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INTRODUCTION

The characteristics of cyanobacteria to form surface scums or subsurface
accumulation in deeper layers (see Chapter 4) mean there can be patchy
and variable vertical and horizontal distribution of cells. This is important
to consider for abstracting drinking-water from surface waterbodies. The
intake of cyanobacterial biomass and cyanotoxins in the raw water can
potentially be greatly reduced — sometimes by orders of magnitude - if site
and depth of drinking-water abstraction are chosen to avoid these accu-
mulations. The water offtake is one of the few control points available to
managers to improve the quality of abstracted water and thereby ensure
product water quality following treatment. Where control of abstraction is
possible, the challenge to drinking-water treatment from high levels of bio-
mass, DOC, TOC (dissolved and total organic carbon) and cyanotoxins can
be managed in order to reduce the reliance and pressure on water treatment
options (see Chapter 10).

Where surface water can be filtered through sediment, that is, by
abstraction through bank filtration or artificial groundwater recharge, or
if slow sand filtration can be installed, if operated with sufficiently low
and long filtration rates, this can also be highly effective in removing both
cyanobacterial cells (as well as other particles, including pathogens) and
dissolved toxins.

9.1 OPTIMISING THE LOCATION
AND DEPTH FOR THE OFFTAKE

9.1.1 Vertical variability of cyanobacterial occurrence

Spatial and vertical variability in the concentration of contaminants
in lakes and reservoirs, as described in section 4.6.4, is common. This
applies not only to cyanobacteria but also to pathogens, iron, manganese
and other contaminants. Thermal stratification of the waterbody leads
to warmer water layered above cooler, denser water. This provides suit-
able conditions for cyanobacterial growth as the common bloom-forming
types are buoyant and can avoid sedimentation losses during the periods
of stratification. Under some conditions, the cyanobacteria can accumu-
late to scums at the surface, and in mesotrophic waterbodies, the maxi-
mum concentration can occur as a band in a deeper layer, as discussed in
section 4.2.1.
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Many modern reservoir offtake structures (often towers but also some
dams) have multiple offtake depths as part of good design. If multiple off-
takes are not available, in small systems it may be possible to siphon water
from a specific depth using large pipes as a temporary management measure.
The depth at which cyanobacterial cell densities are greatest — at the surface
or at specific depths — may show diurnal and seasonal patterns, and the
range of passive diurnal sinking and rising of cells is due to light- and pho-
tosynthetic-driven changes in cell buoyancy (section 4.1.2). While the high
variability in surface concentrations can be a relevant risk in all waterbodies,
the formation of pronounced layers or maxima at deeper and often vari-
able depths may only be relevant in thermally stratified (see section 4.3.4)
mesotrophic reservoirs. The best-known example of this occurs in temper-
ate regions with the formation of distinctive deep metalimnetic maxima of
low-light-adapted Planktothrix rubescens. In subtropical and tropical sys-
tems, Raphidiopsis (Cylindrospermopsis) raciborskii can also reach high
numbers deeper in the epilimnion, but these rarely form surface scums.

Figure 9.1 provides a good example of spatial variability and vertical
patterns for buoyant cyanobacteria in a medium-sized reservoir. These
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Figure 9.1 Vertical profiles and horizontal variability of a population of Dolichospermum
circinale in a horizontal transect across a reservoir in South Australia mea-
sured by phycocyanin fluorescence, converted to cells per mL.
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cyanobacteria, predominantly Dolichospermum circinale, develop surface
and subsurface maxima at several depths at the deepest site (Site 1), while
more mixing occurs at shallower locations in the reservoir (Sites 6-8). This
accumulation of buoyant cyanobacteria is associated with temperature sta-
bility in the growing season and shows how strong surface maxima can
develop near the reservoir surface while very low numbers occur in deeper
water. This drinking-water reservoir has the option for water offtake at the
surface, 5, 15 and 25 m at Site 1. The operational practice at this reservoir is
to draw water from a depth of 25 or 15 m when cyanobacteria are present,
which leads to much lower intake of both cells and potentially toxin and
odour metabolites into the water treatment plant. A further case study is
given by Fastner et al. (2001) for the Deesbach Reservoir, where at that time
surface concentrations ranged up to 570 ug/L, while at the offtake depth of
17 m, they were in the range of less than 1 pg/L.

In conclusion, it is important for operators to obtain information about
the range of vertical movement of local cyanobacterial populations and also
to be aware of the potential for the formation of metalimnetic (deep-depth)
maxima in order to avoid drawing high cell densities into the raw water
intake. This requires multiple depth sampling or probe measurements to
determine vertical profiles of cyanobacterial cell density (see Chapters 11
and 12 for methods).

9.1.1.1 Balancing cyanobacterial risk
against other contaminants

Selecting the optimal abstraction depth to minimise the cyanotoxin
risk requires awareness of the depth distribution of other water contami-
nants — that is, pathogens, dissolved organic carbon, iron and manganese.
The greatest challenges from cyanobacteria, iron and manganese gener-
ally occur during stable, stratified conditions. The greatest challenges from
pathogens and dissolved organic carbon occur through transport of these
contaminants from the catchment during heavy rain event-driven inflows.
For an early detection of a potential for cyanobacterial proliferation, an
understanding of the impact of the local weather and hydrological condi-
tions is of great value (see Chapter 4).

River water enters a lake or reservoir as an intrusion and will flow
through the reservoir at a depth determined by its density (in turn depen-
dent on temperature and conductivity) relative to the density of the reser-
voir water (Figure 9.2). If the river inflow is cold and dense relative to the
reservoir water, the river water will move into the reservoir as an underflow.
The river inflow or “intrusion” may also travel at mid-depths or towards
the surface, depending upon temperature and density. It is possible to deter-
mine the depth of the riverine intrusion using a simple online tool which
considers temperature detailed in section 9.1.4.
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Figure 9.2 Formation of river water intrusions during inflow events. The darker the
shading, the colder and denser the water. The depth of formation of the riv-
erine intrusion will correspond to the depth in the reservoir at which water
has equivalent density.

