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As part of the programme for restoration of thedRad lakes, Environment Bay of Plenty has been
investigating the use of sediment capping materi@lseduce the amount of dissolved reactive
phosphorus (DRP) in the lake water column from reedi release. Environment Bay of Plenty
commissioned NIWA to conduct laboratory investigasi of four P-inactivation agents, (Alum,
Phoslock’, a modified Zeolite, and Allophane) for use asimedt capping materials. The objectives
of this study were to 1) determine the efficacythed four P-inactivation agents as capping materials
on Lake Rotorua sediments; 2) identify any potdgtiadverse side effects of these P-inactivation
agents on key microbial processes at the sedimatgrvnterface; and 3) evaluate the longevity of
these P-inactivation agents through simulated dreyaes of aerobic / anoxic conditions, with the
addition of algal biomass to simulate the collaplsseasonal algal blooms.

Experimental treatment dose rates were based ondimnal P-binding capacityof each capping
material and these were also used to define P-rengayectations in the longevity experiment. These
results include data from subsequent P-saturag@eting at different pH values. Further details are
summarised in the Technical Summary and full detare provided in the body of the report. The
main results of this study related specifically_ttke Rotorua are shown in the following table:-

Capping material

Alum

Modified Zeolite

Phoslock ™

Allophane

Material formulation used in tests

Water soluble crystals

Granular (0 - 1 mm)

Amorphous flakes

Granular (relatively fine)

P-binding - Nominal
(g P/kg) - Measured at pH 7.0

100
45*

50
23

20
12

5
16

Application comments

Needs buffer to cause
flocculation, slow to settle

Settles rapidly

Disperses rapidly, slow to
settle

Fine particles slow to settle

Sediment coverage at tested rates

Good at all treatment rates

Poor at 50% and 100%, good

at 200%

Good at all treatment rates,
formed gel at highest
treatment rate

Good at all treatment rates,
formed "thick layer"

P-removal at tested rates

Good at all treatment rates

Poor at 50% and 100%, good

at 200%

Good at all treatment rates

Good at all treatment rates

P efficacy - dose rate for 100% block
(g product / mz)

80

190

280

220*

Longevity at dose rates

Below expectations

Below expectations

Below expectations

Exceeds expectations

(% suppression)

Impact on Nitrification aerobic 500 <4 500 100
(% NH,-N relative to control at 100%)
Impact on Denitrification aerobic 60 40 50 13

Other effects

Floc easily disturbed

Releases La 2 mg m?d?

General comments

Not recommended as capping

material for Lake Rotorua.

Needs further work to
optimise grain size for best
sediment coverage per unit
treatment.

Fate of La leachate should be

assessed for long-term
chronic effects on microbial
and benthic biota at the
sediment-water interface.

Needs further work to
establish the treatment rate
required for use as a capping
material on Lake Rotorua.

* Best estimate

Longevity results suggest that the undisturbed icaplayers should remain effective for at leastrfou
years. None of these capping materials shoulgpkeal to the permanently aerobic zone of a lake.

! The mass of P that can be permanently bound Injtanass of P-inactivation agent : units g P / kgwleight.
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Technical Summary

In this study, the testing methodology used thdinanus-flow incubation system previously applied
to Lake Okaro sediments (Gibbs et al. 2007). Téchnique was applied to sediment collected from
below 17 m in Lake Rotorua to evaluate the perforraaof four P-inactivation agents. Incubation
water was Lake Rotorua water, alternately aerdi®a anoxic, both at natural DRP and nitrate {NO
N) concentrations and then with DRP and ;M\Damendments to raise the concentrations of these
nutrients. The P-inactivation agents were appliedapping materials at dose rates calculated tb bin
all available P released from the upper 4 cm oinsedt (100% treatment), as well as dose rateslat ha
(50% treatment) and double (200% treatment) that @alculation of the amount of material to be
applied for each treatment relied on the nominbirling capacity data provided from the suppliers
of each P-inactivation agent except Alum wheraeadiure value was used. This approach simulated
how an end-user might be expected to apply thesdupts. Treatments were in triplicate and
compared with four controls (untreated sedimefitsg experiment was run in the dark, in a ventilated
controlled temperature facility set to the lake avatemperature (2C) at the time of sampling.
Incubation water pH was maintained within the rad@e7.2 consistent with natural lake water in the
bottom of Lake Rotorua. Lake Rotorua sediment hpHl @f 6.8 and a total available P (TAP) content
in the top 4 cm of 3.168 g P"inwhich was being released at the rate of abouh@®P n¥ d* under
anoxic conditions in the control incubation tubes.

The initial aerobic-to-anoxic cycle of sedimentatied with the capping materials was used to estimat
the P-removal efficacy of each P-inactivation agent Lake Rotorua sediments (Objective 1).

Subsequent aerobic-to-anoxic-to-aerobic cycles wesed to evaluate the longevity of each P-

inactivation agent as a sediment capping matedbjgctive 3). The results of these experiments were
also evaluated for any potentially adverse sidece$f especially on the microbial communities

associated with nitrification and denitrificatioDlgjective 2).

The results from the first aerobic-to-anoxic cyslwowed that three of the four capping materials
tested had the capability of blocking all of the ®RReleased from Lake Rotorua sediment when
applied at the 100% treatment dose rate. The neodfeolite did not achieve complete blocking until
the 200% treatment dose rate. This appeared tofbection of the product grain size (0-to-1 mm)
which had incomplete sediment coverage at the 50 20% treatment dose rates. Complete
sediment coverage was achieved with the 200% tezdtdose rate. The results from this part of the
study coupled with the longevity tests over a 99-gariod demonstrated that the actual P-binding
capacities of each capping material was substnddferent from the nominal P-binding capacities
given. The reason for these differences appeareeflect sediment effects, although the nominal P-
binding capacity value given for the Allophane vpasbably incorrect. For Alum, modified Zeolite,
and Phoslock the actual P-binding capacities were lower thapeeted while the actual P-binding
capacity of Allophane was much higher than expected

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments v
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Subsequent measurement of the P-binding capaottitte three granular products at three different
pH values (6.1, 7.0, and 8.9) showed that theilitaio adsorb P was strongly influenced by pH.
Measured P-binding capacities for Alum, modifiedblte, and Phoslock were about half of the
nominal values given while the measured P-bindeqgacity for Allophane was about 3 times greater
than the nominal value given. Using the measuréihBing capacities at the natural lake water pH
(7.0), coupled with the P-uptake and the longegikperiment results, provided a P-removal efficacy
valué for each product, in the formulation as supplied testing. Based on the P-removal efficacy
results, the required dose rates for Lake Rotoedarsent below 15 m are:

e Alum 80 g nif
« Modified Zeolite 190 g
»  Phoslock’ 280 g nit
« Allophane 220gh

In contrast to the P-removal study, which estimdiedr much P could be removed by the capping
material treatments, the longevity experiment atgr®d how long these treatments would remain
effective before a re-treatment was required. s #xperiment, the other DRP inputs to the lake
sediments from stream inflows and the decomposiafaenescing algal blooms and detritus falling to
the lake bed, were also considered. In the contisftow incubation system, the daily mass of P
supplied in the lake water (0.08 mg)dwas similar in magnitude to the efflux of DRP rfrche
sediment (0.10 mg ). The longevity experiment was taken through foyoles of anoxic-to-aerobic
conditions to simulate seasonal changes over adgei “four years”. The results of the 50%
Allophane and 200% Phoslock™ treatments, which wkrsest to their respective P-removal efficacy
values, showed that the P bound on these prodwutsnet released during the anoxic phase and the
capping materials continued to remove P releasau the sediment and from the overlying water
column and detritus through at least “three years”.

This means that if the sediments were treated avithof these materials at application rates bagsed o
their respective P-removal efficacy values, theistudbed capping layer should remain effective for
at least four years. Given that the P is permapdratiind to the capping layer and not released under
anoxic conditions, the lake would essentially bes&t” and re-treatments would only be needed to
control P released from sediments that subsequéntly the capping layer. In this evaluation, the
operative word is “undisturbed”. While the effectsgas ebullition on the integrity of the capping
layer would require testing in the lake, thereiadications that the Alum floc is very easily didiad

and thus Alum is not suitable for use on a larg#lsW lake such as Lake Rotorua.

Evaluation of the data for non-target effects (Otije 2) showed that, during the first aerobic and
anoxic cycles, there was an apparent dose-ratendepte suppression of the microbial processes of
nitrification and denitrification. Suppression dfrification was seen as an apparent enhancement of

2 p-removal efficacy value is the optimal amountcapping material required to block 100% of the ltota
available P released from Lake Rotorua sediments.

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments Vi
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NH4-N release from the sediments while suppressiateaftrification was a reduction in the amount
of NOsx-N removed from the overlying water, relative te tboncentrations of NN and NQ-N,
respectively, in the water from the controls.

The suppression effects under aerobic conditionsqatvalent P-removal efficacy dose rates were
highest with Alum and Phoslock™ which both reducédfication (NH,-N increase to 500%) and
suppressed denitrification by 60% and 50%, respelgti The modified Zeolite treatment, reduced the
NH4-N release to <4% of control and suppressed dficittion by around 40%. At its estimated P-
removal efficacy dose rate, Allophane would be ketli to affect nitrification but would probably
suppress denitrification by around 13%, the lowest-target effects of the capping material tested.

These results indicate that there could be a sofieténcrease in biologically available N in thaké

if Alum or Phoslock™ were applied to aerobic sedise There would also be a substantial decrease
in denitrification and thus an increase in N rdatanin the lake if any of these capping materiatsav
applied to aerobic sediments. Consequently, degite minimal effects of Allophane, it is
recommended that these capping materials shouldenased in the permanently aerobic zones such
as occur in the littoral zones of a lake, wheredtare high light levels and the potential for pland
algal stimulation by increased N.

The longevity results demonstrated that nitrifieatand denitrification suppression through the anox
cycles was significantly reduced after additionsatgfal slurry before the'Band 4' anoxic cycles.
This implies that the denitrification suppressioaswa surface barrier effect by the capping material
rather than a toxicity effect on the microbial defier population.

Experiments with elevated levels of DRP (up to 8@pni®) and NQ-N (up to 2000 mg i) showed

that P-removal was influenced by the diffusion ®®®into the sediment or capping materials. The
results also showed that, although denitrificaticas suppressed by the capping materials at natural
lake water N@N concentrations, the denitrification potential thfe sediment was essentially
unaffected. The longevity results indicate thatidduwf the capping material by the thin layer ofadl
material reinstated the full denitrification potehbf the sediment.

Other effects that were noted included:

« The Alum floc is difficult to form and settle, baasily disturbed by even small lake currents
which could dramatically reduce its usefulness eapping material in a large shallow lake.

« The modified Zeolite was the only capping materihich reduced the release of NN from
the sediments. This beneficial effect would be dpexhausted where sediment N release
potential was high.

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments vii
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« Phoslock’ had a persistent release of La (~2 mg L4 at) under aerobic and anoxic
conditions, with that release being attributabl@itbeffects and other interactions with Lake
Rotorua sediments, and a lack of DRP to bind whk ta as it was released. The
concentrations measured (4-7 mg L&)nvere around the no observed effect concentration
(NOEC) of 4.3 mg i derived from a literature value for the acute ahgbnic toxicity (48-h
ECso) of La to water fleasOfaphnia carinata) of 43 mg ¥ in soft water. The release of La
indicates the potential for food-chain accumulatiord elevated tissue levels in trout livers
have been measured for previous whole-lake apmitat(e.g., Mcintosh 2007). While
clinical studies from the literature have demoristtadhat La bioavailability is extremely low
and thus safe to use as a phosphate binder in ahdtbatments of humans, there is limited
information on the effects of chronic long term espre of La on the biota in aquatic
ecosystems.

