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Executive Summary

Environment Bay of Plenty is committed to the Idegn management of the water quality of the
major recreational lakes in the Bay of Plenty regand the restoration of those lakes that have
become degraded through excessive inputs of nitrdd§ and phosphorus (P) from catchment
development. As part of the restoration process fike Okaro, a whole-lake treatment is planned
using the P-inactivation agent Z2G1, a modifiedigeavith aluminium developed by Scion and made
by Blue Pacific Minerals, to reduce the dissolvedctive phosphorus concentrations in the lake’s
water column in summer and thus the developmestioimer algal blooms of blue-green algae.

Environment Bay of Plenty contracted NIWA to indegently evaluate the efficacy of the Z2G1 as a
P-inactivation agent, and to identify any adver$eces. This report presents the findings of a
laboratory study using lake sediment in flow thrieugcubation tubes to test the efficacy of two
application rates of Z2G1 under aerobic and anowieditions. The experimental design included
nutrient additions of dissolved reactive phosphamnd nitrate nitrogen in the flow through water to
determine the rate of P removal from the overlywater and whether the microbial functions of
nitrification and denitrification were adverselyfafted by the presence of a thin layer of the ZaG1
the sediment surface.

It was found that the thin layer of Z2G1 on theigeuht surface altered the biogeochemistry of the
sediment-water interface, as would be expected fagncapping agent. The study results and effect
of the changes are summarised as follows:

e Z2G1 was designed to take up P and thus represargede of “zero” P concentration on the
sediment surface. As the efflux of DRP out of tleisient is driven by concentration
gradients, the Z2G1 layer acted as a sink adsomiffigpm the sediment. Similarly, P was
removed from bottom water in contact with the ZA&jer.

e The rate of P uptake by the Z2G1 layer appearduktiimited by the availability of DRP in
the pore water and thus the measured uptake r&@ wig P rif d* may be the mineralization
rate of organic P in the Lake Okaro sediments uséus study.

e The estimated P load in the top 20 mm of Lake Oladiments was 1.56 g anAt the
suggested application rate of 350 § the P uptake would need to be 0.45 g per 100 ¢glZ2G
or 4.5g P kg which is substantially less than the theoretiogution capacity of 50 g P Kg

e The diffusion of oxygen into the sediment was redlithrough the Z2G1 layer to less than
sediment oxygen demand allowing the sediment taiecanoxic immediately below the
Z2G1 layer.

P-inactivation efficacy of Z2G1 as a capping agent.ake Okaro sediment iv
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e Surface deposits of Z2G1 increase the concentsatbmydrogen sulphide in the pore water
of the uppermost sediment. Deposits of 700 gahthe 1-3 mm grain size Z2G1 particles
cause a diffusive flux of hydrogen sulphide frore tippermost sediment pore water into the
overlying bottom water. At the suggested applicatiate of 350 g i efflux of hydrogen
sulphide is unlikely to occur.

e There appeared to be no hidden problems with Z2@drfering with the nitrification-
denitrification cycle. The strong oxygen gradiergtsross the sediment-water interface
appeared to be beneficial to the removal of;MOand may be responsible for the major
reduction in the NN concentrations observed.

e |t is likely that ebullition of methane gas fromthin the sediments will cause local areas of
disruption of the thin deposit of Z2G1 on the seshitnsurface and may reduce its efficiency
as a P-inactivation agent.

From the results of this study it is reasonabledclude that the application of Z2G1 will redube t
P load regenerated from the sediment. Extrapoldtmn the sediment cores collected from this study
suggests that the reduction in DRP concentratiotise lake water column is likely to be large.

The results of this study also indicate that thigiscope for a reduction in the application rat€261
by at least 50%.

P-inactivation efficacy of Z2G1 as a capping agent.ake Okaro sediment v
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1. Introduction

11

Environment Bay of Plenty is committed to the Idegn management of the water
quality of the major recreational lakes in the BdiyPlenty region and the restoration
of those lakes that have become degraded througgssixe inputs of nitrogen (N) and
phosphorus (P) from catchment development. Althoongimy of the degraded lakes
are sensitive to N, both N and P loads need teetiaced in order to restore the lake
water quality. Furthermore, because N can be pegntBnremoved from the lake by

the microbial processes of coupled nitrificatiord adenitrification, there is often a

disproportionately high internal load of P releaf®in the sediments of the Rotorua
lakes which negates the benefits of controllingekiernal loads.

Management strategies overseas have included birttiem P in the lake with an

inactivation agent applied either as a flocculataayent to strip P from the water
column or as a capping agent to seal the sedinagamst the release of P during
periods of bottom water anoxia. The P-inactivatiagent of choice is Alum

(aluminium sulphate) which is easy to apply but thespotential to raise aluminium
(Al) concentrations to toxic levels in the watetwon at low pH. An initial low-dose

alum addition to Lake Okaro in December 2003 hadtdéid success (Quinn et al.
2004). A new product developed by Scion and manufady Blue Pacific Minerals

is a modified zeolite, Z2G1, which carries the Rding agent, Al, and is thus less
likely to raise the Al concentrations in the watetumn. Environment Bay of Plenty
has decided to use this product on Lake Okaro ashale lake” trial to assess

whether Z2G1 could be used in the restoration loéioRotorua lakes, including Lake
Rotorua.

In late August or September 2007, Lake Okaro ibedreated with 100 t of Z2G1,
which equates to a nominal application rate of §56° across the whole lake bed.
While Scion have produced results which indicatg this rate will be effective, as
part of the trial monitoring programme, Environmédy of Plenty has contracted
NIWA to independently evaluate the efficacy of #hi2G1 as a P-inactivation agent,
and to identify any adverse effects.

Background

In 2006, a study by visiting scientist to Univeysitf Waikato, Mark McCarthy,
measured differential effluxes of dissolved reaetiphosphorus (DRP) from the
sediments of Lake Rotorua as a function of depthaygen concentration. Effluxes
ranged from <10 pmol P frh™ in the inshore waters up to 60 umol P ht below
20m water depth under conditions of anaerobic botteater. Using additions of

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment 1
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nitrate-nitrogen (N@N), he also determined that there was a similatiapdifference

in denitrification rates with N losses ranging frd!®0 pmol N rif h* in the inshore
waters to around 250 pmol N ! below 20 m under anaerobic conditions. These
experiments were conducted on un-modified sedimemes incubated in the
laboratory under a continuous flow regime.

These findings demonstrated that lake-bed processesnportant in controlling lake
N removal as well as P release.