9.1.1.2 Releasing poor-quality water downstream

The water abstraction depth can also be utilised to release water of poorer
quality downstream and optimise the quality of water remaining in the res-
ervoir. Riverine intrusions into a reservoir often have a higher concentration
of phosphorus and nitrogen, so releasing this water downstream can result
in lower reservoir nutrient concentrations in the reservoir, thus reducing
the maximum achievable cyanobacterial biomass. This method is generally
only suitable in areas without water shortage, while in arid regions, water
harvesting is often maximised, therefore avoiding downstream release.
Also, the quality impact of the water released to the downstream river reach
may be an issue to clarify with stakeholders and authorities responsible for
the river water quality (often, this impact is minor and only relevant for a
very short downstream part of the river).

9.1.2 Horizontal variability of cyanobacterial
occurrence

The horizontal variation in the distribution of cyanobacterial populations
can also be considerable. Figure 9.1 shows the horizontal and vertical het-
erogeneity of cyanobacterial distribution. Observing seasonal patterns
of cyanobacterial scum location and/or predicting them from the main
wind direction may be useful for planning a drinking-water offtake or the
location of a recreational site or beach (see below).

Substantial contamination of raw water can be avoided by locating off-
takes away from sheltered bays where scums may accumulate (usually down-
wind of the prevailing winds during the critical summer growth period). If
this is not practical, it may be possible to employ temporary extensions to
pipe intake points.
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Where the offtake or recreational site already exists and relocation is
not an option, physical barriers may serve to exclude the most pronounced
blooms. They prevent surface scums accumulating near the offtake site.
Surface booms or curtains, similar to oil-spill containment booms, have
been used successfully in Australia, the UK and North America to keep
surface scums away from offtake structures. These physical barriers usually
extend to a depth of 0.5-1.0m and thus do not affect bulk horizontal flow
significantly. This technique is a worthwhile practical emergency measure
for transient blooms, and its use will depend upon the technical require-
ments of installation.

9.1.3 Data collection for optimising offtake sites

Collecting information as well as building knowledge and understand-
ing of the local ecology and conditions can greatly increase flexibility in
responses to blooms. When collecting data to optimise offtake depth, it is
important to include relevant hazards or indicators for their occurrence.
Vertical profiles of temperature provide a basis for assessing thermal strati-
fication, and profiles of oxygen concentration and redox potential indicate
the likelihood of higher iron and manganese concentrations. Data from
turbidity profiles may also be useful to indicate the location of a bloom.
Many water quality probes that measure temperature, conductivity, dis-
solved oxygen, etc can also be equipped with a fluorometer, which measures
chlorophyll, including the specific or other pigment fluorescence — a useful
surrogate for phytoplankton biomass. Fluorometers can specifically differ-
entiate between cyanobacteria and other phytoplankton if they measure
phycocyanin fluorescence, an accessory pigment only of the cyanobacteria.
While the ratio between cyanobacterial biomass and the fluorescence signal
may vary to some extent, fluorescence signals have proven highly useful as a
relative measure of the distribution of blooms, both vertically and horizon-
tally. These probes may be installed online at offtakes as part of Alert Level
Frameworks (see section 5.1.2) to adjust water treatment responses. The flu-
orometry signal can be calibrated by comparing phycocyanin fluorescence
with the monitored cell counts (section 13.6.1). However, it is important
to be aware of the issues and technical limitations of in situ fluorometers
for monitoring of cyanobacteria (see, e.g., Zamyadi et al., 2016 or Bertone
et al., 2018).

The following checklist outlines information needed to assess cyanotoxin
intake from raw water offtake systems. It is neither complete nor designed
as a template for direct use, and should be adapted to specific local condi-
tions. Support from lake experts or limnologists with hydrodynamic exper-
tise is highly valuable for this assessment. For measures to minimise the
occurrence of cyanobacteria through reducing nutrient loading or water-
body management, see Chapters 7 and 8.
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CHECKLIST 9.1: COLLECTING INFORMATION ON THE
RISK OF INTAKE OF CYANOBACTERIA OR DISSOLVED
CYANOTOXINS WITH THE DRINKING-WATER OFFTAKE

What meteorological, hydromorphological and hydrodynamics characteris-
tics of the waterbody could affect cyanobacterial distribution?

* Compile information on depth, volume, bathymetry and thermal
stratification;

* Collect information on the prevailing wind speed and direction;

e Determine the location of raw water offtake.

What information is available on cyanobacterial or cyanotoxin occurrence,
and where they tend to accumulate in relation to the drinking-water intake?!

» Collate historical information on the occurrence of cyanobacteria
and consider initiating a new programme or adapting an ongoing pro-
gramme to survey cyanobacterial occurrence and to determine differ-
ences in their distribution.

* Evaluate the local cyanobacterial species with regard to their buoyancy
characteristics and their potential vertical distribution.

What data are available and/or necessary to inform selection of an off-
take site?

* Determine the scale of monitoring and expertise necessary and avail-
able to effectively manage the offtake.

* Assess whether continuous online monitoring of temperature profiles
could be installed to better understand both thermal stratification and flow
regime, and whether the information gained is likely to justify the costs.

* Evaluate whether sensors could be installed to effectively monitor the
offtake for the indication of cyanobacterial biomass, for example, phy-
cocyanin fluorescence, chlorophyll fluorescence and turbidity.

Are hazardous events likely to cause cyanobacteria to concentrate near the
offtake?

* How heavy are cyanobacterial blooms? How long do they persist, and
what seasonal patterns do they show? Which toxins do they contain?
Are substantial extracellular amounts of toxin likely?
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Assess whether scum-forming cyanobacteria are likely to accumulate at
the surface and to concentrate on leeward shores due to wind action.
Assess whether storm event inflows will transport high concentrations
of cells to the offtake from upstream of the waterbody.

Where blooms occur at the offtake, are cells likely to die and lyse through
pumping the water from the offtake site to the waterworks?

What management options are available for the drinking-water offtake?