Conclusions from this study are:-

1. The granular products, Allophane, Phosloeind the modified Zeolite are likely to be
more reliable than Alum when used as a capping naht®isturbance of the very
light Alum floc by wind-induced currents in a shwall lake with a large fetch, make
Alum unsuitable for use in Lake Rotorua.

2. These three capping materials have comparable dbicapacities at pH 7.0 and P-
removal efficacy estimates indicate that practidake rates would be similar at
around 200 g fto block 100% of the TAP released from the topmiaf the deeper
sediments in Lake Rotorua, under anoxic conditions.

3. The longevity of the capping layer depends on é&vell of disturbance and the rate of
burial. P bound in the capping layer will remairrh even under anoxic conditions
and, consequently, re-treatment will be requirecerwhhe P-binding capacity is
exhausted or the capping layer is buried beneathsegliment. From this study, the
undisturbed capping layers should remain effediveat least four years. Burial and
gas ebullition could reduce that time estimate.

4. Non-target effects of these capping materials helsignificant suppression of
nitrification and denitrification under aerobic abtions which could lead to higher
dissolved inorganic N concentrations in the littaane and enhance N retention in
the lake. Although Allophane had the lowest nomgareffects, it is recommended
that none of these capping materials be applietheéopermanently aerated littoral
zones of a lake.

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments Viii
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5. All three granular capping materials require furtbtidy to resolve issues identified
in the is report:

* Modified Zeolite should be tested in a finer graime range which gives a
better sediment coverage per unit dose rate.

* Allophane should be tested at lower dose ratestmel the minimum dose
rate.
« The fate of La leaching from the Phoslockreatment on natural Lake

Rotorua sediments should be assessed with speefecence to long-term
chronic effects on microbial and benthic biotah&t $ediment-water interface.

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments ix
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Capping material

Material that can form a continuous layer on top of the sediment.

P-inactivation agent

Material that actively adsorbs DRP under specified conditions.

P-binding capacity
(PBC)

The total amount of DRP that can be adsorbed irreversibly by a P-inactivation
agent. Units: g P / kg P-inactivation agent.

Nominal PBC

The P-binding capacity given by the supplier of the P-inactivation agent.

Measured PBC

The P-binding capacity determined from a P-saturation test over at least 50 hours
as the total mass of P adsorbed per unit mass of P-inactivation agent.

P-removal efficacy

The theoretical amount of P-inactivation agent required to remove 100% of the
available P in the top 4 cm of sediment determined under field conditions for a
specific lake. (g P-inactivation agent / mz).

Break-through

P break-through occurs when the P-binding capacity of the capping material
becomes exhausted and can not adsorb any more P, and free DRP appears in
solution.

ERMA explanation

Environmental Risk Management Authority: this authority provides guidelines for
products — in this report Phoslock™ — not the active ingredient of the product — for
Phoslock™ the active ingredient is Lanthanum (La). The ERMA guideline for a
product can be related to the active ingredient in that product from the product
formulation data. For example, Phoslock™ has 45 mg La g™, thus the ERMA
chronic ecotoxic guideline of 1 g Phoslock™ m™ is equivalent to a La guideline of 45
mg Lam™.

Chronic (toxicity)

Involving a stimulus that lingers or continues for a relatively long time (often one-
tenth of the life span or more). Chronic should be considered a relative term
depending on the life span of an organism. A chronic effect can be lethality, growth,
reduced reproduction, or some other parameter. Chronic means long. Frequently
applied to non-lethal effects.

Acute (toxicity)

Involving a stimulus severe enough to induce a rapid response. In toxicity tests, a
response observed in 96 hours, or less, is typically considered to be acute. An
acute effect is not always measured in terms of lethality; it can measure a variety of
effects. Note that acute means short, not mortality.

ECso, EC2s

The effective toxicant concentration resulting in a 50% or 25% response
(respectively) of a given parameter at a specific time of exposure (e.g., reduced
growth or reproduction). Effective concentration (EC) refers to a range of effect
measures (e.g., mortality, growth reduction) and thus the terminology may include
lethal concentration (LC) values.

LOEC

Lowest observed effect concentration: The lowest measured concentration of an
effluent or a toxicant that causes a significant observed effect on a test organism.
The effect measured may differ between tests (e.qg., lethality, growth reduction).

NOEC

No Observed Effect Concentration: The highest measured concentration of an
effluent or a toxicant that causes no observed effect on a test organism. May be
estimated as 10% of the ECso (ANZECC 2000).

TEC

Threshold effect concentration: Calculated as the geometric mean of the NOEC and
LOEC.

Trigger value (TV)

A term applied to a chemical guideline calculated using a risk-based assessment
procedure as used in the ANZECC (2000) water quality guidelines.

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments
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Introduction

As part of the programme for restoration of thedRad lakes, Environment Bay of
Plenty has been investigating measures to redueariount of dissolved reactive
phosphorus (DRP) in the lake water column. Thisoacis required to reduce algal
biomass, by enhancing phosphorus (P) limitatioalgal growth, and to shift the algal
species assemblage away from potentially toxic @ganteria, which can become a
dominant, scum-forming, nuisance species when ikeae excess of DRP. One of the
options to achieve this is the treatment of the lakh P-inactivation agents, either as
flocculants to precipitate P from the water coluonras a sediment capping material to
block the release of DRP when the lakes stratify the bottom waters (hypolimnion)
become anoxic (Burger et al. 2007). Preliminarglgriwith several P-inactivation
agents on Rotorua lakes and in the laboratory mAluake Okaro: Paul et al. 2008),
Phoslock’ (Lake Okareka: McIntosh 2007), and a modified ZeofLake Okaro:
unpub. data; laboratory incubations: Gibbs et 8073 — have shown that these
products can reduce the amount of DRP in the lakemcolumn. The laboratory
study demonstrated that these products could bedtesider a range of simulated lake
conditions to provide an estimate of their P-inzation efficacy and any potential
adverse effects from their use on a lake.

For the restoration of Lake Rotorua, Environmeny BBPlenty commissioned NIWA
to conduct laboratory investigations of four P-ination agents, (Alum, Phoslock
Modified Zeolite, and Allophane) for use as sedimeapping materials. The
objectives of this study were to:

1. determine the efficacy of the four P-inactivatiagents as sediment capping
materials on Lake Rotorua sediments;

2. identify any potentially adverse side effectdhwse P-inactivation agents on
key microbial processes at the sediment-waterfaxter

3. evaluate the longevity of these P-inactivatigerds through repeated cycles
of aerobic / anaerobic conditions.

During the review process for this report, in additto the normal peer review
comments, input comments were sought from the ogppigent suppliers. The
responses indicated some issues of clarity and mgertantly, a need to measure the
actual characteristics of each product rather floah use the data provided by the
suppliers. As these tests were conducted aftdabwratory study, this report presents
the results of the laboratory study together wité supplementary study to interpret
the results. P-inactivation efficacies are deriied each agent when used as a
sediment capping material on Lake Rotorua sedimeftgese data provide an

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments 2
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indication of the dose rates required to block D release from the sediment, and
provide an indication of how the efficacy of ea@disnent capping material is likely
to be affected by burial with algal detritus folloy the collapse of seasonal algal
blooms. This report also shows the non-target tffétese capping materials may
have on the sediment-water nutrient and trace re#ftakes in Lake Rotorua.

1.1 Background

A laboratory study of the efficacy of the sedimeapping material Z2G1, a modified
Zeolite, prior to its use on Lake Okaro (Gibbs ktZ2007), demonstrated that this
capping material had a high uptake or binding ciéyp&aor both phosphate (DRP) and
ammoniacal nitrogen (NfN) from lake sediment cores. Based on triplicasults
from 14-day incubations, the DRP efflux from Lakkatb sediments was estimated to
be about 40 mg thd* and the NN efflux was about 150 mg frd™. The laboratory
experiments showed that Z2G1 at dose rates of 880@0 g rif completely blocked
the release of these nutrients. These experimésusiralicated that there was only a
minimal effect on the nitrification-denitrificatiosediment microbial processes under
anoxic conditions over the 14 day period of thelgtu

Based on sediment analyses, Lake Okaro sedimetits.568 g P M in the surface 20
mm. At an efflux of about 40 mg'?’ml‘l, all of the P in the surficial sediments would
be released in about 40-50 days with the overlyider beneath the thermocline
reaching DRP concentrations of around 160 mgwhich is consistent with lake
water quality measurements during summer stratifina

The nominal uptake capacity of Z2G1 was 50 g P (&rion data). NIWA laboratory
saturation experiments at pH 7 measured an uptagacity of around 20 g P kg
Z2G1 with most of that uptake occurring in thetfiiesv hours. At the nominal uptake
capacity, the proposed nominal application ratBQff g Z2G1 rif across Lake Okaro,
the P uptake capacity was 25 g B, rar 16 times the measured P load in the surface
sediments.

In 2006, effluxes of DRP from the sediments of La&ketorua measured by Mark
McCarthy (unpublished data) ranged from <10 pmatPh™ (<7.5 mg P i§ d*) in
the inshore waters up to 60 pmol P hit (45 mg P rif d*) below 20 m under anoxic
conditions. These values are consistent with themel mean P efflux rates of 8-44
mg P n? d* estimated by Burger et al. (2007) meastresditu over the same depth
range. At first the similarity of the deep wateoaic sediment effluxes of DRP with
the Lake Okaro efflux was surprising given thatlgses showed Lake Rotorua had
about 2.9 g P ihin the surficial sediments, almost twice the antaunthe Lake

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments 3
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Okaro sediments. The laboratory efflux estimatitorsboth lakes were made using
continuous flow incubations of surficial sedimewtres under controlled conditions.
The similarity of these effluxes under very diffiereonditions and from different lake
sediments, indicates that the P efflux is limitgdtbe rate of supply of DRP to the
porewater from mineralisation of organic matenmttie sediments, as suggested in the
Lake Okaro study report (Gibbs et al. 2007).

This means that accumulation rates of DRP in theolmnion of Lake Rotorua

should be similar to those in Lake Okaro but witd potential to reach twice the DRP
concentrations. This would happen if Lake Rotoruarevmonomictic. However,

because Lake Rotorua is polymictic, the bottom watzumulations are dispersed
throughout the lake by wind mixing events on seiecaasions during each year. It is
now known that these weak stratification events @ecur during each calm period
even in winter (Lake Rotorua monitoring buoy d&@aHamilton, pers comm.). These
short term pulses of nutrients from sediment raeeae effectively pumping the
nutrients into the water column thus sustainingdhmwth of nuisance algal blooms
which would otherwise sediment out of the wateuool in monomictic lakes.

Blocking the release of DRP from the sedimentshigyapplication of a P-inactivation

agent used as a sediment capping material offguesaible remedy to the semi-
continuous injection of DRP into the water colunirttee lake. However, before such
an undertaking, it is important to determine tHellf effects the application of a

capping material to the Lake Rotorua sedimentstardsess the efficacy of different
capping materials and their P-removal efficacy @pgibn rates. This is the purpose of
this study.