Observations from Lake Taupo after the 1995-6 Mdrapehu eruptions indicated
that, while the fine ash (allophane) stripped allfrBm the water column and
temporarily stopped P-release from the sedimeriis. dsh was also thought to have
eliminated the microbial community associated wiiitrification of ammoniacal-
nitrogen (NH-N) released from the sediments, assMDdisappeared from the lake
water column. This effect lasted for about 12 mertkfore N@GN was detected in
the lake again and it took about 8 years for the lkehemistry to return to the pre-
eruption levels (Gibbs 2006), and for the microls@nmunity to recover sufficiently
to nitrify all of the NH-N released from the sediments in Lake Taupo.

These observations suggest that applications afcdlation agents, designed to
remove DRP from the water column and block DRPas#efrom the sediments, may
also adversely affect microbial communities witthie lake.

The 2003 Alum trial in Lake Okaro showed a similegponse with a sudden increase
in NH;-N immediately following the dosing and a subsedquagal bloom. Without
the experience from Lake Taupo, the occurrencéisfliloom may have been passed
off as unfortunate timing for a bloom that was athg developing. While this may still
be a valid explanation, the correspondence betwkeraddition of a flocculation
agent in these lakes and the appearance QfNNHnder conditions that should have
converted it to N@N indicates that the flocculation agent may hadweasely
affected the microbial community, and most probabéy nitrifying bacteria.

The loss of the nitrifying microbial community agduction in nitrification efficiency
would be critical to the natural removal of N fraire lake through denitrification.
This process may account for >50% of the N remdra@h the lake on an annual
basis. If the addition of any P-inactivation agkas a similar effect on the microbial
communities in the Rotorua lakes, this nitrogen Mlowemain in the lake and the
additional N in the readily available form of NN would be likely to stimulate and
sustain increased algal biomass unless all thesRemaoved by the flocculation agent.

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment 2
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The mechanism apparently affecting the nitrifyirarteria is not understood. It may
be simply a toxicity issue confined to just thatrobial assemblage or it may extend
to sediment-water boundary diffusion or REDOX issuehich also affects the
mobilisation of sediment bound trace minerals acke, Mn, Al, As, and Zn etc.

12 P-inactivation agent

At a meeting of the Sediment Processes Committednatersity of Waikato (19
February 2007), two formulations, based on grame,sof the new P-inactivation
agent, Z2G1, were presented by Scion, a 1-3 mmuigaand a mixed <1.0 mm
granule/powder. As both formulations would setdgidly, it was decided that these
products were better suited to a sediment capgplication rather than a flocculation
application. The difference between these two usethe timing of application.
Flocculation agents need to be applied when the ikktratified and P levels are high
in the water column so that they can be bound ley RAnactivation agent as it
flocculates and sediments. Sediment capping agestd to be applied when the lake
is mixed and the P is mostly confined to the sedimeso that it can bind the P being
released from the sediment and prevent it fromusdiffg up into the lake.
Consequently, the application of Z2G1 to Lake Okaowld be at the end of August
or beginning of September, just before thermatiftration began.

This study was designed to evaluate the efficacystability of the two formulations
of Z2G1 applied as a sediment capping materighatproposed rate plus double that
rate and to assess the effect on the microbial aamtynin terms of nitrification,
denitrification, as well as mineral mobilisation.hd different treatment rate
assessments were considered especially importaen ¢ine lack of knowledge of the
efficacy of the Z2G1 P-inactivation agent in a mam-based geological system.

121 Objectives

Objective 1: Determine the efficacy of the Z2G1 as a P-inatibn agent on Lake
Okaro sediments by (i); evaluating the efficacypbbsphate removal by Z2G1 from
the sediment-overlying lake water under aerobiaiams and (ii); by evaluating the
efficacy of Z2G1 at blocking phosphate release frahe sediments under
anaerobic/anoxic conditions

Objective 2: Identify potentially "toxic" side effects of a BA application to the lake
sediments including the release of toxic metalg. (@rsenic); trace metals that could
stimulate cyanophyte growth (e.g., zinc); and aopsgantial modification of the
microbial nitrification denitrification process. Mothat toxicity testing to sediment

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment 3
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and water column biota is a separate issue anddealifrom this study (see Martin &
Hickey 2007).

2. Methods

Figure 1

Lake Okaro (Fig.1) was sampled on 6 June 2007 umdlgiively calm conditions with
a 5-10 knot S-W breeze ahead of a forecast stohm.ldke was in the process of
mixing and a dissolved oxygen (DO) and tempergpuodile (Fig. 2) showed that the
water column was essentially isothermal with DQusatton levels of around 60%
down to 10 m, declining to around 18% at 13 m, sleeliment sampling depth.
Although there was no smell of hydrogen sulphidgha lake water, there was a
hydrogen sulphide smell from the sediment. There alao a strong musty smell of
cyanophytes in the air above the lake (See se6tiétealth & Safety).

190m

*Core sampling

. Sediment trap

@ sampling station

Lake Okaro site map showing the position from wtttoh cores were collected (Star)
relative to other lake monitoring positions usedthg University of Waikato. This
position was thought to be sufficiently distantnfrdhe sediment trap sites that it

would not interfere with the traps.

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment
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Figure2: Temperature and oxygen (%saturation) profiles ikeL®karo on the sampling date
compared with profiles collected 3 weeks earliepper water column oxygen
saturation was comparable but the bottom waterdxgdenated by about 18% by 6
June 2007.

Figure3: Photographs showin@\) a Jenkins corer being retrieved from Lake Okarmd (B) a
sediment core. Note the clear bottom water and uhéisturbed sediment-water
interface. (C) The sediment-water interface, dftansferring from the corer tube to
the incubation tube, was still essentially undiséuat.

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment 5
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21 Sediment and lake water collection

Surficial sediment samples (70 mm ID) were takenssgthe sediment-water interface
with a Jenkins Corer (Fig. 3A) which is designedtdake an undisturbed core (Fig.
3B). The sediment core was transferred to an irteubdube (Fig. 3C) by using a

piston rod to push the core up and out of the cemmpling tube and into the

incubation tube via a sectioning device attachethéotop of the corer tube. Before
transfer, the over lying water in the corer tubesveampled for nutrient analysis.
Thereafter, a high-density plastic foam plug witheait hole was inserted into the top
of the incubation tube. The excess overlying watas displaced through the vent
hole until the surficial 10 cm of undisturbed sedithwas in the incubation tube. The
sectioning device slide was closed and the cote tamoved, emptied, and rinsed. A
non-vented high-density plastic foam plug was dititeto the top of the corer tube and
the sectioning device, with the incubation tubk istiplace, was re-attached to the top
of the corer tube. The foam plug was pushed intohtbttom of the incubation tube
using the piston rod after the sectioning devicelesiwas opened. The loaded
incubation tube was then removed from the sectgpdigvice and stored vertical in a
plastic milk crate inside a large chilli-bin filledith lake water, for transport to the
laboratory.