For thermally stratifying lakes and reservoirs, is a multilevel offtake
available? If so, can it be readily operated based upon current monitor-
ing information? If not, can effective options for monitoring indicators
for cyanobacterial biomass be installed?

For thermally stratifying lakes and reservoirs with heavy cyanobacterial
blooms, is artificial mixing an option? That is, can aeration sufficiently sup-
press their development (e.g., through intermittent operation) or shift cell
distribution to reduce concentrations at the intake (see also Chapter 8)?
For near-surface intakes (particularly from shallow waterbodies),
determine whether their sites are optimal in relation to chief areas of
bloom accumulation and if not, whether relocation (e.g., through pipe
extension) is possible.

For bloom-affected near-surface intakes which cannot be relocated,
consider installing physical barriers as discussed above to reduce
bloom intake.

What other water quality hazards should be considered when changing an
offtake for cyanobacterial management?

Check whether avoiding the intake of pathogens is an important target
for reservoir offtake management.

Assess whether intake needs to periodically avoid depth layers
which have low dissolved oxygen or with high iron or manganese
concentrations.

Develop a strategy for balancing cyanobacterial hazards against other
hazards associated with low dissolved oxygen, iron and manganese, or
pathogens in inflows.

What regulatory framework exists for abstracting drinking-water?

Are there surface water abstraction regulations that need to be con-
sidered when planning offtake sites and amounts?
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Document and visualise the information on the abstraction scheme and
regime:

* Compile a summary report and consolidate information from your
checklist.

* Map the spatial distribution of existing or potential sites for raw water
intake.

Outcome of system assessment:

» Estimate the risk of cyanotoxin intake: VWhat maximum levels do you
expect to find, and for what time periods?

» Estimate the uncertainty of this assessment: Is the information base suf-
ficient to make management decisions? If not, which information gaps
should be closed and with which priority?

9.1.4 Operational monitoring of control
measures in raw water abstraction

The most effective way to ensure that control measures are operating as
intended is to monitor readily observable indicators that show whether
structures are intact and processes operating as intended — that is, opera-
tional monitoring (Chapter 6). For the measures proposed above to control
cyanotoxin concentrations in raw water intakes, operational monitoring
will largely address the integrity of structures and whether flexible choice of
offtake is operated adequately in relation to bloom occurrence. Surveillance
will check the records of this monitoring as well as the adequacy of plan-
ning and design.

9.1.5 Validation of control
measures for raw water offtake

Validation to ensure that the drinking-water offtake is appropriately sited
and performing optimally is best achieved by a cyanobacterial monitoring
programme during a bloom period (Table 9.1). The validation programme
would ideally include several different bloom events, consider how wind
direction influences the accumulation of scums and consider different
types of cyanobacteria with different properties that may occur (e.g.,
scum-forming Microcystis versus dispersed filamentous Planktothrix
agardhii). Several parameters for cyanobacterial biomass measurement
may be used for these investigations, including biovolume, pigment
analysis either by in situ measurement of fluorescence by fluoroprobe
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Table 9.1 Examples for control measures in drinking-water offtake with options for
monitoring their functioning

Process step

Examples of control measures for intake
of contaminants

Options for monitoring their
functioning

Planning

Design,
construction,
maintenance

Appropriate selection of offtake site

and depth in relation to
cyanobacterial and cyanotoxin
accumulation, including the
occurrence of other detrimental or
hazardous contaminants (e.g., iron,
manganese, pathogens)

Downstream release of nutrient-rich
water, artificial mixing or physical
barriers against surface scums

Ensure that offtake structures (e.g.,
extension pipes, depth-variable
offtakes) are constructed according
to good practice and that they are
withdrawing water at the location
intended

If measures such as downstream
release of nutrient-rich water,
artificial mixing or physical barriers
against surface scums are
implemented, ensure proper design,
construction, maintenance

Adapt variable offtake depth to

stratification of cyanobacterial
accumulation, taking other
contaminants (iron, manganese) into
account

If artificial destratification is used,
adapt the mixing intensity to stability
of thermal stratification

If artificial mixing is intermittent, adapt
periodicity to phytoplankton
development

If physical barriers to deflect blooms
are in place, monitor their integrity
and proper positioning

Review plans/applications
for permits in relation
to information on bloom
accumulation and occurrence
of other contaminants

Review plans and applications
for permits

Inspect structures during
construction and at intervals
during operation; monitor
their integrity

Inspect structures during
construction and at intervals
during operation; inspect
records of maintenance

As above, but for deep-layer
offtakes include redox
measurement or oxygen
concentration to detect high
levels of iron/manganese

Monitor temperature profiles
over depth in reservoir or
lake

Monitor phytoplankton
development, for example,
by fluorescence (differentiating
between cyanobacteria and
algae); verify qualitatively by
microscopy

Visual inspection, possibly
supported by on-site
probing of fluorescence or
turbidity
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(preferably distinguishing between chlorophyll-a and phycocyanin spe-
cific for cyanobacteria) or chlorophyll extraction and photometric deter-
mination (in conjunction with qualitative microscopy to determine the
proportion of chlorophyll that is likely to originate from cyanobacteria).
Other parameters indicating the amount of cyanobacterial biomass may
be used as well, including cell counts, molecular information, remote
sensing data or turbidity measurements (as with chlorophyll-a, in con-
junction with qualitative microscopy to check whether a major fraction
of the turbidity is likely to originate from cyanobacteria). While these
are less precise, they can be very suitable surrogate monitoring param-
eters particularly if locally “calibrated” against periodic toxin analyses
as described in Chapter 5.

Validation would also include other contaminants to determine differ-
ences in spatial distribution compared to that of the cyanobacteria, for
example, iron and manganese or pathogens potentially accumulating in
the hypolimnion. This is to ensure that optimising for cyanotoxin con-
trol does conflict with optimising for the control of other contaminants.
Validation should be repeated from time to time, particularly if bloom pat-
terns show conspicuous changes or if the hydrodynamics of the waterbody
have changed.