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments 4
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2. Methods

2.1

Sampling

Sediment cores were collected from a depth of at@uin in Lake Rotorua on 14
February 2008 at a general location (Fig.1) whégh Bediment P concentrations had
been found (Pearson 2007). At the time of samplimg lake was calm and thermally
stratified. The sediment surface below 17 m wagsetbaith a layer of pale sulphur
bacteria,Beggiatoa (Fig. 2). Beggiatoa was not found on sediment cores taken at
depths shallower than 15 m.

Intact, undisturbed sediment cores (40) were c@ltbasing a Jenkins Corer (Fig. 3A)
and the upper 10 cm of sediment from each wasfaard into an incubation tube
(Fig. 3B) complete with the overlying water. Eadleubation core was sealed with a
40-mm thick high-density foam plug in the top arattbm, and stored upright in a
plastic crate in a water bath for transport tol#t®ratory.

The top 10 cm of one additional core were extruded sectioned into 2-cm thick
slices which were placed in pre-weighed 100-ml etilylene screw-cap pottles and
sealed for chemical analyses.

Raw lake water was collected in six 120-litre witkek black alkathene drums fitted
with two 50-micron plastic bag liners, one insite tother. The water was pumped
from near the edge of the lake with the pump intak&le an upright submerged 20-
litre plastic bucket to reduce the amount of dasrih the water. When each drum was
full, the individual plastic liners were tied tightwith plastic cable ties and the drum
lid was fitted to prevent spillage during transport

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments 5
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Figure 1. Site map of Lake Rotorua relative to the lake bablyy. Sediment cores were

collected in a depth of about 17 m in the northgart of the lake (red symbol).

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments 6



—NIWA_—

Taihoro Nukurangi

Figure 2. Beggiatoa sulphur bacteria on Lake Rotorua sediment fromphdef 17 m.

Figure 3. A) Jenkins coreB) Sediment after transfer to the incubation tube.
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2.2 Set up

On return to the laboratory, the sediment inculpatiores and water drums were
transferred to a ventilated controlled temperatomn set to a temperature of°gZl
the surface temperature of the lake at the timsaaipling. The sediment incubation
tubes were opened and the sediment mixed to remetieane gas pockets. The level
of the sediment in each incubation tube was adjustg moving the bottom plug,
until there was a volume of about 100 ml betweengbdiment surface and the top
plug when it was inserted. With the top plugs reethvthe incubation cores were
placed in plastic crates in a water bath of aerktkel water, submerged, and allowed
to equilibrate for four days to let the sedimenfate become aerobic.

On the first day of the experimental run, the foapping materials, Alum, Allophane,
Phoslock’, and the Modified Zeolite, were applied to theismht surface either as a
liquid (Alum), or as a slurry so that the sedimentface was coated as evenly as
possible (Fig. 4). Control sediments were left eated. To facilitate flocculation of
the Alum treatments, the water in those incubatidres was buffered with sodium
bicarbonate solution (2 ml of 0.9% stock solutipripr to adding the Alum.

Figure 4. A) Alum; B) Phoslock’; C) Modified Zeolite;D) Allophane. Treatments are indicated
by % (see text) and replicate tubes are linkedeblyarrows. Not all tubes shown.

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments 8
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After treatment it was observed that the granu@atofl mm) formulation of the
modified Zeolite did not evenly cover the sedimsuatface (Fig. 4C) compared with
complete coverage by the floc formed by Alum (FH@\), the fine grain sized
Allophane (Fig. 4D), and the almost colloidal lapéiPhoslock’ (Fig. 4B).

Because the previous study (Gibbs et al. 2007)ftnaad gas ebullition disrupted the
sediment and caused the surface layer to turninuwée incubation tube, plastic mesh
screens (1-cm mesh size) were fitted in the ovmglywvater space (Fig. 5A) to
overcome this problem. The top plugs were thereditand the continuous flow
incubation process started.

Figure 5. A) Incubation tube showing the positioning of the mesteen designed to prevent
sediment turn-over during ebullitioB) Application of the algal slurry to the core for
objective 3 (see text).

The continuous flow incubation system (Fig. 6) wasentially the same as that used
for the previous study of Lake Okaro (Gibbs et28l07). For the aerobic incubation
runs, natural lake water in a drum was aeratedagiation stones using a clean air
supply from outside the building, before being rilistted to all incubation tubes; i.e.,
all incubation tubes received the same water. A diewn of lake water was used each
day. Similarly, for anoxic incubation runs, the ammin a drum was bubbled with
oxygen-free nitrogen gas to remove the dissolvegigen. The pH of the de-
oxygenated water was adjusted to around 7 by budpbith carbon dioxide gas
(CO,). To achieve anoxic conditions the inner liner baap sealed around the tubes
into the water and the outer liner bag was sealedna the tubes independent of the
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inner bag. Because the nitrogen gas escaping fnenmner liner held the outer liner
under positive pressure, the resultant gas spdeeébe the bags acted as an “air-lock”
to prevent oxygen from the atmosphere diffusing thie water through the plastic or
via any defects in the inner plastic liner. Anoxias achieved within 2 hours of
beginning the B gas bubbling and a short burst (30 seconds) of & was
sufficient to adjust the pH down from 8.5 to aro@8.

Air / N,gas in 1.6 mm ID nylon tube in 3.2mm ID nylon tube out
\5.. Vent Bung \
Liner tied 4 Pump
around tubes\g> Flow rate
; 1.4 ml mint

Lake water
<— Capping lay

<— Sediment

Sample collection
or to waste

Aerator stone

A

..&r
100 litre lake water Incubation tube \
in plastic liner in drum 10 cm sediment Water bath
(not to scale)
Figure 6. The continuous flow incubation system. Two linersravused in the source water

drum to ensure anoxia was maintained when purgkygen with nitrogen gas. Run
temperature was 21°C to simulate summer lake teahpes.

2.3 Treatments

The treatments used a range of dose rates applidtetsediment in the incubation
tubes were based on the total availABIgTAP) in the top 4 cm of sediment and the
nominal P-binding capacity of each capping matefiae nominal P-binding capacity
value (Table 1) was given by the manufacturerhiasiominal maximum amount of P
that can be bound by each capping material exptessey P / kg capping material.
The value for Alum is a literature estimate (Coekal. 2005). The choice of the top 4
cm was to conform to the standard procedure usedstimating the total available P
in lake sediment (Cooke et al. 2005).

® Available P is that P which can be mineralisechirthe organic matter or unbound from
metal oxides as DRP.
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2.3.1  Treatment concept

Testing the four P-inactivation agents at the seppkrecommended dosing rate would
demonstrate that these products worked but woubdige no scientific basis for
determining there efficacies i.e., is the recomneeindose correct for this lake or is it
more or less than is actually required. The fodub@testing in this study was not on
whether these products remove P but on the doseviare they stopped removing P
i.e., the lowest dose rate that removes 100% off#he from the top 4 cm of Lake
Rotorua sediment is the P-removal efficacy expdesse g product i The point
where they stopped removing P is where the P-bgndapacity becomes exhausted
and there is P break-through i.e., free DRP appeatise overlying water column.
Note, the P already bound by the product stays dhtmit and is not released.

In order to compare the four different P-inactivatagents used as sediment capping
materials, there needed to be a standardised agpprehich could normalise these
materials relative to each other. Each capping talgags three different characteristics
that must be considered: P-binding capacity, prothrenulation, and an application
factor which may be derived from how the produdids in a field-dosing situation.
With each product the nominal P-binding capacitgriewn (Table 1), and the mass of
TAP in the top 4 cm of Lake Rotorua sediment camleasured. Estimated TAP was
3 g P nf. These two values provide the basis for calcuidtie dose rates to compare
their P-removal efficacies. Assuming the data ftbm suppliers is correct, dose rates
calculated in this way will be less than the recended dosing rates.

While it would seem possible to estimate the P-nahefficacies from sequential
additions of DRP to these products shaken in & fidisvater, those values would not
include the product formulation effects (e.g., folation, grain size, formation of
gelatinous layers) and application factors (e.gteraction with natural sediments,
consequences of the pH and REDOX environment of sibdiment beneath the
capping layer). Also, flask evaluations would nbbw any hidden “non-target” side
effects such as effects on the microbial nitrifisatand denitrification community on
the sediment-water interface, or the mobilizatiboaic metals from the sediments if
the REDOX conditions change across the sedimergpmmtundary (e.g., Gibbs et al.
2007; Vopel et al. 2008).

In this study, the dosing rates were calculateprtwide sufficient capping material to
bind all of the TAP in the top 4 cm of Lake Rotorsediment. This was called the
“100%” treatment. Treatments were also made atthafdosing rate, i.e., “50%”, and
at twice this dosing rate i.e., “200%” (Table 1hig spread of treatments was to
ensure that at least one dosing rate from eachuptaduld remain active throughout
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the time-series sampling. Having found the pointmhthere was break-through,
reasons could be assessed as to why this did ootlishatch expectations.

Each treatment used three replicate sediment iticmb&ubes and there were four
control (untreated) sediment incubation tubes. Bsedhe peristaltic pump used for
the continuous flow system could not handle 40 sudimultaneously, the incubation
tubes were divided into two groups with two setscapping material treatments in
each, plus two controls.

Sampling protocols

The experimental schedule for objectives 1 and 2 wesigned to evaluate the
sediments under aerobic versus anoxic conditioimgyusoth natural lake water and
lake water amended with high concentrations of RE nitrate-nitrogen (N£N).
Each phase of the experiment was run for a minir@is days with sampling of the
inflow and outflow water for dissolved nutrientstia¢ end of each day. In all cases the
first day of each run was not sampled as previogerence demonstrated that the
day-1 data was most likely to show the effectshefdetting up disturbances. Also, in
all cases an additional water sample was colleotethe last day and preserved with
nitric acid for determination of total dissolved tais. All water samples were syringe
filtered through a 2.5 cm Whatman GF/C glass fiiditer in a Swinnex filter holder,
directly into the sample bottles, at the time ohphng.

Experimental dose rates (g material / core) offtlue capping materials as applied to
the individual incubation cores and the equivaldrge rate as would be applied to a
lake. Calculations used a TAP value of 3 g B. fN PBC = nominal P-binding
capacity). Controls had no capping material added.

N PBC Treatment 50% 100% 200%
(9 P /kg)
5 Allophane
g material / core 1.155 231 4.62
= g/m? 300 600 1200
20 Phoslock
g/ core 0.289 0.578 1.155
= g/m? 75 150 300
50 Mod Zeolite
g/ core 0.116 0.231 0.462
= g/m? 30 60 120
100 Alum
g/ core 0.058 0.116 0.231
= g/m? 15 30 60
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To conserve lake water, the continuous flow systexs turned off and the incubation
tubes were left open over the weekends betweerbigerons. Before and between
anoxic runs, the incubation tubes were left cloggét the continuous flow system
turned off and the Nbubbling gas at reduced flow. This was sufficiemimaintain
anoxic conditions in the source water drums.