About 400 litres of surface lake water was colldate four 100-litre plastic drums
lined with large plastic bags (“Wheely-bin” linemshd sealed with water-tight lids.

22 Experimental design

Unfortunately, due to a combination of vibrationridg transport, warming, and

reduced pressure causing degassing, several cereswghly mixed by the time they

reached the laboratory. Consequently, it was ddcidecompletely mix all the cores

and allow them to stand for several days underbéeriake water in the dark to

equilibrate and oxidise before starting the expent{Fig. 4A). The decision was also
made to run the experiment at early summer tempestto accelerate sediment
processes and thus enhance the nutrient efflux.

221 Flow through system

Two batches of 13 incubation tubes (with top plugsioved) were set up in milk
crates submerged in lake water in a controlled &gatpre room at 16 °C in the dark.
One further incubation tube without sediment waduided with one batch of tubes to
act as a “material only” control. The incubatiobés were allowed to equilibrate with
oxygenated water for 5 days before being treateéld ¥2G1 (Fig. 4B), recapped with
the vented high-density foam plugs, and conneated tflow-through” incubation
system (e.g., Miller-Way & Twilley 1996; McCarthy &ardner 2003).

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment 6
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Figure4: Incubation cores showing\j brown sediment surface after 5 days of oxidatang
(B) the spatial distribution of the Z2G1 after apation. The incubation tube order is
apparent in Figure 6A. Note the bottom right hamclbation tube has no sediment
and was used as the material control (blank). ielasigs contain lead weights to hold
the crates down against the buoyancy of the foargsph the bottom of each tube.

Air /N, gas in 1.6 mm ID nylon tube in 3.2 mm ID nylon tube out

\L Vent Bung \

> —

Liner tied Pump

around tubes\A ) Flow rate
H 1.5 ml min?
Okaro water
<— Z2 layer
<— Sediment
Sample collection
Aerator stone or to waste
100 litre lake water Incubation tube \
in plastic liner in drum 10 cm sediment Water bath
(not to scale)
Figureb5: Schematic of flow through system (not to scale anty one tube shown). Each

incubation tube had 100 mm sediment and 70 mm yingriwater. Water volume =
270 mL and, at a flow rate of 1.5 mL riirit was exchanged every 3 hours.

The flow through system (Fig. 5) used a separatki-channel peristaltic pump for
each batch. Each pump channel drew water fromghesbulk supply (100-litre drum)
and delivered it at 1.5 mL nifnvia a narrow bore hard nylon tube through therfoa
plug, into the cavity above the sediment. Anotlaegér-bore hard nylon tube through
the foam plug provided the exit for this water afitee vent hole was sealed with a
rubber bung (Fig. 6A). The exit water from eachuimation tube was either sampled
for analysis of nutrients and trace metals (Fig) éBallowed to run to waste.

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment 7
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Figure6: (A) Capped incubation tubes with inflow and outWfltubes fitted and the vent holes
sealed with a rubber bung. Note the labelling istfi@ treatment and corresponds to
Figure 4B. (B) The flow through system during dection. All incubation cores were
sampled simultaneously. After sample collectior, tlutlet extension tubes were fed
into a flask which had an overflow outlet to waste.

2.2.2 Treatments

The Z2G1 was sieved to provide a <1 mm fractionadd3 mm fraction. At 100 t for
the whole lake, the estimated Z2G1 loading was &B6Q g nf which translated to
1.35 g per incubation tube. The two batches ofrsedi incubation tubes were treated
in the same way: 3 tubes as controls, 3 tubesIv@h g of <1 mm Z2G1, 2 tubes with
2.7 g of <1 mm Z2G1, 3 tubes with 1.35 g of 1-3 2G1, and 2 tubes with 2.7 g of
1-3 mm Z2G1. The material-only tube was treatedh \&i7 g of <1 mm Z2G1. (See
Fig. 4B for the spatial distribution of the Z2Gleafapplication).

The experiments were run in paired batches witlurabhiake water (Table 1) and
spiked lake water being run under aerobic conditibirst, then being rerun under
anoxic conditions, giving a total of 4 experimemahs. The spike solution was made
by dissolving 0.1 g of NajfO,.2H,O and 1.44 g of KN@in a small volume of
deionised water (DIW) which was added to a bulk-id@ drum of lake water to give
a nominal concentration of 200 mg®*rof DRP and 2000 mg Frof NO;-N.

Aerobic conditions were maintained by bubbling @eésair through the bulk water in
two of the drums, one of which was spiked. Anoxanditions were achieved by
bubbling oxygen-free nitrogen gas through the watehe other two drums, one of
which was spiked. The top of the plastic bags griine drums of anoxic water were
tied around the nitrogen gas line in and the watglet line to the peristaltic pump to
exclude air contact with the surface of the watethe drum and thus maintain a
hypoxic atmosphere over the water.

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment 8
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Note that deoxygenating natural water with justragén gas also removes the
dissolved carbon dioxide (GPand, in hindsight, COshould have been bubbled
through the water to compensate for this. Consdtyyehe pH of the anoxic water
was around 8.6 compared with the aerated naturteinaaaround pH 7.6.

Nutrient concentration (mg ® in surface and bottom waters of Lake Okaro at the
time of sediment collection, 6 June 2007.

Nutrient concentrations (mg m™)

DRP NH,-N NO;-N
Surface 31 409 69
Bottom 185 2967 0

Sampling

The inflow and outflow water from each incubatiohé was sampled daily including
just before analysis of all samples on the fina} d&the aerobic and anoxic runs.
Water samples for nutrient analyses were filtenedneédiately and stored frozen
except for the final samples which were analysechédiately after filtration. Water
samples for trace metals were filtered and presenwth distilled nitric acid and sent
to RJ Hill Laboratories for analysis of total dibsm metals.