9.2 SEDIMENT PASSAGE: MANAGED
AQUIFER RECHARGE VIA SOIL AQUIFER
TREATMENT OR POND INFILTRATION, SLOW
(SAND) FILTRATION AND BANK FILTRATION

In many settings, managed aquifer recharge (MAR; Tufenkji et al.,
2002; Maeng et al., 2010; Romero et al., 2014) or slow sand filtra-
tion (Ellis & Wood, 1985; Haig et al., 2011) has proven to be highly
effective and low-cost options for the removal of cyanobacteria and dis-
solved cyanotoxins (Griitzmacher et al., 2002). A prerequisite for MAR
is the suitability of the given sediment (which is not always given, e.g.,
in rocky mountainous or karstic regions) or the availability of space for
constructing and operating slow sand filters (which may be a constraint
where large volumes of water need to be treated). For many scenarios of
cyanotoxin occurrence and conditions for MAR or slow sand filtration,
substantial toxin removal is very likely. It is thus a very valuable option
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worth considering when assessing a given drinking-water supply at risk of
cyanotoxin contamination.

Managed aquifer recharge utilizes subsurface passage through porous
media (mostly gravel or sandy material) to achieve purification of surface
water for drinking water production. Types of MAR are e.g., bank filtration
(Figure 9.3), pond infiltration or aquifer recharge via trenches or injection
wells (an overview of techniques applied in Europe is given in Sprenger et al.
(2017). Slow sand filtration (Figure 9.4) uses the same principle, though on
a smaller scale, i.e., through a less thick layer of porous medium. All these
methods are applied in a wide variety of cases with different results and can
therefore be seen as abstraction methods, pre-treatment or treatment steps.

Managed aquifer recharge comprises both systems saturated with water
(i.e., riverbank filtration, groundwater and (slow) sand filtration) and
unsaturated systems such as soils, in which not all pores are filled with
water, leading to different transport dynamics, especially to higher temporal
variability. Therefore, some of the processes eliminating cyanotoxins differ
between both, and hence, results from saturated systems cannot always be
transferred to unsaturated systems. The following sections give an overview
on the removal of different cyanotoxins in various managed aquifer
recharge systems, as well as information on different aspects of managing
these systems.

9.2.1 Background information to assess the
subsurface conditions relevant for performance
in retaining cells and dissolved cyanotoxins

Soil aquifer treatment is one type of managed aquifer recharge, in which
irrigation water that may contain toxins is applied onto soil. The soil is
meant to act as a filter to retain toxins and to prevent them from further
transport to groundwater.

Bank filtration is characterised by drinking-water wells in the vicinity
of a lake or river that are fed mainly by water infiltrating from the surface
water supply (Figure 9.3). For other types of MAR, surface water is first
conveyed into infiltration ponds, trenches or wells from which it infiltrates
into the subsurface aquifer and is reclaimed in nearby wells. Due to differ-
ent hydrogeological settings, residence times may vary between a few days
to several months. The decisive parameters for the residence time are the
hydraulic conductivity of the aquifer (governed by the grain size distribu-
tion as well as the existence of a clogging layer) and the distance between
point of infiltration and well. Usually, infiltrated surface water blends in the
well with ambient groundwater, diluting possible contaminants originating
from the surface water (and vice versa; however, groundwater contami-
nants may also be diluted by uncontaminated surface water).

An important mechanism of sediment passage is the reduction of peak
contaminant concentrations by dispersion (i.e., mixing of water with
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different residence times due to varying flow paths). This may help avoid
hazardous concentrations, though it does not serve to reduce the total load
of the contaminant (this is also true for the decrease in concentration by
mixing with groundwater). The main purification processes during infiltra-
tion and subsurface passage are straining of particles as well as adsorption
onto aquifer material and biological or chemical degradation of dissolved
substances.

For predominantly cell-bound cyanotoxins, the main elimination process
is the straining of cells on the sediment surface. Phytoplankton removal
through sand filtration is very efficient and may eliminate up to 97% (Pereira
et al., 2012). Efficacy may be limited if the grain size distribution of the

groundwater

-~ -~
ambient
groundwater

Figure 9.3 Bank filtration scheme. (Adapted by permission from Springer Nature, Hydro-
geology Journal, Future management of aquifer recharge. Dillon P. Copyright
Springer Nature 2005. www.springernature.com/gp.)

supernatant

schmutzdecke
sand bed

gravel support
under-drainage

Figure 9.4 Slow sand filtration scheme. Raw water passes the sand filter through gravity.
The hydrostatic pressure is controlled by a flow control.
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sediment is coarse (e.g., gravel) and if there is no clogging layer (the clogging
layer is defined as the uppermost part of a sediment or filter in which hydrau-
lic conductivity is reduced due to the accumulation of organic and inorganic
debris as well as biofilms resulting from high biological activity). An addi-
tional parameter that may limit cell removal is the morphotype of the cyano-
bacterial species (see review by Romero et al., 2014): removal of filamentous
cyanobacteria may be more effective than that of single cells or small colo-
nies. Where cell removal is effective, cyanotoxin transport is limited to the
migration of dissolved (extracellular) toxins through the subsurface.

As cell lysis may release high amounts of toxin (see Chapter 4), the accu-
mulation of cells on the sediment surface or filter is best avoided. Therefore,
in controlled MAR systems or slow sand filtration, it may be necessary to
reduce flow rates of feeding water, and to remove upper layers of the filter
sand more frequently during periods of cyanobacterial blooms.

Depending on the sediment characteristics (clay/silt content, fraction of
organic matter) and the type of cyanotoxins, reversible sorption as well as
biological degradation may reduce concentrations of extracellular toxin dur-
ing subsurface passage. Reversible sorption will only lead to retardation and
not to the removal of dissolved toxins, but with the benefit of expanding the
residence time during which the cyanotoxins are available for biodegrada-
tion. Biodegradation is the only sustainable process leading to a complete
cyanotoxin removal. The efficacy of biodegradation depends on redox con-
ditions, temperature and previous cyanotoxin contact of the sediment, which
enhances the establishment of effectively degrading microbial consortia.