The experimental schedule for objective 3 was aesigo test the effect of repeated
shifts from aerobic to anoxic conditions and baldkis was run on the same sediment
with all incubation treatments being taken throumtotal of four aerobic-anoxic
cycles. Protocols for conserving lake water undgolaic and anoxic conditions were
as above with the continuous flow regime running & least 48 hours before
sampling for dissolved nutrients. Total dissolveétals were not measured. The
schedule also included a simulation of burial byrities following an algal bloom
during the aerobic phase. This was achieved byyampla slurry of enteromorpha
from Lake Rotorua to the sediment surface afterpdiawgn for the aerobic phase (Fig.
5B). The slurry was made by putting fresh entergrharthrough a food blender and
decanting the organic mixture from any sand. Thgawic mixture was divided into
equal portions and stored in sealable 5-litre astickets at 4°C. Before use, the
overlying water was removed leaving a thick slumtyich was applied to the surface
of each incubation tube, except controls, using-anlLpipetter. A 10-ml aliquot of the
slurry, as applied to the sediment in the inculvetides, was taken for analyses.

24 Analytical measurements

The wet sediment slices were analysed for bulk idethefore the pore water was
extracted. The sediment from each slice was andli@eTAP, total nitrogen (TN),
total iron (TFe), total manganese (TMn), total arsgTAs), total aluminium (TAl),
total zinc (TZn), and total lanthanum (TLa). Thiésfied pore water and acid preserved
water samples from the continuous flow incubatisimes were analysed for the total
dissolved metals — Fe, Mn, As, Al, Zn, and La. Afl these metal analyses were
measured by RJ Hill Laboratories, Hamilton usind@®R mass spectrometer.

Water samples were analysed for the dissolvedemigriDRP, Ni#N, and NQ-N
using a Lachat flow injection analyser (FIA) anarstard Lachat FIA methods at
NIWA.

The algal slurry was analysed for dry weight aftgfing at 105°C and organic content
was determined as the loss of weight after combustt 550 °C. The approximate C,
N, and P content of the slurry was estimated froedffReld (1958) mass ratios
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assuming that for algal/plant material the carbomtent was 47% of the total organic
content.

2.5 P-saturation measurements

Subsequent to the main study, the P-binding capaaif the three granular products
were measured. This was required because resuta fhe main study were
substantially different from theoretical expectatidbased on the nominal P-binding
capacities given by the suppliers. As the P-bindiagacity of a sediment capping
material is sensitive to pH (Peterson et al. 19ff&)y were estimated at three different
pH levels (6.1, 7.0, and 8.9) which encompass trenal range of pH in a lake — pH
6.1 in an anoxic hypolimnion, pH 8.9 during an algaom — and at pH 7.0 which is
the middle of the range (pH 6.8-7.2) used in theinmstudy. From previous
experiments it is known that P uptake by P-inatiovaagents is rapid, with more than
90% occurring in the first few hours, the P-saioraexperiments were run for about
50 hours to ensure complete saturation had beéavach

The P-saturation tests used 5 g of granular materid litre of distilled water
containing 1 g of buffered P made by combining soddi-hydrogen phosphate and
di-sodium hydrogen phosphate in the appropriat@gtins to obtain the required
pH. The mixtures were shaken periodically thenvedid to settle before sampling. At
timed intervals, approximately 0.5 g aliquots of gettled product were removed by
pipette and separated from the aqueous phase ltsifwging at 3000 rpm for 10
minutes. The liquid was discarded and the solideeweashed with distilled water
before analysis. The solid material was dissolvedqgua regia before analysis of
bound P by ICP-Mass Spec. The ICP-MS analysis gds® a complete spectrum of
the mineral content of the sample, those data wsee to answer specific questions
about product behaviour.
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3. Results

3.1

Sediment chemistry

Analytical results for metals from the sedimentedi are presented in Table 2 as mg
kg* dry weight, and the pore water concentrations g@s1ih The analytical detection
limits are also given. The total available phosplscand total nitrogen content of the
sediment are also given as mg'kdry weight.

Bulk density in the top 10 cm averaged 1.066 ¢ .cithis means there are 66 kg of
dry sediment in each InAssuming that the diffusion of biologically awile P
comes from the top 4 cm, then it comes from 2.64likgweight sediment t Using
the average concentration of available P in thedtom i.e., 1.2 g kKjdry weight, this
gives a total available P content of 3.17 g B his is consistent with the estimate of
3.0 g P rif used to calculate the dose rates for the sedimeuibations.

Table 2. Metal concentrations in the sediment, pore wated, laottom water taken from the
Jenkins corer tube <5 cm above sediments from [Rakerua on 14 February 2008.
Total available phosphorus (TAP) and total nitrogdiN) in the sediments are
included. Sediment concentrations are as myday weight except for TN which is
given as g 1004dry weight. Pore water and bottom water conceipiatare as mg
m>. The analytical detection level for metals areegrted by R.J. Hill Laboratories
Ltd.
Slice depth (cm) Al Fe Mn Zn As La TAP TN
Sediment (mg kg™ dw) (9 100g™ dw)
0-2 7500 7900 490 45 53 3.9 1300 1.10
2-4 7800 6600 410 46 63 3.7 1100 0.91
4-6 8100 7200 340 46 61 3.9 950 0.85
6-8 8700 10000 330 50 75 4.0 870 0.78
8-10 8400 7400 360 49 49 4.2 760 0.83
Pore water (mg m'3)
0-2 370 1200 1900 160 32.0 0.37
2-4 540 620 1000 150 51.0 0.50
4-6 160 87 4100 390 5.3 0.33
6-8 180 370 4600 380 7.4 0.39
8-10 240 390 5900 400 11.0 0.57
Bottom water (mg m™) 3 38 46 2.1 35 <0.1
Detection limit (mg m®) 3 20 0.5 1 1 0.1
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3.2 Objective 1

“Determine the efficacy of the four P-inactivatiagents as sediment capping
materials on Lake Rotorua sediments”.

The P results from the continuous flow incubatiasing natural lake waters in
aerobic and anoxic conditions are given as meduaxef relative to the inflow water
DRP concentration for each capping material (F)g.Effluxes have units of mg
d* with negative values indicating a loss of DRP froine overlying water and
positive values indicating an increase of DRP im ¢lwerlying water. An increase in
DRP is interpreted as DRP released from the sedimen

Under aerobic conditions, all capping materials se@u a reduction in DRP
concentration greater than in the control. Thisdatds that the four capping materials
were removing DRP from the overlying water. Theslo§ DRP in the controls under
aerobic conditions was most likely due to uptake F®y and Mn oxides in the
sediments. There was a difference in the DRP rehimtaeen capping materials and
between treatments for Allophane and the modifielife. Alum and Phoslock
removed the most DRP from the water column, folldwsy Allophane then the
modified Zeolite. Both Allophane and the modifiedalite showed a small trend of
increasing DRP removal with increasing dose rai@ (5.

Under anoxic conditions DRP was released from th&rol sediments at a rate of
around 27 mg fAd* (Fig. 7). Lower effluxes from the capping matefi@atments
indicated that the release of DRP from the sedisesats being blocked. At all levels
of treatment the capping materials Alum, Phoslocknd Allophane completely
blocked the release of DRP from the sediments adl the capacity to remove
additional DRP from the overlying water column. Egtfor Allophane, which had an
apparently constant DRP removal rate, there was@ease in the removal of DRP
from the overlying water column with increasingatiraent.

The modified Zeolite at the 50% and 100% treatmevds not able to block the
release of DRP from the sediment (Fig. 7) despieirty a theoretically higher P-
binding capacity than Phoslockand Allophane. At the 200% treatment, the modified
Zeolite did completely block the DRP release and liae capacity to remove
additional DRP from the overlying water column, garable with the other capping
materials. Because the increase in blocking effiyfewas not a gradient, with the
50% and 100% treatments blocking similar amountBRP release, it is likely that
the partial blocking was a result of the observembimplete coverage of the sediment
surface by the granular (0-to-1 mm) formation af throduct, compared with the
much finer grain size and complete sediment coeebyghe other products (Fig. 4).
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3.3 Objective 2

“Identify any potentially adverse side effects b&$e P-inactivation agents on key
microbial processes at the sediment-water intetface

The microbial processes of concern are those #wilate the removal of nitrogen
through mineralisation, nitrification and denitciition. As these processes affect the
efflux and thus concentration of DIN species in ldie water column, the changes in
NH4,-N and NQ-N concentrations were also examined in detail. gamed with the
control concentrations, aincreasein NH,-N concentrations would indicate a net
suppression of nitrification processesteiluction in the relative loss of NEN in the
water compared with the control would imply a nappression of denitrification
processes. Microbial nitrification-denitrificatiggrocesses occur at the aerobic-anoxic
interface in the sediment and stop when the oveglyake water becomes anoxic.
Both effects occur together, although there maybead stoichiometric relationship.

The NH-N and NQ-N results from the continuous flow incubationsngshatural
lake waters in aerobic and anoxic conditions akergias mean effluxes relative to
their inflow water concentrations for each cappimaterial (Figs. 8, 9).

3.3.1  NH4N

These results show that each capping material hdiffeaent and apparently dose-
related effect on the efflux of NJN from the sediment (Table 3). Under aerobic
conditions the lowest Alum treatment (50%) ressh®wed no difference between
inflow and outflow NH-N concentrations, which was a suppression of tfhexeseen

in the control (Fig. 8). As the dose rate increadbe efflux of NH-N became
measurable. This efflux was suppressed at the 1088&tment dose rate, but was
enhanced to almost double the control in the 20@#trent. Under anoxic conditions
this pattern was reversed with the 50% and 100%mAlwmeatment dose rates
enhancing the NN efflux while the 200% treatment suppressed lathee to the
control.

Under aerobic conditions the lowest Phoslotieatment (50%) results were similar
to the control suggesting no effect. However, thi¢-N efflux increased significantly
with increasing dose rate and was 5-fold greatam the control at the 200% treatment
with a mean increase of 287% relative to the cénffable 3). This represents a
significant suppression of microbial nitrificatigomocesses. Under anoxic conditions
the pattern of NN efflux increase with increasing dose rate wakatserved but
the magnitude of the increase was minimal (Tahle 3)
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The modified Zeolite was expected to remove,MHfrom the water column (Besser
et al. 1998) but, under aerobic conditions, theesiw(50%) treatment showed an
enhancement of the NHN efflux relative to the control. At higher dosses the Ni

N efflux was suppressed and the suppression iregleagh increasing dose rate. The
200% treatment dose rate suppressed thgNElfflux to near zero (Table 3). This is
consistent with NN adsorption onto the Zeolite mineral substratehid product
(Besser et al. 1998). The pattern of increasing,-NHefflux suppression with
increasing dose rate was present under anoxic ttmmgliand there was no apparent
enhancement of the efflux rate at the lowest treatngFig. 8). Note that the NHN
adsorption estimates (Table 3) are based on thé 26éatment only as that was the
only treatment that gave complete sediment covei@ghis product.

The Allophane treatments under aerobic conditi@tsrhinimal effect on NN with
only a small increase in efflux for the 200% treain (Fig. 8). Under anoxic
conditions there was an increase of about 30%ariNtH,-N efflux for all treatments.

NOs-N

All capping materials caused some reduction (swggwa) of denitrification in the
sediments (Fig. 9). The mean reduction was variahké different between aerobic
and anoxic conditions for each capping materiabl@8).

Non-target effects of the capping materials orifiiition, expressed as % M in

the control (values below 100 indicate adsorptigrth®e product while values above
100 indicate enhanced release), and denitrificai@ressed as % suppression relative
to the control. These values are means for the tineatments. (* 200% treatment data
used only, as other treatment dose rates did metggimplete sediment coverage).

