite oxidation via Fe(III) reduction

2 2 4 ( ) 3 y
5. 14Fe3+ + FeS2 + 8H2O = 2SO4

2"+ 16H+ + 15Fe2+

6. CO2 + H2O + CaCO3 = 2HCO3" + Ca2+ Carbonate dissolution
7. X-Ca2+ + 2Na+ = X-Na2 + Ca2+ Cation exchange
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Table II. Stable isotope composition of water molecules for the injection well and three
observation boreholes at andrews farm from 1993 to 1996. Injection events occurred in Oct.
'93, June '94, June '95, and July '96

Date

25/10/93
1/11/93
10/11/93
7/12/93
24/6/94
25/8/94
14/9/94
16/3/95
20/6/95
3/7/95
20/7/95

3/8/95

23/8/95
7/9/95
26/10/95
19/12/95
26/2/96

INJ
52H
-15.3
-2.2

-11.2

-23.8
-13.7
-9.6

-29.0

-27.1

518O
-3.1
-2.1

-3.0

-4.3
-4.2
-3.3

-5.4

-5.0

-5.0
-4.9
-5.0

Obs
62H
-13.3
-2.4
-1.7

-24.3
-24.5
-22.8
-23.5
-13.6
-10.1

-29.0

-27.4

(25m)
6I8O
-3.2
-2.1
-1.8

-4.7
-4.7
-4.3

-3.0
-3.2

-5.3

-5.0

-5.0
-4.9
-4.7

Obs(65m)
52H
-24.0
-23.4
-23.5
-23.9

-24.3
-24.2
-24.4
-25.4
-25.5
-23.9

-24.6

-24.9

5I8O
-4.6
-4.7
-4.5
-4.5

-4.6
-4.6
-4.6
-4.8

-4.1

-4.2

-3.7
-4.4
-4.0

Obs (325m)
52H
-23.4
-23.0
-23.3

-24.0

-25.0
-22.4

-23.1

618O
-4.5
-4.3
-4.5

-4.7

-4.6
-4.2

-4.0

-4.2

-3.9
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Fig. 4. Stable isotope data for the injection well and observation boreholes for Andrews Farm during
three injection events from 1993—1995.
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4.1.2 Chloride

Because of its hydrophilic nature, the use of chloride ion as a water mass tracer can often
be applied circumstances where there are no evaporite minerals within the aquifer or soils and
where there can be assumed to be conservative behaviour (i.e., neither addition or removal
during mineral-solution interactions). There is a high contrast between the low Cl stormwater
([Cl~] = 30±12 mg I"1) and higher salinity native groundwater ([CF] = 1,200 mg L"1 at 65m and
870 mg L"1 at 325m). Very little enrichment of chloride in the holding basins occurs prior to
injection, which means that there is a relatively constant 'input' concentration that can be
assumed when estimating mixing volumes. Following injection of stormwater into the
aquifer, the relative proportions of injected water and native groundwater can be estimated
from a simple mass balance in equation (1):

gw (1)

where X is the fraction of stormwater in any given groundwater sample at the injection well
or observation borehole. [Cl]inj and [Cl]gw are end-member concentrations of Cl in the
injection water and native groundwater respectively. The trend for chloride concentrations for
the entire 5 year period is shown in Fig. 5, with injection events shown as shaded areas.
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Fig. 5. Choride concentrations at the injection well and three observations boreholes at Andrews
Farm from 1993 to 1998. The injection periods are also shown as shaded areas. The Cl concentration
ofinjectant was 30±12 mg L'1 throughout the entire 5 year period.

The trends in [CF] for the injection well and the 25m observation borehole reinforces
the stable isotope data that shows a direct hydraulic connection between the injection well and
the 25 m observation borehole. Although there are small differences in the absolute
magnitude of the values at the two sites, they move essentially identically which implies
pseudo karstic behaviour. There is evidence from bore logs that drillers experienced loss of

18



circulation during drilling at this depth interval indicating very high hydraulic conductivity in
this zone. There is clearly some penetration of injected stormwater through to 65m (shown as
triangles) but none to 325m. The amount of stormwater that dilutes the groundwater at 65m is
up to 15% so that is why it was not observed in the stable isotope signature. The variability of
[Cl"] observed at 325 m is more likely to be an artefact of sampling technique (eg., pumping
rate prior to sampling) and analytical uncertainty rather than penetration of stormwater to that
borehole.

4.2 Biogeochemical processes

4.2.1 Mass balance calculations

Estimates of mass transfer of other major ions (Na+, K+, Ca2+, Mg2+, HCO3" and SO42") were
done in the following sequence:

(i) For each sample analysed, estimate the relative fraction of surface water and native
groundwater using the Cl mass balance (Eq. 1).

(ii) Using the calculated fractions estimated above, calculate what the concentrations for
the all the major ions should be iff conservative mixing only was to take place,

(iii) Compare the calculated values for Na, Ca, Mg, SO4 and HCO3 with those from ii).
The net transfer between aquifer minerals and solution is the difference between the
two numbers. For example, a higher measured value than calculated from mixing
indicates transfer to solution (eg., dissolution or desorption). A lower measured value
than that calculated from mixing indicates removal via precipitation of a minerals
phase, or adsorption.