The residence time in the sediment necessary to achieve the removal target
depends on these conditions as well as on the sediment structure and mate-
rial: a sufficiently large fraction of fine particles is necessary to provide sur-
face area not only for sorption, but also for the establishment of biofilms that
harbour the toxin-degrading microorganisms. A fraction of >1% fines (i.e.,
particle size <63 pm, consisting of clay and silt) has proven effective, though
this might significantly reduce permeability. Sediment structure also deter-
mines residence time: if it consists of coarse gravel, throughflow will be rapid.

However, in soil aquifer treatment, toxins merely adsorbed to soils, with-
out being subject to biodegradation, may be desorbed and subsequently
leached to groundwater. Studies on the leaching of cyanobacterial toxins
from soils to groundwater are scarce (Machado et al., 2017). Batch studies
show that MC-LR sorbs well to clay and organic matter (Miller et al., 2001)
and several soil bacteria were reported to break down MC-LR (Machado
et al., 2017). However, Corbel et al. (2014) showed only a small amount of
applied MC-LR to silty sand to be degraded, whereas the largest fraction of
the applied toxin remained sorbed in extractible soil fractions. This toxin
thus has the potential to be remobilized, for instance during precipitation
or irrigation events. The authors assess this toxin’s leaching potential from
soil to groundwater to be high. So far, there are no studies which investi-
gated the leaching potential of CYN in soils, but due to its low sorption
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potential (Klitzke et al., 2011b) its mobility, i.e. leaching potential, is likely
to be high.

The leaching potential of cyanobacterial toxins strongly depends on site
conditions such as soil texture, irrigation frequency with polluted water
and toxin concentrations in the water as well as time elapsed after toxin
application. Due to the lack of data, general management recommencations
cannot be derived, and site-specific validation is necessary. Because of the
potential risk of leaching, where water with high toxin concentrations is
applied in soil aquifer treatment, validation of removal efficacy is particu-
larly important.

Knowledge on sediment passage elimination varies between types of cya-
notoxins, with a large share of publications reporting on microcystin and
relatively few on cylindrospermopsin, saxitoxin and anatoxin.

9.2.2 Degradation of microcystin during
bank filtration

Biodegradation as opposed to sorption was found to be the dominating
process for microcystin elimination in sandy porous material (Gritzmacher
et al., 2010). While sorption on sandy aquifer material was very low
(Gritzmacher et al., 2010), clay (Wu et al., 2011) and silt were found to
contribute to microcystin adsorption (Miller et al., 2005). Organic carbon
did not enhance microcystin adsorption. Miller et al. (2005) and Wu et al.
(2011) even observed a decrease in microcystin sorption at low organic
carbon contents (i.e., <8%). The authors explain this decrease by sorption
competition between dissolved organic substances and microcystin.

Gritzmacher et al. (2002) demonstrated an efficient removal of micro-
cystins by slow sand filtration, simulating the first few decimetres of sub-
surface passage also for sandy bank filtration and aquifer recharge sites.
Under optimal conditions (aerobic, moderate to high temperatures and pre-
vious microcystin contact), degradation is rapid, with rates of around 1/d
(assuming exponential first-order decay). The residence time in the sedi-
ment needed for sufficient toxin removal (<1 pg/L) under optimal condi-
tions even for very high microcystin concentrations amounts to 10 days. At
less-than-optimal conditions, microcystins will also be degraded, though at
a slower rate (Griitzmacher et al., 2007).

Each of the critical conditions described in the following increases the
probability that the minimum residence times necessary for sufficient toxin
removal will be achieved or exceeded.

Anaerobic/anoxic degradation of microcystins: It may be much slower
than degradation under aerobic conditions. Lag phases may occur but
rarely last more than 1-2 days (Grutzmacher et al., 2010). Redox conditions
in the subsurface may be monitored by regular sampling of observation
wells in the flow path, analysis of redox-sensitive parameters (e.g., iron and
ammonium) and measurement of oxygen content.
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Lack of previous contact of the system with microcystins: Previous
microcystin contact will be given for most settings as water reservoirs and
rivers with toxic cyanobacterial mass occurrences tend to show these regu-
larly. Even for surface waters without a history of cyanobacterial blooms, the
time usually needed for a mass occurrence to develop (i.e., a few weeks) is
likely to be sufficient for adaptation of bacteria in the subsurface. This may,
however, be a crucial point for managed aquifer recharge (MAR) sites and
slow filtration if sand/sediment has been exchanged just before or during a
massive cyanobacterial bloom. Checking records for sediment exchange may
therefore be important when increasing amounts of cyanobacteria or blooms
are observed.

Low temperature: Temperature generally determines microbial degrada-
tion rates. For microcystins, this is also generally true, but there is some
experimental evidence that microbial communities may adapt to low tem-
peratures and yield high degradation rates even at 5 °C: whereas laboratory
experiments at less than 15°C and 25 °C did not show different degradation
rates, an experiment at 5 °C yielded the relevant microcystin breakthrough,
though eventually degradation rates reached those obtained under higher
temperatures (Chorus & Bartel, 2006). Hence, temperature monitoring in
the well and in the surface water is useful in order to obtain an understand-
ing of the prevailing temperature in the sediment flow path.

In summary, optimal conditions for biodegradation of microcystins are
aerobic, with moderate to high temperatures (>10-15°C) and an established
microbial consortium (particularly in the clogging layer) capable of micro-
cystin degradation. For degradation in the water phase, refer to Chapter 2.1.

9.2.3 Degradation of cylindrospermopsin during
bank filtration

Removal of cylindrospermopsin (CYN) through subsurface passage or slow
sand filtration schemes differs from that of microcystins in several ways:

1. A much higher fraction of CYN frequently occurs dissolved in water.

2. Dissolved CYN may persist in the waterbody for many weeks (Wormer
et al., 2008) after the producer bloom has subsided, particularly at
low temperatures.

3. In temperate climates, CYN may occur about as frequently as
microcystins, but concentrations rarely reach similarly high levels
(maxima published from field samples are below 20 ug/L (Riicker
et al., 1997; Bogialli et al., 2006; Rucker et al., 2007; Brient et al.,
20009; see also section 2.2).