Alum Mod Zeolite* Phoslock™ Allophane
Nitrification
Aerobic conditions 170 4 287 120
Anoxic conditions 125 26 105 131
Denitrification
Aerobic conditions 43 37 48 17
Anoxic conditions 6 13 14 5

The least suppression was by Allophane and greatesby Phoslock under aerobic
conditions. Under anoxic conditions Allophane anim had the least effect on
denitrification while the modified Zeolite and Phmsk” had the greatest effect,
although this was substantially less than theimlaier effects. Because both the
reduction in NG-N removal and the enhancement of MM release occurred

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments 20



_NIWA_—

Taihoro Nukurangi

simultaneously, these results indicate that décation in natural lake was
suppressed significantly under aerobic but onlyhsly under anoxic conditions.
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3.3.3 Metals

A possible consequence of applying a capping nateéd the sediments of a
geothermally-influenced lake is the release ofdaxietals such as arsenic from the
sediments as the capping material alters the beoymadaditions across the sediment-
water interface (Gibbs et al. 2007). Another pdbsilis that sediment contact may
allow the P-binding elements in the capping maltdéddeak into the water column
e.g., Al or La. Comparative plots of the metal camteations for Fe, Mn, and Zn under
aerobic and anoxic conditions are presented in AgigeA. Comparative plots of total
dissolved Al, As, and La are presented in Figur8s 11, and 12, respectively.
Variability in the inflow water metal concentratomnvere due to different drums of
source water being used for each daily run betwHen aerobic and anoxic
experiments. The same lake water source was useddb incubation tube.

Iron (Fe), Manganese (Mn), and Zinc (Zn)

Although general patterns were apparent, the higtahility in the results suggest that
most were not statistically different from the aoig. Under aerobic conditions, Fe
concentrations were low except in the modified Zedhighest treatment (Fig. Al).
Under anoxic conditions, Fe was released from daéngent and the data suggest that
Allophane had the highest release rate.

Manganese data showed higher than expected coatiens in the water column
under aerobic conditions (Fig. A2), which indicatiédt the oxygen levels in the
incubation tubes were below 5 g’nunder anoxic conditions, both Allophane and the
modified Zeolite appeared to produce more Mn that&lum or Phoslock.

There was high variability in the Zn data (Fig. A8ith some individual incubation
tubes producing elevated Zn concentrations whaerémainder showed a decrease in
Zn relative to the inflow water.

Aluminium (Al)

A small increase in the amount of total dissolvddamas observed in all treatments
under aerobic and anoxic conditions (Fig. 10). &liph Alum and the modified

Zeolite were both Al based materials, there apperde more Al associated with the
Phoslock’ and Allophane treatments. Not withstanding thi® amounts measured
were minor, and there was not obvious leaching bfrém the Al-based capping

materials.
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Lanthanum (La)

These data (Fig. 12) showed that Phosloekas leaking La into the water column
under both aerobic and anoxic conditions in sinplaportions.
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 —
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Figure 12. Comparative plots of the total dissolved Lanthanf{lra) concentrations from the
incubation tubes under aerobic and anoxic conditidineatments are in triplicate and

highlighted bands separate the four capping mageifd mg n? equals an efflux of
about 0.5 mg rAd?).

These concentrations (4-7 mg®)rare comparable with La concentrations measured
during toxicity testing (Clearwater 2004; Clearwat Hickey 2004; Martin &
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Hickey 2004). They are lower than the 45 mg L3 derived from the regulatory
chronic ecotoxic threshold concentration of 1 g ek’ m?> (ERMA 2001) (See
Glossary). They represent an efflux of about 2 mgdh which would be diluted
substantially if mixed into the whole volume ofeké.

DRP and NOs-N additions

To further explore the effects of the capping materon microbial nitrification and
denitrification, the inflow water was amended withosphate and nitrate solutions to
raise the DRP and NEN concentrations to around 200 mg®rand 2000 mg i
respectively. These are levels that might be ewgedh hypolimnetic waters at
different phases of stratification. Full resulte @gresented in Appendix B.

In general, the DRP removal by most capping mdtérgatments from the inflow
water amended with DRP under aerobic conditions gvaater than for the natural
water concentrations. The greater DRP removal Wwaretore most likely a function
of the higher diffusion rate into the sediment doi¢he high DRP concentrations in
the overlying water column. The exceptions were ltdveest Alum treatment (50%)
which had less than half the natural water DRP r&ih@Fig. B1) and the modified
Zeolite (Fig. 13, aerobic) which had consistentdyér DRP removal, although the
pattern of increasing DRP removal with increasingedrate was still present.

. . Mod Zeolite (anoxic)
Mod Zeolite (aerobic)

Control 50% 100% 200%
Control 50% 100% 200% 30 -
0+
25
-2 20
-
o s 15
° &
WE 47 € 104
g
o
E 6 <5
=]
E T 01
& -8 1 & -5
fal [a)
-10 1
-10 4
_15 4
12 ONatural (DRP = 43 mg/m3) 20 m@Natural (DRP = 41 mg/m3)
mSpiked ORP = 212 mg/m3) mSpiked (DRP = 178 mg/m3)

Figure 13.

Modified Zeolite: comparison of dissolved reactive phosphorus (DRfJxes in
natural water (blue) and natural water amended withh DRP and NN
concentrations (red) under aerobic and anoxic tiomdi.

Under anoxic conditions and with DRP amended lak¢evy the capping materials
blocked the release of DRP from the sediments gomélar degree as for the anoxic
natural water and most treatments removed more B&R the inflow water than

Comparison of efficacy of four P-inactivation ageoh Lake Rotorua sediments 26



—NIWA_—

Taihoro Nukurangi

from the natural water. This is again consisteribhvai higher diffusion rate into the
sediment due to the high DRP concentrations inaerlying water column. The
exception was the Modified Zeolite at 50% and 10@&&atment dose rates, which
blocked less DRP release from the sediment thahematural water tests (Fig. 13,
anoxic).

The use of elevated NON concentrations examined the denitrification pasd of the
sediment and thus the effect of the capping maseoia that potential. Under aerobic
conditions, the results showed enhanced releasddHafN from the Alum and
Allophane treatments (Figs. B1, B4) but a suppogssi the NH-N efflux relative to
controls from the modified Zeolite and the highdroBlock™ treatments (Figs. B2,
B3). Under anoxic conditions, there was a reduciiorthe NH-N efflux for all
treatments, including controls, relative to theunalt lake water. This is consistent
with the NQ-N being an oxygen source for microbial procesdedeaitrification in
the sediment. This effect can be seen as enhan@gdNNosses, relative to natural
lake water incubations, from all treatments ofca@pping materials and the controls
(Figs. B1 to B4).
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Figure 14. Denitrification potentials as estimated from theslmf nitrate (N@N) at different

concentrations under anoxic conditions for all gagpnaterials at all treatments.
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The estimation of denitrification potentials andughthe effect of these capping
materials on those microbial processes (Fig. 14wsthat, with the exception of

Alum, there was a slight increase in denitrificatipotential associated with each
capping material treatment. However, because ofvérability in the results, this

apparent enhancement may not be statistically fgigni. The reduction in

denitrification rates for two of the Alum treatmentioes not follow a pattern
associated with the level of treatment and thus aisg be natural variability. These
results indicate that the denitrification potentidlthe sediment was not adversely
affected by the capping material at the dose raged.

3.4 Objective 3

“Evaluate longevity of these P-inactivation agaht®ugh repeated cycles of aerobic /
anaerobic conditions”.

Longevity tests were designed to give an estiméthow long the capping layers
would remain effective and thus the time betweemeaatments.

34.1 DRP

The P results of this phase of the study are ptedexs time-series graphs (Fig. 15),
which includes the initial aerobic and anoxic cydte give four complete aerobic-to-
anoxic-to-aerobic cycles. The results presentedaréhe last day before the switch
from aerobic to anoxic or from anoxic to aerobibeT'saw-tooth” pattern to the data
reflects the shift from aerobic conditions (low DB&hcentration) to anoxic condition
(high DRP concentrations). The difference in maximDRP concentration in each
anoxic cycle for each capping material is an inilbcaof how well that material is
likely to perform in the years following the initiapplication. The initial performance
of each capping material has been described irl ¢&tation 3.2).

For the longevity estimates, the results of inteaes when “break-through” occurs for
each capping material and for each treatment. Biteakigh occurs when the capping
material P-uptake capacity has been exceeded ondterial has been buried and it no
longer prevents DRP accumulation in the lake watdumn. This is seen as an
increase in water column DRP concentrations abowénflow water concentration.
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Figure 15. Time series of mean dissolved reactive phosphddiP] concentration changes in

the inflow and outflow waters from the longevitypeximent. Grey shaded bands
indicate the periods of anoxia; green blocks ingiceghen the algal slurry was applied.
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Break-through is a function of the P-uptake capaaitthe capping material, the dose
rate, and the mass of DRP in contact with the cappiaterial. In the continuous flow
incubation system, there was a continuously renesvgaply of DRP in the inflow
water as well as the efflux of DRP from the seditndrhere was also the spot
inoculation with an algae slurry on two occasiamadd DRP from decomposition and
to test for burial effects.

The algal slurry was added to the treated incubatibes at the end of th& and &'
aerobic cycles to simulate the collapse of an ab@dm. The incubation tubes were
closed and left without circulation for 2 days tboa the slurry to settle and
decomposition to begin. Analyses of the algal glas added are given in Table 4. As
annual loadings, these applications are equivateatsedimentation rate 156 mg*m
d* organic matter (dry weight) which is comparablénwhe sedimentation rate of 200
mg m? d* organic matter (dry weight) measured in lake Okar&eptember 2007
(Wright-Stow et al. 2008).

Mean composition of the algal slurry added to tieibation tubes.

Algal slurry mean composition as added to each incubation tube

Mass / tube (mg) Application rate (g m?)
C N P C N P

106 15 2.6 275 3.9 0.68

The measured DRP efflux in controls under anoxioditions was 27 mg md™.
Since the capping materials induce anoxic condstionthe sediments beneath them
(Gibbs et al. 2007), there will be a continuous D&fRux from the sediments that will
take up part of the P-binding capacity of the cagpinaterial. The efflux from the
Lake Rotorua sediments was estimated to be abbuh@.P d per tube. As the total
mass of P in the top 4 cm of the incubation tubas @stimated to be 12.2 mg P, it is
expected that it would take at least 122 days lease all of the available P in the
sediment. As the incubations ran for around 90 (dines experiment was unlikely to
be affected by P depletion in the sediments.

The water flowing through the incubation tubes hddRP concentration of 41-43 mg
m’ for the natural lake water, which was equivalerthie addition of about 0.08 mg P
d*. The DRP amendment water, at 212 and 178 mgwould have added 0.43 and
0.36 mg P @ to the incubation tubes during that phase of thdys As these waters

were in contact with the capping materials, the DREhose waters would also take
up part of the P-binding capacity of the cappingamal. The two spot inoculations of

algae to the incubation tubes also added P toyiers (Table 4). From these data,
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the cumulative mass of DRP in contact with the aappnaterial can be estimated
(Fig. 16) to enable assessment of the longevith®tapping materials.

The nominal P-uptake capacities of the capping nahie each incubation tube at the
50%, 100%, and 200% treatments were 5.8, 11.6 arilrig P, respectively. These
levels are marked on the cumulative P supply cwith arrows (Fig. 16). As this
graph is drawn with the same X-axis as the timeesatata (Fig. 15), the intersection
of the arrow with the cumulative DRP curve indisatee date (X-axis) when break-
through might be expected. Break-through befor¢ dlade was interpreted as lower
than expected, and after that date was interpestdzbiter than expected.