At the end of the flow-through experiments, micafjpes of oxygen and }$ were
measured normal to the sediment surface from dipowsibove the sediment surface
to a maximum depth of 20 mm. Profiles were measurazhe incubation tube from
each treatment. From other replicate incubatiordulthe Z2G1 layer was removed
from the sediment surface by suction (Fig. 7) fealgsis separate from the upper 20
mm of sediment. The Z2G1 was washed with DIW uding cycles of constant
shaking for 10 minutes then centrifugation at 4Q@®n for 10 minutes. The
supernatant water was discarded between cycleseatated with fresh DIW.

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment 9
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Figure7: (A) Removing the layer of Z2G1 from the sedimenfate in the incubation tube; (B)
A close-up of the suction process at the sedimanface.

All samples were dried at 105 °C for 24 h, and hgemised by grinding with a mortar
and pestle. Samples were then digested in aqua ad0 °C for two hours before
analysis for metals and trace elements by ICP-MS.

24 Analyses

Time series water samples were analysed for DRR;NNHind NQ-N on a Lachat
flow injection analyser using standard methods. €liseries water samples for total
dissolved metals were analysed for iron (Fe), maes@ (Mn), aluminium (Al), zinc
(Zn), and arsenic (As) by ICP-MS. The extractedmedt and Z2G1 samples were
analysed for 32 major and trace elements by ICPHJUSonly the P data will be
reported.

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment 10
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3. Reaults

31

311

312

With continuous flow incubations, the expectatignfor an equilibrium to become
established such that the differences in analyteemirations between inflow and
outflow in each incubation tube does not changer diree. Consequently, the
experiments were run for about 100 hours to allbg/ihcubations to reach a steady
state. The results were evaluated to confirm tteteady state had been reached and,
in the aerobic experiments the data from the fwst days were discarded as being an
artefact of incubation tube disturbance before ldgmium was established. In the
anoxic experiments, only the data from the firsy daas discarded as the incubation
tubes appeared to have stabilised by day 2.

Water column

Nutrients

Data for DRP, NN, and NQ-N in the flow through water from the 4 experiments
aerated natural lake water, aerated spiked lakerwanoxic natural lake water, and
anoxic spiked lake water, are presented in a sefigsaphs of mean data from the 3
replicates (Figs. 8 and 9). These graphs show th#low relative to inflow
concentrations for each of the treatments from 8ayo day 5 of the aerobic
experiments, and day 2 to day 5 of the anoxic exjsats.

Equilibrium is indicated where the time-series liise horizontal. A sloping line
indicates a change was occurring for some readmmnsilieeper the slope the greater the
change. For example, the M8 data from the anoxic spike experiment (Fig.8)ves

a rapid increase which is due to an oxygen leak tineé bulk water after day 2. This
was most likely caused by a tear in the plastierlietting air into the headspace above
the water in the drum, despite vigorous bubblinthwiygen-free nitrogen.

Metals

Total dissolved metal data are presented in Talaledlshow little difference between
treatments. Note that the anoxic spike treatmeetg wot completely anoxic after the
first 2 days and the oxygen concentration had risearound 20% saturation by day 5.
We believe that this was caused by a tear in thstipl liner allowing air into the
headspace above the bulk water.

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment 11
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3.13 Sedimentsand Z2G1

The concentrations of P in the Z2G1 removed from teated incubation tubes
relative to the original product in the two sizadtions tested are presented in Figure
10. Concentrations of P in the upper 20 mm of sedinfrom the same incubation
tubes relative to untreated sediments are alsepted in Figure 10.

Aerobic spiked Lake Okaro water

Aerobic natural Lake Okaro water
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Figure 8: Graphs showing the nutrients results from the defiobubations in natural lake water

and spiked lake water. The “no sediment” tube wathé spiked experiment. Values
are the means of 3 replicate measurements, enmeiab@a omitted for clarity.
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Anoxic natural Lake Okaro water Anoxic spiked Lake Okaro water
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Figure9: Graphs showinghe nutrients results from the anoxic incubationsatural lake water

and spiked lake water. The “no sediment” tube wathé spiked experiment. Values
are the means of 3 replicate measurements, er®abaomitted for clarity. The spike
experiment become hypoxic after day 2 —see text.
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Total dissolved metals concentrations in the outflavater relative to the
concentrations in the inflow (lake surface) andelabttom waters.

Fe Mn Al Zn As DO pH

@m®  @m®  @m®  @m®  (@m®  (%sap
Lake Okaro
Surface water 0.027 0.002 0.013 0.127 0.003 56.50
Bottom water 0.510 0.197 0.009 0.029 0.004 16.50
Aerobic
Control 0.027 0.002 0.013 0.127 0.003 92.10 7.70
<1 mm 0.027 0.003 0.018 0.088 0.003 87.40 7.69
<1 mm (x2) 0.030 0.005 0.014 0.070 0.003 89.00 7.65
1-3mm 0.030 0.007 0.007 0.115 0.003 89.40 7.69
1-3 mm (x2) 0.033 0.004 0.011 0.068 0.003 90.20 7.63
Materials blank 0.037 0.003 0.022 0.095 0.003 89.10 7.62
Anoxic (natural)
Control 0.068 0.018 0.023 0.061 0.004 <0.5* 8.10
<1 mm 0.025 0.010 0.036 0.055 0.003 <0.5* 8.30
<1 mm (x2) 0.020 0.006 0.009 0.025 0.003 <0.5* 8.20
1-3mm 0.030 0.011 0.009 0.045 0.003 <0.5* 8.00
1-3 mm (x2) 0.027 0.009 0.008 0.030 0.003 <0.5* 8.00
Anoxic (Spiked)
Control 0.025 0.005 0.006 0.036 0.003 22.00 8.50
<1 mm 0.030 0.018 0.010 0.036 0.003 22.10 8.52
<1 mm (x2) 0.023 0.006 0.010 0.012 0.003 22.80 8.63
1-3mm 0.038 0.012 0.007 0.042 0.003 24.00 8.44
1-3 mm (x2) 0.025 0.006 0.006 0.012 0.003 25.00 8.59
Materials blank 0.020 0.002 0.011 0.018 0.003 24.00 8.73

* measured in bulk supply

P concentrations in mg kg

1600 -

1400 -
1200
1000 -
800 4
600 -
400 4
200 ~ =
0
Unspiked Unspiked Unspiked Unspiked Spiked Spiked Spiked Spiked Pure sample | Pure sample
<1 <Ix2 13 13x2 <1 <Ix2 13 13x2 <1 13
2107 Sediment
2100 -
2050 4
2000 A
1950 -
1900 -
1850
Unspiked Unspiked Unspiked Unspiked Spiked Spiked Spiked Spiked Unspiked Spiked
<1 <1x2 13 :3x2 <1 <1x2 13 :3x2 control control

Phosphorus concentrations measured in the Z2G1vesimivpom the sediment in the
incubation tubes relative to the original prodwaetd in the upper 20 mm of sediment
from the same tubes relative to the untreated otsntr
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314 Vertical microprofiles of dissolved oxygen and hydrogen sulphide

No oxygen and hydrogen sulphide microprofiles wasasured in the sediment cores
containing oxygenated bottom water and being tceatéth 350 g it of Z2G1
particles <1 mm (Figs. 11A and 12A) due to distadgaby gas bubbles (ebullition).