While points 1 and 2 increase the challenge for removal through sediment
passage, point 3 may be a de-warning if high concentrations can be reliably
excluded.
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Under some conditions, CYN elimination in the subsurface or slow
sand filter tends to be less effective than for microcystins: experiments by
Klitzke et al. (2011b) showed that sorption of CYN to various sediments
was very poor, and there was virtually no CYN retention on purely sandy
sediments (Klitzke et al., 2010). Also, the presence of clay did not enhance
CYN sorption (Klitzke et al., 2011b). The role of sediment organic carbon
is still unclear, because at present, results on the role of organic carbon in
CYN sorption are inconsistent, showing very high sorption on organic mud
(Klitzke et al., 2011b) but no sorption on a “schmutzdecke” (Klitzke et al.,
2011a). This uncertainty emphasises the importance of conditions condu-
cive to biodegradation to ensure an efficient CYN removal — for CYN, these
conditions are more crucial than for microcystins.

Redox conditions have been shown to be particularly crucial for CYN
elimination: under anaerobic conditions, lag phases can last weeks, and
even after the lag phase, degradation may remain incomplete even if resi-
dence times amount to many weeks (Klitzke & Fastner, 2012).

Preconditioning of sediments and flow rate also have a major impact: lag
phases may last up to 3 weeks until a sufficiently large microbial commu-
nity has developed and CYN breakdown commences (Klitzke et al., 2010).
This implies that sediments need to have previous contact to CYN for at
least 3weeks before CYN is removed effectively. In practice, where CYN
concentrations in the feed water build up over time, this may not prove to
be a problem. However, additionally, contact times are sufficient for effec-
tive biodegradation only if the flow rate is sufficiently low (i.e., approxi-
mately 0.2 m/d); at higher flow rates (i.e., 0.7 m/d and 1.2 m/d), the shorter
residence times in the sediment will not allow for CYN degradation, and
hence, CYN breakthrough is likely (Klitzke et al., 2011a).

Low temperature (i.e., 10°C or less) retarded CYN degradation by a fac-
tor of 10 in comparison with 20°C (Klitzke & Fastner, 2012).

9.2.4 Degradation of other cyanotoxins
during bank filtration

For the elimination of the other cyanotoxins by sediment passage, few
experimental results have been published. For Anatoxin-a (ATX), rapid
degradation already in the waterbody is well known (Rapala et al., 1994;
see also section 2.3), and the half-life of ATX elimination in natural surface
water studied in a batch system amounted to 4 weeks (Klitzke et al., 2011a).

In the sediment, ATX is eliminated through both sorption and degradation
(Klitzke et al., 2011a): while on sandy sediments, ATX adsorbed very weakly,
sorption was enhanced in sediments containing clay or organic carbon
(Klitzke et al., 2011b). Column experiments with a filter velocity of approxi-
mately 1.4 m/d showed ATX retardation on sandy sediments due to sorption.
However, sorption was reversible and only attenuated peak concentrations of
ATX, but not the overall ATX breakthrough. Degradation took place only
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in the presence of DOC and hence resulted in ATX elimination of approxi-
mately 35% of the initial concentration (Klitzke et al., unpublished data).

So far, published results of systematic studies on ATX degradation in
sediments are only available from laboratory batch studies (Klitzke et al.,
2011a). With an initial concentration of 10-15 ug/L ATX (under oxic con-
ditions and at room temperature of approximately 20 °C), it took 7 days for
concentrations to drop below 1 pg/L following sediment contact. At 10°C,
elimination slowed down by approximately a factor of 2. Under anoxic
conditions, ATX elimination in sediments was decelerated also by about a
factor of 2. Degradation in sediments under all conditions investigated took
place without a lag phase; that is, it commenced without any delay, suggest-
ing that preconditioning is not required.

Burns et al. (2009) report an efficient sorption of saxitoxins (STX) on a
sandy-silty sediment, parts of which had very high amounts of clay and silt
(up to 89.6% silt) for an initial concentration of 5 pg/L. Besides, SXT sorbed
on clay minerals with sorption increasing with increasing cation-exchange
capacity. Romero et al. (2014) reported much lower sorption for SXT and
neo-SXT (between 40% and 80%) on a sediment retrieved from a bank
filtration site with only 4% fines (<0.063 mm). Saxitoxin removal in sand
filters of both a water treatment plant and a wastewater treatment plant
proved very inefficient (Kayal et al., 2008; Ho et al., 2012). In the wastewa-
ter treatment plant filter, SXT toxicity was even increased after filter passage
(Ho et al., 2012). These findings suggest SXTs to be very persistent. The
studies mentioned were conducted at filter velocities of 7.2 and 14.4 m/d,
respectively.

As degradation processes are strongly influenced by residence times
(Klitzke et al., 2011a), it remains unclear whether SXT breakdown would
increase at lower flow rates (i.e., <1 m/d) as they may be encountered in
riverbank filtration scenarios.

9.2.5 Planning, design and construction of
sediment passage for cyanotoxin control

The general features of a managed aquifer recharge (MAR) site are deter-
mined by (i) subsurface characteristics, (ii) the design and operation of
the drinking-water production wells (including distance from the bank/
infiltration pond, filter depth and pumping rate) and (iii) hydrochemical and
biological conditions. Similarly, performance of slow sand filters depends
on the choice of sediment, size and depth of the filter as well as on the flow
rate.

For bank filtration, the subsurface characteristics are given by the litho-
logical parameters of the aquifer, and the only way to influence them is to
choose the most suitable well locations along the banks of a river or lake.
While coarse material (coarse sand and gravel) is often preferred for well
construction in order to achieve highest productivity, finer material like
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middle- to fine-grained sand is more effective for the removal of particles
and substances, with the challenge of combining a high straining effect
with sufficient hydraulic conductivity. The same is true for other MAR
techniques and slow sand filters, though cell removal may be achieved by fil-
tration of the inlet water prior to infiltration so that grain size distribution
will not be as important as during bank filtration. The basis for planning
therefore will include a detailed hydrogeological site investigation prior to
well construction.