At the 50% treatment dose rate, the modified Zeaobisults showed break-through in
the ' anoxic cycle (before 11/03/2008) which is loweartrexpected (Fig. 16). Alum
showed significant DRP break-through in tH& &noxic cycle, which is consistent
with expectations. Phoslockshowed break-through after th& @anoxic cycle, which
is at a higher P-uptake capacity than expected (& However, the 50% Allophane
treatment did not show break-through until tH& ahoxic cycle, which indicates a
much higher P-uptake capacity than expected orsiiaie other factor was affecting
the results.

30 ~

25 ~
< 200%

20 ~

15 ~

< 100%

10 -

Cumulative P supply (mg)

50%

r

O T T 1
20/02/2008 11/03/2008 31/03/2008 20/04/2008 10/05/2008 30/05/2008

Cumulative phosphorus supply to the incubation suledative to the treatments (dose
rates) of 50% (5.8 mg), 100% (11.6 mg), and 200362(2ng). Burst through should

have occurred for each treatment level about tlie Waen the cumulative P curve
exceeded the nominal P-binding capacity indicatedHat treatment.
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At the 100% treatment dose rate, a similar patteas observed with the modified
Zeolite treatment results being lower than expectbg 100% Alum treatment results
were also lower than expected, although the DRRardrations associated with the
Alum break-through were much lower than at the 588atment dose rate (Fig. 15).
Break-through for the Allophane and Phosiockeatments occurred after th& 3

anoxic cycle, which was much higher than expedtagl (L6), and the increase in DRP
concentration relative to the inflow water was dngsampared with the control (Fig.

15; 100%).

At the 200% treatment dose rate, the modified Zedheatment had a DRP break-
through during the " anoxic cycle, which was much lower than expect&d. (16),
although the level of DRP concentration increass l@as than for the 50% and 100%
treatments. For Alum, the 200% treatment resutlcated a break-through during the
3% anoxic cycle, which is much lower than expectdthomigh the increase in DRP
concentration relative to the inflow water was dnsampared with the control (Fig.
15; 200%). Break-through for the Allophane and Rims 200% treatments
occurred about thé™anoxic cycle, which is consistent with expectagi¢fig. 16).

3.4.2 NH4N and NOs-N

The results for the equivalent N changes associati¢ld these DRP results are
presented separately in Appendix C.

The NH;-N results (Fig. C1) show that after the initialo&ic period, the release of
NH,-N from the sediments was comparable for all cappiraterials over the"2and
3% anoxic periods. However, through th& 4noxic cycle there were marked
differences in the NN effluxes between some capping materials, wigmificant
enhancement by the 50% Alum treatment and a sogmifiy lower efflux for the
200% modified Zeolite. There was a trend over time increasing NN
concentrations under anoxic conditions. Highesteatrations were in theé"4anoxic
period which may be associated with the additiotwaf lots of algal slurry covering
the capped sediment.

The NQG-N results (Fig. C2) show that denitrification wast significantly affected by
the capping materials. However, the complete retnoivilOs-N after the additions of
algal slurry indicate that burial of the cappingtenal removed any inhibition effects
restoring the full denitrification potential of theke Rotorua sediments.

The significant increase in NHN coinciding with the complete removal of free
NOs-N by denitrification is consistent with the unibhéed release of NHN from the
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sediments as microbial processes shift from antaxanaerobic, and sulphate (3
is used as the energy source for sediment micrpbigiesses.

P-saturation experiment

Time-series analysis of the uptake of ,FROby the capping materials at three different
pH levels demonstrated that the actual P-bindingacities were substantially
different from the nominal P-binding capacities egivby the suppliers and used to
calculate the dose rates for each treatment insét@ment incubation experiment
(Table 5). These results also demonstrated tha®tbimding capacities were affected
by the pH of the system (Table 5) consistent whid dbservations of Peterson et al.
(1976). These pH effects were sufficient to accdanthe measured versus nominal
P-binding capacity differences.

Comparison of the measured P-binding capacitiesaath capping agent, at the
specified pH after 50 hours, with the nominal Peliig capacities given by the
suppliers. (* P-binding capacity still increasirityP-binding capacity decreasing after
an initial high).

Capping Material P-binding capacity (g P / kg product)
Nominal Measured
pH 6.1 pH 7.0 pH 8.9
Modified Zeolite 50 21.5* 21.5* 11.6*
Phoslock™ 20 11.6% 11.3* 15.1
Allophane 5 16.3 16 9.5

The measured P-binding capacity of the modifiedlilewas still increasing after 50
hours. This is consistent with a granular prodwotifng a slower uptake response as
the P is initially rapidly adsorbed on the surfamfethe granule and then slowly
diffuses deeper into the granules before it capdrenanently bound. By regression
modelling, the predicted maximum P-binding capaattihe test experiment pH of 7.0
would be about 23 g P / kg. This is less than th@fnominal P-binding capacity given
(Table 5). This value is consistent with the P-bigdcapacity of around 20 g P / kg
estimated for this product in the previous Lake ©ksiudy (Gibbs et al. 2007).

In contrast, the measured P-binding capacity ofsRick” at pH 6.1 and 7.0 reached
an initial maximum of around 14 g P / kg before rdasing again. The P-binding
capacity was still decreasing after 50 hours (Eif). While the initial rapid P-uptake
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is consistent with the very fine, almost colloidglpearance of this material when
shaken in water, it is not certain why the P-bigdicapacity of Phoslock was
declining over time. A possible explanation coulel the simultaneous loss of the
active ingredient, La, from the product over thensgperiod (Fig. 17) (See section
4.3.3). Regression slopes of the reduction in P lamadontent over time at pH 6.1
were similar at 0.0646 and 0.0843, respectivelyiciwIsupports the concept of an
apparent link between a decline in the P-bindingacay and the loss of La from the
Phoslock’ capping material. At pH 8.9, the P-binding capadif Phoslock was
relatively stable at a mean of around 15 g P /dkgofrer 100 hours. The estimated P-
binding capacity at the test experiment pH of 7a@swabout 12 g P / kg. This is just
over half the nominal P-binding capacity given.

T 46
+ 45

+ 44
14 -

+43
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142

121 —e—P@pH61

P content (g P/kg)
La content (g La/kg)

+41
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—e—P @pH8.9
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——La@pH®6.1 v
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10 . . . . . 39
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Figure 17. Time series analyses of the P (solid symbols) aad(dpen symbols) content of
Phoslock" at high and low pH during the P-saturation experimSolid regression
line for P content at pH 6.1 has the equation Y.G686*X + 14.25, T=009771;
dashed regression line for the La content at pHhéslequation Y = 0.843*X + 44.55,
r? = 0.8503. The P content decrease at pH 7.0 waksimthe decrease at pH 6.1.

While the measured P-binding capacity of Phoslogkas highest at high pH, the
measured P-binding capacity of Allophane was higheshe low pH (Table 5) and,
after an initial rapid uptake, was relatively stabt each pH level over 50 hours. The
mean P-binding capacity at the experiment pH ofwa8 about 16 g P / kg. This is
more than 3 times greater than the nominal P-bghdapacity given.
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Analysis of Allophane showed that it had more tBammes the aluminium and almost
8 times the iron content of modified Zeolite (TalBle Both Al and Fe have a high
affinity for P.

Table 6. Selected mineral content of the three granular iogpmaterials determined by ICP-
mass spec for the raw material as supplied andingbd study.
Material Elemental composition (mg / kg dw)
Na K Mg Ca Al Fe Mn La P
Allophane 280 170 1008 972 68075 30610 675 28 1321
Modified Zeolite 11213 7080 1877 9761 21752 4457 278 20 118
Phoslock™ 2278 161 7505 1233 11701 4498 29 45380 130
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4. Discussion

4.1

Efficacy of P-removal

The use of a capping material layer to bind and thlock the release of DRP from
lake sediments can be thought of as a managenratggst which resets the lake to
zero internal DRP loads with all DRP being supplfesin the catchment. If the
capping material is applied at a sufficient rate peit area to block 100% of the
available DRP in the upper sediment and is notidisd, this should be true. The tests
conducted in the course of this study have deteardhthe relative DRP removal rates
for each of the four capping materials tested. déugping materials were applied at
rates calculated to give complete removal of alilable DRP in the top 4 cm of Lake
Rotorua sediment (i.e., 100%) as well as half aodbte that rate (i.e., 50% and
200%, respectively), based on the nominal P-bindaggcities given by the suppliers
(Table 1). The results of these tests over a 90peaipd demonstrated that the actual
P-binding capacities of each capping material wasstantially different from the
nominal P-binding capacities given. The reason thmse differences may reflect
sediment effects or that the nominal P-binding capaalue given was incorrect. For
Alum, modified Zeolite, and Phoslockthe actual P-binding capacities were lower
than expected while the actual P-binding capadigliophane was much higher than
expected.

The inconsistency between the experimentally ddrReemoval efficacy values and
those calculated using the nominal P-binding capaeilues was most obvious in the
longevity experiment. There, only the 200% treattedor Alum, modified Zeolite,
and Phoslock produced results that approached expectationsevenhien the 50%
treatment of Allophane exceeded expectations.

Expectations were that the actual P-binding capaditeach capping material would
be exceeded at their nominal P-binding capacityn@isated by P break-through.

The longevity results considered all DRP inputshi® incubation tubes including the
P released from the sediment beneath the capppeg, dne continuous supply of new
DRP in the lake water pumped through the incubétitwes, and the decomposition of
simulated senescing algal blooms and detritus nfallio the sediment. In the

continuous flow incubation system, the daily magédcsupplied in the lake water
(0.08 mg &) was similar in magnitude to the efflux of DRPrfrdhe sediment (0.10

mg d"). Based on the cumulative DRP curve (Fig. 16),bifeak-through times for all

of the capping materials were different from theattetical times indicated for each
treatment and dose rate.
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The longevity results showed that Alum and the riediZeolite capping materials
applied at the 100% dose rate did not control DBRcentrations during the second
anoxic cycle. In the 200% treatment, Alum contmI@RP concentrations during the
second anoxic cycle but the modified Zeolite did. ridhe cause of the lower than
expected performance for Alum appeared to be blatehe disturbance of the light
Alum floc by the inflow water currents. This digbance effect makes Alum
unsuitable for use on Lake Rotorua where large vi@tch and deep mixing would
destroy the capping layer. Conversely, the lowemtlexpected performance for
modified Zeolite appeared to be a function of tlamge of grain sizes of the
formulation not giving a complete coverage of thdisient, especially at the 50% and
100% treatments. It is possible that a finer grsime would be more effective.
However, as this was the same formulation succlygsised on the Lake Okaro
sediments at higher dose rates, these resultsadgested that the P-binding capacity
of modified Zeolite was lower than the nominal \aliiven.

The 50% Phoslock™ treatment controlled DRP coneéntrs through to the second
anoxic cycle and the 100% treatment controlled [@BRcentrations through the third
anoxic cycle, which appeared to match theoretigpketations. However, increasing
the dose further to the 200% treatment did notease the DRP control beyond the
third anoxic cycle, suggesting that its P-bindiragpacity had been exhausted before
the fourth anoxic cycle sampling. This suggesteat tihe P-binding capacity of
Phoslock was lower than the nominal value given.