Addition of only 350 g i of 1-3 mm Z2G1 particles to the sediment coresltes in
a patchy surface deposit instead of a homogenatscsuayer. The microprofiles in
this treatment were measured between patches of 28@ace deposit.

The surface of the sediment core-overlying watas w contact with the atmosphere
during all microprofiling measurements. Consequerntiffusion of oxygen from the
atmosphere resulted in a gradual oxygenation afeghieeatments that were previously
deoxygenated.

Oxygen penetration depth and diffusive oxygen uptake

Our measurements in cores treated with Z2G1 ateaaf700 g rif revealed that
surface deposits of <1 mm Z2G1 particles had aetaeffect on oxygen penetration
depth (OPD) and diffusive sediment oxygen uptak®p than the deposits of 1-3
mm Z2G1 particles (compare Figures 11B and D). @rypgenetrated bare sediment
~2.6 mm. Addition of a surface deposit of Z2G1 jsses <1 mm (700 g i)
decreased the oxygen penetration by ~0.5 mm (19fjs lower penetration
corresponds with a higher DOU indicated by a steegggen concentration gradient
in the ~0.8 mm-thick diffusive boundary layer (DBapove the Z2G1 deposit (Fig.
11B).

Surface deposits of Z2G1 impede the diffusion eédived gases to a different degree
than the underlying sediment does (K. Vopel, unighleld data). Such difference
should cause a discontinuity in the slope of valte@oncentration profiles of solutes
that diffuse across the interface between the wstsates. Inspection of the oxygen
concentration profiles in Figure 11 (black symbplspwever, did not reveal such
discontinuity indicating that oxygen did not diffugo the depths of the lower
boundaries of the Z2G1 surface deposits. The sari@deposits of Z2G1 were
apparently 2-3 mm thick so that diffusion of oxygemm the bottom water towards
the underlying sediment oxygenated the pore wdtéhe surface Z2G1 deposit but
not necessarily the pore water of the underlyirgjrsent. Consequently, the vertical
position of the chemocline (interface between oxyged and hydrogen sulphide
containing sediment pore water) shifted upwardmfeoposition at some depth in the
sediment into the surface layer of Z2G1.
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Graph showing vertical microprofiles of dissolved/gen measured from a position 2
mm above bare sediment (white symbols, controlsemtiment surface deposits of
Z2G1 (black symbols) to the depth of anoxic sedinmrsurface deposit. The Z2G1
deposits resulted from addition of (A, B) <1 mm Z2@articles and (C, D) 1-3 mm
Z2G1 particles at a rate of (A, C) 350 ¢¢mand (B, D) 700 g fA The dashed line

indicates the surface of the bare sediment or 8@1Zdeposit. Horizontal error bars
represent = 1 SD (n = 3). Note that the verticad &xin mm.

Porewater concentrations of hydrogen sulphide, oxygenated bottom water

Hydrogen sulphide was detected in the pore watehefuntreated sediment cores
below a depth of 2 mm (Fig. 12). Note that we meaguconcentrations of the
dissolved hydrogen sulphide gas but not the coratom of the total dissolved
reduced sulphur. The pore water concentration dfdgen sulphide is a function of
the pore water pH. Consequently, changes in theerdgration of hydrogen sulphide
along the vertical profile do not necessarily idé&ca change in the concentration of
the total dissolved reduced sulphur but may alsaltérom change in the pore water
pH.

Our measurements revealed that surface deposi#2@®f increase the pore water
concentration of hydrogen sulphide in the upperr26stnm of the sediment (Fig. 12).
Thick surface deposits of larger particles (700g -3 mm particle size) caused the
largest increase. The pore water of sediment ¢ogated with Z2G1 at a rate of 700 g
m? contained hydrogen sulphide starting at 1 mm défith 12D).
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Graph showing vertical microprofiles of hydrogerpbide measured from a position
2 mm above bare sediment (white symbols, contnoBealiment surface deposits of
Z2G1 (black symbols) to 20 mm depth. The bottomewaias oxygenated. The Z2G1
deposits resulted from addition of (A, B) <1 mm ZR2@articles and (C, D) 1-3 mm
Z2G1 particles at a rate of (A, C) 350 ¢¢mnd (B, D) 700 g fA The dashed line

indicates the surface of the bare sediment or 8@17deposit. Horizontal error bars

represent £ 1 SD (n = 3). Note that the verticé &xin mm.

Porewater concentrations of hydrogen sulphide, hypoxic bottom water
Our measurements in the hypoxic sediment cores {Bjgconfirmed the finding from
measurements in cores that contained oxygenatednibatater: surface deposits of
Z2G1

1) increased the sediment pore water concentratiohgdrbgen sulphide; and

2) shifted the position of the chemocline upwards fithim underlying sediment
into the surface deposit.

The vertical displacement of the chemocline wasem@monounced under conditions
of hypoxic bottom water compared to that under @tk of oxygenated bottom

water. Sediment cores treated with 1-3 mm Z2Gligkestat a rate of 700 g m
leaked hydrogen sulphide into the bottom water.(E§)D).

17
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Graph showing vertical microprofiles of hydrogerpbide measured from a position
2 mm above bare sediment (white symbols, contnoBealiment surface deposits of
Z2G1 (black symbols) to 20 mm depth. The bottomewatas hypoxic. The Z2G1

deposits resulted from addition of (A, B) <1 mm ZR2@articles and (C, D) 1-3 mm
Z2G1 particles at a rate of (A, C) 350 ¢¢mand (B, D) 700 g fA The dashed line

indicates the surface of the bare sediment or 8@17deposit. Horizontal error bars
represent = 1 SD (n = 3). Note that the verticad &xin mm.