Besides well position, screen depth also needs to be planned carefully, as
the point of abstraction is crucial for residence times and these characteris-
tics again are crucial for toxin removal rates — as well as for the fraction of
groundwater relative to filtered surface water (leading to cyanotoxin dilu-
tion; see Figure 9.3). Basic information for the positioning of the wells and
determining filter depth is derived from hydrogeological site investigations,
including the total depth of the aquifer, the position of confining layers and
a first assessment of the hydraulic conductivities (usually from grain size
analysis). Hydraulic computer models (simple models obtainable as share-
ware, e.g., the “Bank Filtration Simulator”; Rustler et al., 2009) can then
be used to simulate different well settings in order to find an optimum con-
cerning productivity, residence time and share of ambient groundwater.

9.2.6 Critical aspects of operation, maintenance
and monitoring

The residence time of surface water in the subsurface is crucial for an effective
cyanotoxin degradation, and residence time depends on the flow rate in the
subsurface as well as on the distance between the surface waterbody and the
well. Well operation can vary with respect to the pumping rates and regimes —
that is, continuously at a constant level or in an interval mode. It is therefore
important to determine residence times for the range of potential operating
conditions. Simple hydraulic models may provide a first assessment (Rustler
et al., 2009). Tracer measurements, however, will reduce the uncertainty
of this approach. Suitable tracers are characterised by their ability to be
transported in the aquifer without sorption, degradation or any other reac-
tion that may change the total load of this substance in the aqueous phase.
A simple way of determining residence times is to monitor substances or
parameters in the surface waterbody that show temporal variations (e.g.,
temperature), and to measure the offset of these variations over time in
observation wells close to the waterbody (taking into account possible
retardation coefficients).

If cyanotoxins break through the subsurface, their concentrations in the
well water will depend on the proportion of bank filtrate relative to that
of groundwater. Mixing ratios between surface water and groundwater
can be assessed from the concentration of substances that show distinctive
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differences in concentration between groundwater and surface water (e.g.,
salinity or organic trace substances).

Flow rates as well as removal efficacy for many substances are affected
by the gradual build-up of a clogging layer (“schmutzdecke”). Increasing
build-up of a clogging layer will lead to reduced flow rates and eventu-
ally to the formation of anoxic zones. For this reason, the clogging layer is
removed from slow sand filters at intervals which depend upon the infiltra-
tion rate loss. Some managed aquifer recharge (MAR) sites are also subject
to regular cleaning of the uppermost layer, , that is, removing the clog-
ging layer. In bank filtration settings, the degree of clogging may vary in
time, due to variations in sedimentation and biological activity, but the
existence of a clogging layer is likely in nearly all cases. A complete lack
of a clogging layer is conceivable in rivers with high flow rates and erosion
as predominant process, but in such situations cyanobacterial blooms are
unlikely. Changes in clogging can be monitored by measuring the head loss
(i.e., the difference in water level) between the surface water supply and the
groundwater.

For many substances, clogging layers contribute significantly to both
sorption and degradation processes: they provide fine particles with a
high capacity for contaminant sorption and harbour a high share of the
degrading microorganisms. This was also assumed for cyanotoxins; how-
ever, relevance of this mechanism was neither confirmed for the removal
of microcystins nor for that of cylindrospermopsin: experimental results
showed no effect of the presence or absence of a clogging layer on a slow
sand filter on their removal (Gritzmacher et al.,, 2007; Klitzke et al.,
2011a) — possibly because the sorption of these toxins is poor or null and
thus the time spent in the clogging layer was too short for biodegradation to
be effective. Data on the role of the clogging layer for the removal of other
cyanotoxins are lacking, but due to its higher sorption potential, a clog-
ging layer may be relevant, for example, for the degradation of Anatoxin-a.
Also, for coarse-grained material, the clogging layer may have an impact
not through sorption, but by improving filter action as strainer to remove
cells and thus cell-bound toxins.

A more crucial parameter for slow sand filters is the exchange of the
entire sediment body, as biodegradation takes place throughout the filter
body and is most effective if the filter is preconditioned, that is, colonised
by microorganisms capable of degrading cyanotoxins.

Even if clogging layer removal is less relevant for the removal of the most
frequently occurring cyanotoxins than generally assumed, documentation
of removal is important to enable the assessment of filter flow rates. For
slow sand filters, documentation is important for sediment exchange.
Furthermore, timing of sediment exchange is preferably well before cyano-
bacterial blooms are expected in order to allow time for preconditioning of

the filter.
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9.2.7 Assessing the risk of cyanotoxin breakthrough
where drinking-water is abstracted by magaged
aquifer recharge and/or slow sand filtration

The following checklist outlines information needed to assess cyanotoxin
removal through subsurface passage. It is neither complete nor designed as
a template for direct use, but rather needs to be specifically adapted to local
conditions. Support from hydrogeological expertise is highly valuable for
this assessment.

CHECKLIST 9.2: COLLECTING INFORMATION
ON THE RISK OF CYANOTOXIN BREAKTHROUGH
WHERE DRINKING WATER IS ABSTRACTED
BY MANAGED AQUIFER RECHARGE (MAR)
AND/OR SLOW SAND FILTRATION

What are the hydrogeological characteristics in the area envisaged/used for
infiltration?

* Determine the likely flow path from the surface waterbody to the
well(s), including the screen depth of the production well(s).

* Determine the clay/silt content and fraction of organic matter of the
soil or sediment through which water is likely to flow.

* Determine homogeneity of the soil or sediment.

* Determine likely redox and temperature conditions during subsurface
passage.

» Estimate travel times of water between surface waterbody and drink-
ing-water well (e.g., by using a conservative tracer or groundwater
flow models).

* Estimate the share of ambient groundwater in the drinking-water well
in relation to the share of bank filtrate (e.g., by using a conservative
tracer or groundwater flow models).

» Assess whether previous contact of the sediments to cyanotoxins is likely.

How are managed aquifer recharge (MAR)/slow sand filtration operated?

* Are wells operated continuously or at intervals?