In contrast to Phoslock™, the 50% Allophane treatmeontrolled DRP
concentrations through to the fourth anoxic cyeljch was about 2-4 times more
effective than theoretical expectations. This sstgg that the P-binding capacity of
Allophane was much higher than the value given. &l@aw, the same level of DRP
control was also achieved at the 100% and 200%ntezd, which indicates that there
may be a layer thickness effect as well as thenBibg capacity of the Allophane.
Because there was no break-through even at thet&®ment, it is likely that the
actual P-removal efficacy dose rate will be lesmntlthe dose rate used in the 50%
treatment. Further work should be undertaken terdehe the lowest dose rate
required to achieve effective control of DRP overatended period.

The supplementary assessment of Phoslpakodified Zeolite, and Allophane after
the main study was completed, showed that the &rmgncapacity of these materials
was strongly influenced by pH, consistent with tinelings of Peterson et al. (1976).
The measured P-binding capacities at the experahgiht of around 7 where much
lower than expected for Phoslock™ (12 g P/kg mesaswompared with 20 g P/kg
given) and modified Zeolite (23 g P/kg measured pamad with 50 g P/kg given).
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Conversely, Allophane had a much higher than exgeét-binding capacity (16 g
P/kg measured compared with 5 g P/kg given) whiatonsistent with the estimate of
2-4 times more effective obtained from the longewakperiment. Of interest, the
mineral analysis of Allophane (Table 6) indicateattthe P-binding sites were likely
to be associated with Al and Fe. Because the attgredient in the modified Zeolite
was Al, which is also the active ingredient in Aluitnis reasonable to assume that the
pH effect on Alum would be comparable with thatmbdified Zeolite. Thus the
estimated P-binding capacity of Alum would be ahd® g P/kg compared with 100
g P/kg given.

These values were used, together with the analygsalts from objective 1 and the
sediment P, content to calculate the P-removatadfi of each capping material i.e.,
the amount of each capping material required tokok®0% of the TAP that could be
released from the top 4 cm of Lake Rotorua sedisn@fig.18). These dose rates give
a direct comparison the P-removal efficacy of therfP-inactivation agents if these
were applied to Lake Rotorua in the formulations@splied for the tests in this study.

300 278
250
220
193
200
'€ 150 -
(@)
100 - 77
50 -
O -

ALUM MOD ZEOLITE PHOSLOCK ALLOPHANE

P-removal efficacy comparisonsEstimated required dose rate (f)mbased on the
measured P-binding capacity of each capping métesiaompletely block the release
of DRP from the top 4 cm of Lake Rotorua sedimgmisP content = 3.168 g T).
This assumes the capping materials have the sammeulftion as the products
supplied for testing.
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4.2 Longevity of P-removal

While these capping materials may be highly effectn blocking DRP release from
the sediment when first applied, the continued inpluDRP from the catchment
(inflow water) will gradually take up part of theldhding capacity of the capping
material so that the material eventually becomestutated”, i.e., the P-binding

capacity is exhausted and the capping materiasstdporbing new DRP inputs. Also,
subsequent deposition of detritus from the inflamd senescing algae will eventually
bury the capping material and provide a new soafd@RP above the capping layer.
These factors affect the longevity of the cappiraeral application and, thus, how
often the lake must be treated to control the D&Rentrations in the water column.

A key factor in determining how long a sediment giag treatment will remain
effective in a lake is the mineralisation rate loé sediment organic matter into DRP
and its subsequent diffusion out of the sedimdgsause the P-saturation experiment
demonstrated that these capping materials rapidgord PQP and can become
saturated within a few hours of exposure, the Porah is limited by the
mineralization rate in the sediment. This rate astimated to be around 27 m¢ i
for Lake Rotorua sediments. Assuming that the nredsAP in the top 4 cm of
sediment, at 3.168 g'fnis an average for the lake, it would take 117sday the TAP
to be released and adsorbed. During that 117 dagdpexternal DRP sources from
the stream inflows and sedimenting detritus wilmpate for the available binding
capacity of the capping agent from above. Also @isyuption of the capping material
layer will reduce its ability to adsorb the minesatl P from the sediments.

Another important consideration is whether the labBris released again under anoxic
conditions. The longevity experiment was taken dhio four cycles of anoxic-to-
aerobic conditions to simulate seasonal changes aveeriod of “four years”. The
results of the 50% Allophane and 200% Phoslock™titnents, which were closest to
their respective P-removal efficacy values, shoted the P bound on these products
was not released during the anoxic phase (Fig. drff) the capping materials
continued to remove P released from the sedimedtfeom the overlying water
column and detritus through at least “3-years”.

This means that if the sediments were treated iy of the capping materials at
application rates based on their respective P-ramefficacy values (Fig. 18), the

undisturbed capping layer should remain effectmedt least four years. Given that
the P is permanently bound to the capping layer aodreleased under anoxic
conditions, the lake would effectively be “resetidasubsequent re-treatments would
only be needed to control P released from sedim#ras subsequently bury the

capping layer. In this study and the previous stugsing Lake Okaro sediments
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(Gibbs et al. 2007), the capped sediments produsstiane gas bubbles which had
the potential to disrupt the sediments. The effettgas ebullition on the integrity of
the capping layer would require testing in the lakeere the amount of disturbance
could be measured. Observations from the Alumnreats showed that the Alum floc
was very easily disturbed. Disturbance of the aagppayer during the initial four
months following treatment could reduce both tHfeativeness of the P removal and
thus the longevity of the treatment.

4.3 Non-target effects

All capping materials had non-target effects whichpacted on the microbial
processes of nitrification and denitrification. Ehetwo processes are linked but are
considered separately here. These resultaeatreffectsof one or more processes.

43.1 Nitrification effects

Under aerobic conditions, microbial nitrificatiorxidises NH-N released from the
sediment into N@N at the sediment-water interface. The action hid tapping
material layer was to reduce nitrification, whichswseen as an increase in the amount
of NH;-N in the water column. This non-target effect agppd to be dose-rate
dependent and, while mean nitrification effect hssare given in Table 3, the effects
of capping material application rates at the P-nahefficacy rates can be estimated
from the NH-N efflux rates (Fig. 8) and the experimental ddes (Table 1).

Phoslock™ at the 200% treatment dose rate of 300’ gvas close to its P-removal
efficacy dose rate of 280 gnfFig. 18) and thus the expected non-target effectld
be NH;-N at around 5 times the control. Alum at the 20&réatment dose rate of 60 g
m? was only 75% of its P-removal efficacy dose ret@® g ni>. As the effect was
dose-rate dependent and was increasing non-ling@tyincreasing dose rate (Fig. 8),
it is likely that the Alum non-target effect wouddiso release NHN at around 5 times
the control. In contrast, Allophane at the 50% tiremt dose rate of 300 g nhwas
around 36% higher than its P-removal efficacy date of 220 g M. As there was
minimal effect by Allophane on nitrification at tHf#®% treatment dose rate (Fig. 8),
this is unlikely to change.

Modified Zeolite at the 200% treatment dose ratdé20 g nt was only around 60%
of its P-removal efficacy dose rate of 220 §.mt the 200% treatment dose rate,
modified Zeolite blocked the release of almosttla#l potential NN release from
the sediments due to the adsorption of,MHonto the Zeolite base material. At
almost double that treatment dose rate the expectatould be for a complete
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blockage of NN release from the sediments, consistent withhigber dose rates
used in the earlier Lake Okaro study (Gibbs e2@07). However, while these results
appear to be in contrast with the likely non-targdgfects on nitrification by
Phoslock™ and Alum, the adsorption of the AN by the modified Zeolite is a net
effect that may be masking the impact on nitrifimat

Under anoxic conditions, nitrification (and derfitation) does not occur at the
sediment surface. However, there were some changgkl,-N effluxes attributable
to these capping agents (Fig. 8). The adsorptiddHEN by the modified Zeolite still
occurred and is likely to be more effective at liigher dose rate if applied at its P-
removal efficacy dose rate.

4.3.2 Denitrification effects

Under aerobic conditions, microbial denitrificatioeduces the NEN produced by
the nitrifiers at the sediment-water interface. Bipecial conditions for this reaction
are that 1) anoxic sediments are close the sudidmeing nitrification to occur within
the surfacial sediments and 2) the NOproduced can diffuse down into the anoxic
zone where the NEN occurs and nitrogen is released asghls. A non-target effect
suppressing denitrification was seen as higher-NQoncentrations than in the
controls (Fig. 9, Aerobic), and P-removal efficadgse-rate-adjusted suppression
results are similar to those given in Table. 3,, iRhoslock™ 49%, Alum 58%,
Allophane 13%, and modified Zeolite 42%.

Under anoxic conditions, denitrification would ordgcur if NGQ-N from an external
source was injected into the hypolimnion. The aaghase of this study showed
essentially total denitrification of the N@ in the lake water flowing through the
incubation tubes although there was an apparent sffiect on denitrification in the
presence Phoslock™ and modified Zeolite.

4.3.3  Other non-target effects

The testing for trace metal release from the sedlisnehowed that there were no
apparent adverse effects from the use of thesamsaticapping agents. Arsenic
release was not statistically different betweeat&@ and controls and Al release from
Alum and modified Zeolite were also similar to thémer treatments and the control.
These results (Fig. 15) did, however, show thataitteve ingredient of Phoslock™,
Lanthanum, was being released from that cappingnmahin contact with the Lake
Rotorua sediment.
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La was present at similar concentrations (3-4 mgni in the water from the
treatments using Phoslock™, measured after 7 ardh4. These concentrations are
comparable with those measured during toxicityingsfClearwater 2004; Clearwater
& Hickey 2004; Martin & Hickey 2004). They are litnes lower than the 45 mg La
m? derived from the regulatory chronic ecotoxic tiad concentration of 1 g
Phoslock’ m*® (ERMA 2001) (See Glossary), leading to the coriclughat this level
of La is unlikely to have any toxic effect on th@eveonment. Supporting this
conclusion is the clinical use of La as a “safebgphate binder during renal dialysis
(Persy et al. 2006), treatment level 1 g La per day

The persistent release of La from Phoslock™ initlcebation tubes was consistent
with advice from the supplier, Phoslock Water Soha Ltd., that La leaching occurs
in soft waters with low DRP, but the free La wilhdd with DRP and alkalinity in the
water column (Sarah Groves, Phoslock Water Solstiod., pers. comm.). Clearly
complete DRP binding was not happening as thelfee@as measured in the filtered
water. This implies that there was insufficient DRRhe water to be sequestered by
the La released. During the toxicity testing, additof DRP caused trout toxicity to
decline (Hickey, pers. comm.) supporting this hiesis. This raises a concern that, if
the sediments are treated at the P-removal effidasg rate but the mineralisation
process at around 27 mg P’mi" takes 117 days to release all of the TAP from the
sediment, then there will always be a lack of DBPtlie La release to sequester until
the P-binding capacity is exhausted. That wouldyripat there would most likely be
a persistent leaching of free La from the Phosldaapping material for up to 117
days after the application. Note that the obsehadoncentrations from the sediment
incubation tubes were net values after P sequiestrais complete.