Figure 13:
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4. Discussion

4.1

411

Figure 14:

Phosphorus

I ncubations

The results from the aerobic experiment (Fig. 13lhg non-spiked natural lake water
showed that DRP was removed from the overlying watdumn by the natural
sediments, presumably by the oxidised iron in théirsent. However, there was a
larger reduction in DRP concentration in the ouwtiflwater from the sediments capped
with the Z2G1 treatments than the control indigatimat Z2G1 was also adsorbing P
from the water column. Similar results were obtdifrem the spiked lake water (Fig.
14). Although the difference between the controbl @reated incubations were
proportionally not as great, both control and &ddhcubations removed a larger mass
of P from the overlying water indicating that P-iral was affected by concentration
and thus was a function of the diffusion gradiembas the sediment-water interface.

Control <1 mm <1 mm (x2) 1-3mm  1-3mm (x2) Blank

P-removal (mg m™ d'l)

@ Natural (DRP = 27 mg/m3)
.25 | B Spiked (DRP = 253 mg/m3)

Mean (error bar = 1 SD) P-removal from water coluower the last 3 days of
incubation at different treatments in the incubattabes under aerobic conditions.
Treatments were at 350 g%or 700 g rif (i.e., x2). The “blank” was a material blank
with no sediment but treated with <1 mm Z2G1 atttighest rate, 700 g'fn
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Control <l mm <l mm (x2) 1-3mm 1-3mm (x2) Blank
40 -

30 ~
20 -

10 A

P-removal (mg m 2 d‘l)

-10 4

O Natural (DRP = 39 mg/m3)
-20 ©  mSpiked (DRP = 267 mg/m3)

Mean (error bar = 1 SD) P-removal from water coluower the last 4 days of
incubation at the different treatments in the iratidn tubes under anoxic conditions.
Treatments were at 350 g%or 700 g rif (i.e., x2). The “blank” was a material blank
with no sediment but treated with <1 mm Z2G1 atttighest rate, 700 g'fn

The results from the anoxic experiment (Fig. 15haimon-spiked natural lake water
showed that DRP was released into the overlyingewablumn by the natural
sediments, as expected. However, there was mimehsdse or removal of DRP by
the control sediments using spiked lake water. Ehi®nsistent with sediment release
being a diffusive process. Surface lake water lacthg m®* DRP whereas the bottom
waters had a much higher concentration of aboutri§5m°® when collected (Table
1). If the DRP concentration in the bottom watefshe lake reflect concentrations
close to the maximum possible by sediment relehse, the spike at 267 mgiwas
higher than that maximum and there was no cond@mrgradient to draw the DRP
out of the sediment by diffusion.

In contrast to this apparent diffusive flux balaniteere was a reduction in DRP from
the overlying water in all incubations treated waABG1. As we have demonstrated
that DRP was released from the control sedimentstiaral water, the “natural water”
results for the Z2G1 treatments include the remafathe DRP released from the
sediment i.e., the actual P-removal rate was aBa«84 mg it d*, most of it being
from sediment release.

Using the above logic, in the spiked experimerd,dfflux of DRP from the sediments
would be minimal because of overlying water hasghdr concentration of DRP than

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment 20
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would typically occur in the bottom waters of tlaké. Consequently, the P-removal
rate appears to be much lower at 7-12 nigdth However, Z2G1 is known to remove
DRP and when applied to the sediment surface,aulgheffectively become a thin
layer with no free DRP. This means that the Z2Q@%edrthe diffusion process into
and out of the sediment, binding the DRP releasenh the sediment before it can
reach the overlying water and removing DRP from éerlying water as that P
diffuses down into the Z2G1 layer. Thus, assumirggdiffusive flux of P beneath the
Z2G1 is of similar magnitude as that in the norkegianoxic control, the actual P-
removal rate by the Z2G1 capping layer is likelotoabout 34-39 mg frd™. That is
essentially the same as in the non-spiked anoxierexrent.

Z2G1 uptake

Confirmation that the Z2G1 is actually removing DiRPseen in the P content of
Z2G1 before and after use (Fig. 10). The amounfPofemoved by each Z2G1
treatment can be calculated from those ICP-MS lbateorrecting for the P content of
the raw Z2G1 and the actual weight of Z2G1 appieeelach incubation tube treatment
(Fig. 16).

2.5
@ Natural
| Spiked
2.0
1.5 -
=)
E
o
1.0
0.5 1
0.0 ——
<l mm <l mm (x2) 1-3mm 1-3mm (x2)

Net increase in the mass of P in the Z2G1 appleethé incubation tubes at the
different treatments and rates.

These mass data converted to P-removal rates beget4 days from application to
extraction give an overall mean rate of 28.8 mgdi with a range from 21-38 mg
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m? d*. Quantitatively, within experimental errors, thesenoval rates are essentially
the same as those estimated from the nutrientxetfiia at about 32-34 mg ™
from natural water and about 34-39 mg di from the spiked experiment.

The apparent differences in the amount of P in2R€1 from different treatments

(Fig. 16) may be function of particle size with sl@aparticles having a larger active
surface area. The differences may also be a funofithe % coverage of sediment by
the Z2G1. For example, if there was a stoichioroettake of P by Z2G1, the

differences would have been proportional to the wmhmf Z2G1 applied to the

sediment. Instead, P uptake by the double layerlahm Z2G1 was only marginally

greater than the single layer which implies the amcf P available for uptake is

limited by a rate process, i.e., the rate of sujyagn within the sediments.

Sediment coverage by the application a single @bse 1mm Z2G1 (A) or 1-3 mm
Z2G1 (C) compared with a double dose of < Imm Z28lor 1-3 mm Z2G1 (D). A
single dose was 1.35 g of Z2G1. Tube scale as¥)er (
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In terms of aerial coverage of the sediments byZAP@&1, the small differences in P
mass between the single dose and the double dosé& ofim Z2G1 (Fig. 16) are
associated with the small increase in the % sedimmeverage by these 2 treatments
(Fig. 17A and B). Conversely, the larger differenge P mass between the single and
double layers of 1-3 mm Z2G1 (Fig. 16) are conaistéth the much larger increase
in the % sediment coverage by these 2 treatmeigsX FC and D).