Calculated excess concentrations for Andrews Farm (Fig. 6) all indicate net transfer of
ions into the solution as a result of mixing of storm water with the groundwater . Injection
occurred from late June to mid Aug 1995 which resulted in substantial addition of HCO3 and
Ca+Mg into solution, and to a lesser extent Na and SO4. The increase in HCO3 and Ca
indicates calcite dissolution, caused by generation of CO2 by oxidation of organic material
plus a small amount of pyrite oxidation. Net transfer of Ca and HCO3 occurred over the
following 7 months. After about mid Feb 1996, the excess concentrations decreased and net
fluxes approached zero by 26 July 1996 when further significant injection of surface water
took place.

We can also calculate mass transfer of carbonate species using the mass transfer code
PREEQEC. It is necessary to use these geochemical codes when more precise estimates are
needed which involve calculation of ion activities and thermodynamic mineral equilibria data.
The results of such calculations are shown as mass transfer of £Ca+Mg for the entire 4 year
injection period (Fig. 7). Note the release of Ca+Mg after injection of stormwater (induced by
carbonate dissolution due to CO2 production). There is some, but in comparison relatively
little carbonate precipitation after about 200 days after injection.
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Fig. 6. Mass balance of major ions for a 1 1/2 year period at Andrews Farm (1995-96). The
injection events occurred at day numbers 200 and 620.
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Fig. 7. Calculated mass transfer of Ca+Mg at Andrews Farm for the entire 4 year injection history
1993—1997. The arrows indicate injection of stormwater to the aquifer.

All Carbon isotopes (61JC and 14C)

The use of carbon isotopes were employed to trace the fate of organic matter and the
source of carbon to fuel biogeochemical reactions. 813C and carbon-14 are used as part of the
chemical and isotopic mass balance to better understand the process of carbonate dissolution,
organic carbon oxidation and possibly methane production (Back & Baedecker, 1989;
Herczeg et al., 1993). For example, BC/12C ratios of carbonate minerals are about 0%o, those
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of organic matter -—20 to -30%o, and the CO2 produced as a by-product of methane
generation is up to +20%o. In addition, the 14C concentrations indicate the amount of organic
matter oxidised from young material, as opposed to old material (eg., old organic matter
within the aquifer, or carbonate dissolution). It is important that a good understanding of the
carbonate chemistry is necessary for such an approach to be used quantitatively. The 513C
concentration of 'native' groundwater at Andrews Farm is about -11.0±0.8%o while that of
samples from the injection well and 25m obs bore are -13.4±1.1%O. The lowering of !3C/12C
ratios is indicative of oxidation of organic matter, but the signal is partly offset by dissolution
of carbonate minerals that has a 513C of 0%o. Somewhat surprising is the high 14C
concentrations measured in the injection well and 25m obs well which indicates that oxidation
of young carbon is a significant contributor to the DIC pool, but this is not reflected in 813C
data. Carbon-14 is a very promising tool to assess the source and amount of carbon oxidised
within ASR schemes.

Table III. Results for carbon isotopes sampled from andrews farm. Values for 513c are given
in per mill (%o), relative to PDB. Values for 14C are in percent modern carbon (PMC)

INJ

Obs (25m)

Obs (65m)

Obs (352)

Date
20/7/95
3/8/95
23/8/95
7/9/95
26/10/95
19/12/95
26/2/96
5/6/96
20/7/95
23/8/95
7/9/95
26/10/95
19/12/95
26/2/96
5/6/96
20/7/95
3/8/95
23/8/95
7/9/95
26/10/95
19/12/95
26/2/96
16/4/96
5/6/96
20/7/95
3/8/95
26/2/96
5/6/96

-10.6

-11.6
-11.8
-11.5
-11.1

-12.0

-11.7
-11.1
-10.4
-10.0
-10.8

-10.9
-12.6
-11.3

-11.5
-8.7
-8.9
-10.0
-10.1

0 CDIC

-15.6

-13.7

-13.3
-13.8
-12.8
-12.0

-15.1

-12.9
-13.1
-13.2
-12.3
-11.3
-11.0
-11.5
-10.8
-11.4

-12.5
-12.0

-9.7
-10.0
-10.4
-10.8

14C(%MC)

58.5±2.7

74.7±1.8
59.8±4.7

6.6±1.2

11.8±2.1

<5

3.3±2.3

a 513CDIC measured on CO2 evolved from the SrCO3 precipitate using H3PO4.
8 3CDIC measured on CO2 produced by high-temperature combustion of SrCC>3 precipitate.
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4.2.3 Sulfur isotope data

Many redox reactions in groundwater often involve solid or dissolved sulfur in many
forms. For example, addition of oxygen to a confined, reducing aquifer through injected
surface water can oxidised reduced sulfur minerals, such as pyrite. The resultant release of
acidity in turn can induce carbonate dissolution. Another type of reaction involves addition of
organic matter which when mineralised to CO2 by bacteria requires energy from first
dissolved oxygen, or NO3 or SO4 (see Table 1). Because dissolved oxygen and nitrate
concentrations are usually very low, sulfate can be the most important electron acceptor in
oxidation of dissolved or particulate organic matter injected into aquifers.