* How strongly does the clogging layer fluctuate (is it periodically
removed)?

* For pond/trench/well infiltration/slow sand filtration: does an additional
filtration step remove cells/particles prior to infiltration?
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Which hazardous events are likely to affect raw water offtake?

* How heavy are cyanobacterial blooms? How long do they persist, and
what seasonal patterns do they show? Which toxins do they contain?
(See Chapter 2 and section 4.6.1)

* Are wellheads likely to be flooded?

* Are erosive events possible that could affect the clogging layer or filterbed
structure (e.g., during snowmelt, repeated freezing and thawing cycles)?

What regulatory framework exists for abstracting drinking-water?

* Are there groundwater abstraction regulations that need to be consid-
ered when planning bank filtration and/or artificial recharge?

Documentation and visualisation of information on the abstraction scheme
and regime:

*  Compile a summarising report and consolidate information from your
checklist.

* Map spatial distribution of existing or potential sites for wells abstract-
ing bank filtrate, if available together with maps of hydrogeological
conditions.

Outcome of system assessment:

* Estimate the risk of cyanotoxin breakthrough in underground filtration: What
maximum levels do you expect to find, and for which time periods?

» Estimate the uncertainty of this assessment: Is the information base suf-
ficient to make management decisions? If not, which information gaps
should be closed with which priority?

9.2.8 Operational monitoring of sediment passage
as control measure against cyanotoxins

As discussed in Chapter 6, the most effective way to ensure that control
measures are operating as intended is to monitor easily observable indica-
tors that show whether structures are intact and processes operating as
they should - that is, operational monitoring. For controlling cyanotoxin
concentrations by sediment passage, operational monitoring of managed
aquifer recharge (MAR) and slow filters can use parameters indicating
flow and redox conditions in order to ensure sufficient residence times
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in the subsurface. Surveillance will check the records of this monitoring
as well as the adequacy of planning and design. Table 9.2 summarises
selected examples of the measures proposed above to control cyanotoxin
concentrations in raw water intake and suggests approaches to their
monitoring and surveillance to check whether controls are operating as

intended.

Table 9.2 Examples for control measures in sediment passage with options for

monitoring their functioning

Examples of control measures

Process step for sediment passage

Options for monitoring
their functioning

Planning Choose site with optimum
hydrogeological and technical
prerequisites (fine- to
medium-grained sand, land
availability for pond/well
construction)

For bank filtration: optimise
choice of locations and depths
for production wells to ensure
sufficient residence times in
the subsurface

For other MAR techniques: assess
soil characteristics, potential
for rapid clogging during
blooms and site of recharge
in relation to production wells
to ensure sufficient residence
time in the subsurface

For slow filtration, to ensure
sufficient residence time
in the filter, consider
area and depth needed in
relation to water volume
and filtration time

Ensure that wells are
constructed according to
best practice, avoiding short
circuits

Design,
construction,
maintenance

Ascertain that minimum
residence times are achieved

Review plans and applications for
permits in relation to
hydrogeological information;
inspect sites

Review plans and applications
for permits

Assign experts, carry out maximum-
capacity pumping test, TV
inspection and borehole
geophysical examination; inspect
sites and records of maintenance

Use tracer investigations for
validation, daily temperature
measurements in surface water
and bank filtrate (observation
wells), water-level monitoring in
surface and groundwater

(Continued)
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Table 9.2 (Continued) Examples for control measures in sediment passage with options
for monitoring their functioning

Process step

Examples of control measures
for sediment passage

Options for monitoring their functioning

Operation

Modify well locations/filter
depth, if material proves
coarser than expected

Remove clogging layer from
infiltration pond/basin or river
bank by dredging, in case
infiltration rates decrease and
anoxic conditions are
established

For artificial recharge and slow
sand filters: avoid clogging by a
regular removal of clogging
layer (preferably before
blooms are expected)

Avoid anoxic or anaerobic
conditions by timely removal
of clogging layer

After sediment exchange,
consider extending residence
times by reducing pumping
rates/hydraulic head

For bank filtration, operational
control options are limited to the
pumping regime: If possible,
during cyanobacterial blooms
switch to production wells
with a higher share of
groundwater and reduce
pumping rates at critical wells

Grain size analysis of aquifer
material prior to well lining to
validate assumptions

Water-level monitoring in surface
and groundwater, redox
measurements in bank filtrate
observation well

Monitor well production rates

Monitor oxygen content in bank
filtrate, possibly also DOC in
surface water, as indicators of
oxygen consumption

Inspect documentation of pumping
rates/groundwater tables and
records of sediment exchange

Inspect records of well operation
and pumping rates; measure tracer
for the proportion of bank filtrate
in production well regularly

In addition to the operational monitoring of the functioning of control
measures, occasional cyanotoxin monitoring in the offtake is important to
verify comprehensively that initial cyanotoxin concentrations do not exceed
the concentration for which the system is designed.

9.2.9 Validation of control measures
in sediment passage

Whether or not sediment passage is sufficiently effective in eliminat-
ing cyanotoxins can best be validated by following bloom events with
samples from a drinking-water production well and analysing them for
the cyanotoxins which occur in the waterbody. For this purpose, indica-
tors such as cell counts or pigment analysis are not applicable, as their
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elimination rates will differ from those of the dissolved cyanotoxins. If
observation wells are available or can be installed between the drink-
ing-water production well and the waterbody, they provide an excellent
opportunity to follow the concentration decline. Timing of sampling in
relation to the travel time of the water in the subsurface is important in
order not to miss the concentration peak as it moves through the subsur-
face. It is also useful to include tracer measurements to characterise travel
times in the subsurface.

The handicap of validation by following bloom events is that this is dif-
ficult to plan for waterbodies in which blooms do not occur regularly, or if
capacities for sampling and analysis are not available. In such cases, a first
approach to validation is to characterise the sediment as well as residence
times in the subsurface, redox conditions and temperature as discussed
above in order to estimate the likelihood of effective cyanotoxin elimina-
tion. Thus, conditions likely to be safe may be identified and investigations
can focus on the more critical situations.
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