From the above, it is clear that the product Z2@bliad as a capping agent is
efficient at stopping the release of P from theirsedt into the overlying water and
has the ability to remove P from the overlying wateming in contact with it as a
layer on the sediment surface. From the incubatxgeriments, the data shows that
the removal process was continuous and essentaligtant over the incubation
period. The agreement between the amount of Hrlmst the water in the continuous
flow incubations and the net increase in the amobiit in the Z2G1 on the sediment
in the incubation tubes over the 14-day periodhef éxperiment, implies that the P-
removal rate is largely a function of diffusion pesses which can limit the
availability of free DRP in contact with the Z2Ghere it can be removed. These data
also indicate that the capacity of the Z2G1 to tad® was not reached during the 14-
day period of the incubation experiment.

4.1.3 Rough calculations and reality check

From the ICP-MS data (Fig.10), the mean total Ptexanof the sediment was about
2000 mg P kg dry weight. The wet sediment had a bulk densityl@39 kg n,
therefore 1 mof wet sediment will have 39 kg dry weight of sednt. If the top 20
mm of sediment is the source of most of the diffediux of DRP then that flux is
coming from 0.78 kg of sediment. Thus, on an advasis, the total amount of P
stored in that 20 mm layer (including refractorydamon-refractory P) is about 1.56 g
m’.
Consequently, the proposed Z2G1 application ra@56fg nif is required to block the
release of up to 1.56 g P’niThis is a P uptake of 0.45 g P per 100 g Z2Gichvhis
less than the P uptake capacity of Z2G1 (50 mg'Pagd may explain why the P
uptake capacity of the Z2G1 was not exceeded dtinegncubation experiment.

As a reality check, the theoretical bottom watencamtrations of DRP can be
calculated without the Z2G1 application. Assumihgttthe diffusive flux implied

from the incubation tube experiments at around 80 d* is the release rate from
the sediments and all the P stored in the top 20isneventually released, it would
take about 50 days for the DRP concentrations &hrenaximum concentrations.
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With a hypolimnetic depth of 10 m, the expectedoamtration would be in the order
of 160 mg rit. This is less than but comparable with the comaéiph measured in
the bottom waters at the time of sampling (Tablgiddlicating that the sediment
efflux estimate for Lake Okaro is in the correal@rof magnitude.

42 Other factors

Other data collected during this experiment inctuttee changes across the sediment-
water interface with the different treatments of&2 indicating that the layer of
Z2G1 is affecting the sediment biogeochemistry.ths Z2G1 was designed as a
sediment capping agent, this was expected and thesegive an indication of the
likely effects and their relative importance to #wlogy of the lake.

421 Porewater oxygen and hydrogen sulphide

Data from this study indicate that the Z2G1 layeduces the rate of diffusion of
oxygen into the sediments and allows the sedimienisediately below the Z2G1
layer to become anaerobic. Our data do not indiaatemplete blockage of oxygen,
rather that the rate of diffusion of oxygen througke Z2G1 layer was less than the
sediment oxygen demand immediately below that lagemsequently, the surface
deposits of Z2G1 increase the concentrations ofdgah sulphide in the pore water
of the uppermost sediment. Deposits of 700 §1m3 mm Z2G1 particles caused a
diffusive flux of hydrogen sulphide from the upp&sh sediment pore water into the
bottom water that could adversely affect benthientain the sediment and on the
sediment surface (e.g., Koura). However, at theinated application rate of 350 g m
2 an efflux of hydrogen sulphide is unlikely to occunless the Z2G1 layer on the
sediment is disturbed.

422 Ebullition

Ebullition of gas from the sediments of Lake Ok#sa feature of that lake and is
likely to vary seasonally due to changes in thedmotwater temperature (Liikanen et
al. 2002). Raising the temperature of the inculbatides from 11°C to around 16 °C
increased gas production in the incubation tubed aonsequently, ebullition.
Although gas bubbles that developed deep in themseds were not analysed, they
were probably mostly methane, from anaerobic fetaiem of organic matter
(acetate) in the sediments, as most of the @O©duced would dissolve in the pore
water. The rate of gas bubble production appearduktless in the incubation tubes
with high NO;-N concentrations in the overlying water.
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We observed that the Z2G1 layer had developed sigdily cohesive structure after
14 days. This layer was strong enough to bind #dinsent surface in a jelly-like
sheet. The cohesive nature of the layer was sefffido prevent the upwards passage
of small gas bubbles. Consequently, the sedimeseueral of the incubation tubes
became positively buoyant with the upper 5-cm thgoktion separating from the rest
of the sediment and rising to the top of the intwmatube after the 5-day hypoxic
incubations. In several incubation tubes the gdbles coalesced into bubbles which
were large enough to disrupt the Z2G1 layer as thegt out of the sediments. The
result of this vigorous ebullition or “burping” wasther an opening torn in the Z2G1
layer or a flap of sediment folded over, buryingtjd the Z2G1 layer (Fig. 18).

While the overturn of sediments may be an artefathe sediment in the tubes, it is
clear that once the Z2G1 layer is established &eddiffusion of oxygen into the
sediments is reduced, anaerobic processes willllyagevelop and the production of
gas bubbles may reduce the efficiency of the capfayer. Liikanen et al. (2003)
observed that the ebullition of methane was closelgted to the efflux of DRP and
NHs-N from the sediment with significant increasesthiese effluxes as ebullition
increased. It is unknown whether the expected raptthrough the cohesive surface
layer will enhance or suppress the efflux of nutise from the sediment by
entrainment of sediment pore water into the ovegyvater column.

Figure 18: After a gas bubble has “burped”, the Z2G1 layer tmased beneath 4 cm of
sediment. P in the newly exposed sediment would experience the P-
removal effects of the Z2G1 treatment.
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4.2.3 Nitrogen dynamics

The results of the nitrogen tests (Figs. 8 andn€l)cate that the basic processes of
nitrification and denitrification were not disruptdy the Z2G1 application although
there were some interesting effects.

Ammoniacal-nitrogen concentrations were high in ldde water and thus not added
to the nutrient spike. Under aerobic conditiondwibn-spiked lake water, the NN
concentrations were unchanged in the controls duiaed rapidly in all of the Z2G1
treatments (Fig. 19). With spiked lake water, themes a loss of NN from all
incubation tubes including the controls and theemal blank.

Under anoxic conditions, the non-spiked controleaged a large amount of BN
into the overlying water while the Z2G1 treatedis®thts showed a net loss of NN
comparable with losses from the Z2G1 treatment®uadrobic conditions (Fig. 20).
With spike lake water, there was less release of-NHrom the controls but greater
loss of the NI#N from the Z2G1 treated sediments (Fig. 20).

These results indicate that Z2G1 has the abilityetoove NH-N from the overlying
water column and to block the release of ,NNHfrom the sediments. An alternative
explanation is that the Z2G1 somehow facilitatestdécation.