Sulfur isotopes are a very sensitive tool to investigate the above mentioned processes
of sulfide mineral oxidation and sulfate reduction. There is a very large discrimination against
34S relative to 32S during many biogeochemical processes. In particular, sulfate reduction
preferentially metabolises S resulting in progressive in S S values of residual sulfate as
sulfate reduction progresses (Krouse and Mayer, 1999). The reduced sulfide is isotopically
"light" which is why reduced sulfur minerals such as pyrite have quite negative 534S values.
Hence, dissolution of reduced sulfur minerals introduces light sulfate into the groundwater
sulfate pool.

Sulfur isotope data on dissolved sulfate was monitored during one injection/recovery
phase (see Fig. 8). We note from Fig 6 that there is relatively little net transfer of SO4

compared with other ions, but on the other hand can have a large impact on the redox status,
and transfer of proton via pyrite oxidation and sulfate reduction (Table 1).
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Fig. 8. Changes in S*4S of dissolved sulfate over a 1-year period following injection of stormwater to
the aquifer at Andrews Farm.

There is an initial large negative shift in sulphur isotopic composition of about —
16%o over a period of 40 days following injection of stormwater into the aquifer(Fig. 8). This
is almost certainly due to oxidation of 'light' sulphur in sulphide minerals disseminated
throughout the aquifer. At the same time, a substantial amount of Ca and Mg was released to
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to dissolution of carbonate minerals, partly related to generation of acidity during sulfide
mineral oxidation. For the remainder of the year of monitoring of sulfur isotopes, there was an
increase in 534S, which at face value indicates sulfate reduction, but only at the very end of the
cycle was there any evidence of sulfate reduction (i.e., a negative calculated SO4 flux). The
relationship between 534S and amount of sulfate added or removed (Fig. 9) indicates a trend
towards more positive 834S values despite maintenance of a small, but significant net addition
of sulfate to the aquifer.
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Fig. 9. Relationship between d^4S and mass transfer of sulfate following injection of stormwater to the
tertiary aquifer at Andrews Farm.

The relationship shown in Frig 9 shows a n inverse correlation between calculated SO4
excess concentrations and 534S values. That is, higher values of SO4 excess concentrations
correspond to more negative 534S values. The increasing trend of 634S concentration
corresponds to a trend towards sulphate reduction (i.e., negative "excess" values), while
maintaining net SO4 concentrations in the positive side of the ledger. Assuming that there is
no error in the mass balance calculations (which is possible given the small SO4 excess
residuals) the interpretation is not self-evident. There cannot be sulfide oxidation and sulfate
reduction occurring simultaneously. It is possible that there are two processes occurring
concurrently: net addition of sulfur during entrainment of native groundwater during the post
recharge period, and sulfate reduction.

CONCLUSIONS

The combined use of geochemical and isotopic techniques in field investigations of aquifer
storage and recovery operations are highly informative and essential for the assessment of
such operations. These are used both for estimating the extent of mixing between two water
types (using 5 H and 8 O) and chloride ion. The use of both is recommended, but each has
special value according to different field situations and/or the type of information required.
For long term, spatially averaged information, chloride ion data is preferred, provided there is
sufficient chloride contrast between recharge waters and native groundwaters. For specific
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information on the fate and mixing of waters from a given injection event, stable isotopes of
water are preferred. Furthermore, this is the only option where Cl concentrations in both water
types are similar.

As far as the biogeochemical reaction processes are concerned, the reaction sequence can
be divided into two distinct phases:

(1) During or immediately following injection there is an acid producing phase, (CO2
production, sulfide oxidation and carbonate dissolution)

(2) Further anaerobic organic matter oxidation accompanied by mobilisation of Fe,
sulphate reduction and carbonate precipitation.

These processes can be traced using mass balance calculations (incorporating
geochemical codes such as PHREEQC or NETPATH) as well as isotopes of carbon (12C, 13C,
14C) and sulfur (32S, 34S). The isotope data provide special information regarding the main
processes controlling minerals dissolution and redox processes. Particularly, sulfur isotopes
hold great promise in situations where there is injection into an anaerobic aquifer.

As far as this field study site is concerned, there is apparent dissolution of carbonate matrix
at Andrews farm inferred from the mass balance calculations, the amount of calcite dissolved
due to that process alone is <0.001% of the total rock matrix to the dominance of rock mass
over that of solutes dissolved in water. However, an increase in transmissivity may occur
especially if the calcite acts as cement to bind minerals such as quartz, which may be
mobilised especially during pumping. Changes in aquifer transmissivity could also be affected
by the amount of particulate matter injected, and reactions involving Fe/Mn oxy-hydroxides.
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