Control <l mm <l mm (x2) 1-3 mm 1-3mm (x2) Blank
O -
-20 -
T -40 A
E
g
~ .60 -
x
=
Z
T -80 -
zZ
-100 ~
O Natural
W Spiked

-120 -

Figure 19: Aerobic incubation results (means, error bar = ) Siibwing the effect of Z2G1 on
the NH;-N in the overlying water under natural (blue) apiked (red) conditions. The
spike contained 1500 mghof NO;-N and 200 mg i of DRP.
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Anoxic incubation results (means, error bar = 1 SBQwing the effect of Z2G1 on
the NH;-N in the overlying water under natural (blue) apiked (red) conditions. The
spike contained 1500 mghof NO;-N and 200 mg m of DRP.

Under aerobic conditions with non-spiked lake watiee NQ-N concentrations were
reduced by a similar but small amount in the cdsatrand in all of the Z2G1
treatments (Fig. 21). With spiked lake water, thees a much larger loss of N®I
from all incubation tubes including the controldathe material blank. A possible
explanation for these loses is that the sedimeptg wnoxic very close to the surface,
as indicated by the 43 profiles (Fig. 12 and 13), and that denitrifioatiwas
occurring. The reason for the greater loss okINGrom the spiked than non-spiked
incubations would be a function of diffusion — thigher concentration of NEN in
the overlying water would enhance the diffusiortied# NQ-N across the sediment-
water boundary in to the anoxic sediment.

P-inactivation efficacy of Z2G1 as a capping agentake Okaro sediment
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Figure 21: Aerobic incubation results (means, error bar = 3 Stibwing the effect of Z2G1 on
the NG-N in the overlying water under natural (blue) apiked (red) conditions. The
spike contained 1500 mghof NO;-N and 200 mg M of DRP.

Control <lmm <lmm (X2) 1-3mm 1-3mm (x2) Blank
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Figure 22: Anoxic incubation results (means, error bar = 1 SB)wing the effect of Z2G1 on
the NG-N in the overlying water under natural (blue) apiked (red) conditions. The
spiked results are from the day 2 sampling whigitltubations were still anoxic, and
consequently there are no error bars. The spikeair@d 1500 mg mof NO;-N and

200 mg n? of DRP.
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Similar results were obtained under anoxic condgiavith a greater reduction in
NOs-N concentrations than under aerobic conditiong.(BER). The same explanation
of denitrification also applies for these losses.

Unfortunately, the spiked anoxic experiment becgragially oxygenated over the
duration of the incubation and this can be seearasverall increase in the N®
concentrations in the incubation results (Fig. ®owever, as the NEN
concentrations increased substantially over thkesponcentration this indicates that
there was some level of nitrification occurring.
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5. Summary

e The data presented in this report demonstrate thigatP-inactivation Z2G1
applied as a capping agent is capable of blockirgldased from the sediment
under anoxic conditions.

e The data also demonstrate that Z2G1 can remove &R the overlying
water column under aerobic and anoxic conditions.

e The mean P-removal rate measured was around 30 g nThis removal
rate appears to be limited by diffusive processed @ay reflect the
mineralisation rate of P in the sediments of Lakai®.

e The estimated amount of total P stored in the ugfemm of sediment was
up to 1.56 g P ifi At 350 g n¥, this is an uptake of 0.45 g P per 100 g of
Z2G1 or 45 g P K§ This is substantially less than the theoretical P
adsorption capacity of Z2G1 at 50 g P'kg

e Surface deposits of Z2G1 increase the concentsatbiydrogen sulphide in
the pore water of the uppermost sediment. Depo$i00 g nf of the 1-3
mm grain size Z2G1 particles cause diffusive flishypdrogen sulphide from
the uppermost sediment pore water into the oveglyiattom water. At the
suggested application rate of 350 ¢ nefflux of hydrogen sulphide is
unlikely to occur.

e While modification of the biogeochemistry acrosse tlsediment-water
interface by the surface deposit of Z2G1 was exgukdhere appear to be no
hidden problems with Z2G1 interfering with the fiitation-denitrification
cycle. The strong oxygen gradients across the sadimater interface appear
to be beneficial to the removal of N® and may be responsible for the major
reduction in the NN concentrations observed.

e Ebullition of methane gas from within the sedimewtt cause disruption of
the thin deposit of Z2G1 on the sediment surfacd amay reduce its
efficiency as a P-inactivation agent.

These results indicate that there is scope fordacteon in the application rate of
Z2G1 by at least 50% from the proposed rate of6C. This conclusion is based on
the apparent 10-fold excess P-removal capacith@fZA2G1. The benefit of a lower
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application rate would be to give a greater buflgainst the possibility of the
diffusive flux of hydrogen sulphide into the oveng bottom water observed with the
higher application rate of 700 g’m
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6. Health and safety

Not all hazards are immediately apparent when jtanfield work. Although all the
required physical precautions were taken for opegad research boat on a small
inland water and life jackets were worn through wieole period on the lake, there
was a hidden hazard associated with the lake igselfthe critical state of over-turn
(winter mixing) combined with the presence of areyghyte bloom.

At turnover, anaerobic bottom water enriched widsdlved gases (hydrogen sulphide
(H2S), carbon dioxide (C£ and methane (C§)) is brought to the surface. Normally
the toxic HS would be rapidly oxidised to harmless sulphatéheénwater column. If
turnover is vigorous, there is insufficient time that oxidation and free 43 can be
released into the air. This process can be exaeefday degassing i.e., dissolved
gases form bubbles as the pressure is reducedtrbme conditions where dissolved
gases were at saturation levels, degassing canebe rapid causing columns of
bottom water to rise to the surface in “limnetia@rons”

Although there was no smell of sulphide in the lakaer at the time of sampling,
there was a strong musty smell of cyanophytesdrathabove the lake.

The cyanophyte smell permeated my clothing and akihwas subsequently difficult
to wash off (I could still smell it on my hands ays later). An effect of this “aerosol”
of cyanophyte vapour was to produce feelings ofatifort and nausea as well as a
headache. The onset of these symptoms was insioi@ighe 3-hour sampling period
and are possible symptoms of cyanophyte poisoriRegrospectively, this was a
hazardous situation that was only mitigated byliteeze on the day. Based on these
observations, caution should be exercised wheningfior extended periods on this
lake during a cyanophyte bloom. Breathing apparataswater-proof clothing may be
necessary under certain conditions.
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