Compared with Al, little is known about the envinoental impact and toxicity of La
on aguatic biota. It is stated that La, is “extrémexic to salmonid fishes and water
fleas” at concentrations around 1000 mg L& (Reterson et al. 1976) based on
toxicity tests undertaken in that study. Unfortwhgt their tests failed to identify an
LDs, for trout or Daphnia as all fingerlings died with24 hours at 1000 mg La’n
and Daphnia mortality exceeded 50% at a concenttrati 600 mg La m. A study by
Barry & Meehan (2000) determined the acute andribrtmxicity (48-h EGg) of La

to water fleas Daphnia carinata) to be 43 mg ™ in soft water (i.e., equivalent to
Lake Rotorua water) and 1180 mg@ nm hard waters. That information was included
in Borgmann (2005).

An estimated chronic no observed effect concenmaNOEC) value of 4.3 mg th
may be obtained by dividing the soft water acutieierdoy 10 (ANZECC 2000). The
water concentrations in this study approached ceeted this threshold (Fig. 12),
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although the importance for whole lake applicatiemsiot known. However, there

were “inconclusive” indications of elevated La centrations found in some trout and
Koura tissues (livers) after the Phoslodkeatment of Lake Okareka (Landman et al.
2007; MclIntosh 2007). Therefore, the significantd-@ release was require further
investigation.

The toxicity tests by Barry & Meehan (2000) weredocted at pH 7.5-7.8 which is
higher than the natural pH of Lake Rotorua wate¢hatsediment at pH 6.8. While pH
is known to be an important factor in the solupilénd toxicity of Al in aquatic
environments, e.g., chronic 21-42 d ©f Al at pH <6.5 (all between pH 4.5 and
6.0) for trout is 15-106 mg thcompared with 34-7100 mghat pH >6.5 (ANZECC
2000), there have been no studies of the effegHbn La solubility or toxicity in
aquatic ecosystems.

The study by Peterson et al. (1976) tested thet&kemf La and Al at a range of pH
values from 2 to 11 and demonstrated large diffeenn a soft pond water (Fig. 19).
Of significance, the P-uptake was strongly affedietbw pH 6 compared with pH 4
for Al. In this study we estimated the P-bindingaeities of La and Al at three pH
values (Table 5) and observed an apparent loss éfdm PhoslocR' over 50 hours
at pH values of 7.0 and 6.1 (Fig. 17). These datmgest that, as with Al, there may
also be a pH effect on La toxicity in the aquatosystem.
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Figure 19. P-uptake changes for Al and La at a range of pHband water. Redrawn from
Peterson et al. (1976). Shaded area indicates kheope where La may become
soluble.
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This could be an important factor when considetimg use of PhoslofK on Lake
Rotorua, which is a geothermally-influenced lakewhs demonstrated in the earlier
study on Lake Okaro (Gibbs et al. 2007) and Lakéofa sediment (Vopel et al.
2008) that capping the sediments changes the REE&#DHitions across the sediment
surface. Apart from respiration and £@roduction, this allows §$ production to
move into the capping layer. As the dissociatioHg releases®Sand H ions, the
pH in that zone would fall. Literature values sugjgine pH could go as low as pH 4
in geothermally influenced sediments (e.g., Rusdl.e2005). Vopel et al. (2008) did
not measure such low pH with PhoslBtk(ApH ~0.5-0.8) in the cores tested.
However, if the pH falls below 6, the P-uptake taywould decrease and the La could
potentially become mobile (Fig. 19).

Apart from pH effects, the report on Phoslock™ fraghe National Industrial

Chemicals Notification and Assessment Scheme, Alistir(NICNAS 2001) noted

that “there is a possibility that under saline dbods the lanthanum may be
exchanged for ions such as sodium which could teaglevated lanthanum levels in
the water”. Geothermal fluid in the Rotorua lakegion has high sodium levels
which, in combination with the low sediment pH effecould favour mobilization of

La from the Phoslock™ in contact with Lake Rotosediments.

With the NICNAS (2001) comments about potential isod effects in mind, the
buffered phosphate solutions used in the P-saturédists were made up using sodium
phosphate salts. Consequently, it is possiblettieatipparent loss of La in those tests
was a combination of both low pH and high sodium08 of seawater). If this
hypothesis is correct, then low pH and potentidllgh sodium in the sediment
beneath the Phoslock™ capping layer on Lake Roteedament may be the cause of
the persistent leaching of La observed.

While original toxicity testing may have seen thatial release of La from
Phoslock™, as acknowledged by the suppliers, thieigtent release of La when
Phoslock™ is in contact with Lake Rotorua sedimemty be a site specific effect.

There is little information on the effects on beéatbrganisms living in or on lake
sediments of chronic exposure to La. Our data sihaivthere was no indication that
the release rate (~2 mg“na') was slowing over a period of 21 days. Conseqygentl
there was no indication of how long the releaseld/continue, or where that La ends
up in the ecosystem and to what effect. Furthegstigation is needed to resolve these
issues.
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Alum (Al based)

Alum had the highest P-removal efficacy of the ¢agpnaterials tested (Fig. 18) but
one of the poorest longevity results. This failtmeperform as expected is related to
pH effects and the ease of disturbance of the Alamon the sediment surface. There
are four issues that need to be considered whag é@sum in a lake.

1. Although Alum appears to be easy to apply beinggaid, the P-removal

action only occurs when it forms a floc. Conseqlyetin lakes such as Lake
Rotorua with low natural buffering capacity, theuAl solution must be

buffered when applied to initiate the flocking aatiand thus sedimentation to
form the cap. The buffer must also control the pidrdy floc formation.

The P-binding capacity of Alum is pH sensitive withaximum (95%)
efficiency over the pH range of 4 to 6 (Fig. 19}). the lower pH there is a
significant risk of toxic Af* ions being released into the water column. At pH
levels around 7, the P-binding efficiency is redudy 55% and at pH 8-9
(equivalent to a moderate algal bloom) the P-bigdifficiency is around 10-
20%. Lake Rotorua sediment in the incubation sydtatha pH of 6.8, which
would account for the lower than expected resudtensin the longevity
experiment.

Alum treatment at its P-removal efficacy rate underobic conditions could
enhance the release of WN from the sediment by up to a factor of 5 and
would suppress denitrification by almost 60%, dseiicreasing the retention
of N in the lake. The enhanced release of,NHis consistent with field
observations on Lake Okaro (Paul et al. 2008).

As the Alum cap is a floc, it is easily disturbed kvater currents,
consequently there is a high probability of winddced mixing disturbing the
Alum floc, on the sediment.

Recommendation:Alum should not be used as a capping materialake Rotorua.

Modified Zeolite (Al based)

While the modified Zeolite had the next highesteRwoval efficacy, the 0-to-1 mm
grain size product used in this study had the lowasgevity rating of all capping
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materials tested. This failure to perform as exg@cs$ related to pH effects and grain
size. There are several things to consider whergusbdified Zeolite.

1. This product had a high performance rating in tlelier Lake Okaro
sediment tests (Gibbs et al. 2007) using 350 afdg761” dose rates, which
gave a near complete coverage of the sedimentcsuffdae same formulation
used in this study at lower dose rates only appeédocomplete sediment
coverage at the 200% treatment dose rate of 126.However, as that dose
rate was lower than the estimated P-removal efficdgose rate on Lake
Rotorua sediments, an increase to the P-removabeyf dose rate is likely to
improve the sediment coverage and longevity ratirttyis product.

2. As a granular product, modified Zeolite is easyapply and, at dose rates
comparable with the P-removal efficacy, it wouldtlserapidly to form a
stable layer on the sediment. A finer grain sizey nmprove the sediment
coverage and thus make better use of the high dirigincapacity of this
product.

3. Timing of application is an important issue with aifted Zeolite. Because
this product settles rapidly, it does not havedietact time to strip DRP from
the lake water column. Consequently, this prodhoukl be applied when the
lake is mixed and the DRP in the water column leenlsequestered by the Fe
and Mn in the sediments. The optimal timing would jost as thermal
stratification begins in spring and the oxygen @mi@ations in the
hypolimnion are still higher than 6 g“inwhich is the upper threshold for
mobilising Mn and thus the P bound to that metal.

4. The modified Zeolite was the only capping matetested that was capable of
binding NH;-N released from the sediment. Coupled with itsirieling
capacity, ease of application, and rapid settlittg added capability of
controlling NH,-N release from the sediment makes this an atmagtioduct
for managing internal nutrient loads in lakes. Heare as with Alum and
Phoslock’, modified Zeolite suppressed denitrification bpward 40% under
aerobic conditions, a factor which would increasesténtion in the lake.

Recommendation: Finer grain sizes should be tested for improvedinsent
coverage.
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5.1.3  Phoslock” (La based)

Phoslock' is a field tested commercial product that effeslivblocked the release of
DRP from the sediments. However, as with the twdaded products, the P-binding
capacity of Phoslock was sensitive to pH. There are several issues ribatl
consideration when using Phoslock

1. In contrast to the Al based capping materials,highest P-binding capacity
for Phoslock’ was at high pH and there was a marked reductidhbimding
capacity at the pH of natural Lake Rotorua sedismantl lake water.

2. Application can be either as a granule/powder omadurry. Applied as a
granule, the product settles rapidly to form thdirsent cap. Rapid settling
has the same seasonal timing considerations athdomodified Zeolite. In
contrast, the slurry application method allows pineduct to rapidly disperse
in the water column where the slow settling rateegisufficient contact time
to strip DRP from the water column before it formsediment cap. While this
Is a disadvantage for a capping material wheregptbduct could drift beyond
the targeted treatment area, it is an advantage apglied to a lake where the
hypolimnion has elevated levels of DRP; i.e., timet of application of
Phoslock' is not critical.

3. Phoslock applied at its measured P-removal efficacy doge, rgreatly
enhanced (5-fold) the release of NN from the sediment in the incubation
tubes under aerobic conditions. This was much greéhaan expected from the
~50% suppression of denitrification. These two eigéécts could lead to an
increase in dissolved inorganic nitrogen conceiatnatin the water column
and greater retention of N in the lake.

4. There was a small, persistent release of La freerPthoslock capping layer
at around 2 mg La td?, and La concentrations in the water column were
around the NOEC of 4.3 mg huderived from the acute and chronic 4z 6f
43 mg n?® for Daphnia carinata in soft water (Barry & Meehan 2000). The
persistent release of La appears to be relatedvtopH and high sodium
concentrations, both of which are more likely ie greothermally influenced
sediments of Lake Rotorua. i.e., this may be a specific effect. The La
release may also be a feature of this productndiedted by the supplier,
which becomes apparent when there is insufficidRPDo bind with that La.
From the study data, there was no indication of e the La release would
continue or the fate of the La or its chronic effec
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Recommendation: The longevity of the La release from Phosiockhould be
investigated, along with the fate of that La in #wgiatic ecosystem of a lake.

5.1.4  Allophane (natural clay)

Allophane has a P-removal efficacy rate betweesehaf Phoslock and modified
Zeolite. Applied at this rate Allophane is likely have few major non-target effects
although it was sensitive to pH. There are sevssales that need consideration when
using Allophane:

1. As with Alum and modified Zeolite, the highest Fuling capacity of
Allophane was at the natural sediment and lakenvieof around 7. This is
consistent with the extremely high Al mineral canté3 times higher than
modified Zeolite). However, unlike modified Zeolitehere the Al has been
added, the Al in Allophane is part of the naturgktal structure of this clay.

2. Allophane as supplied, consisted of a mixture afrgsizes with the very fine
particles remaining in the water column for a cdasable time — similar to
the dispersed PhoslockWhen it did eventually settle it formed a cohesiv
layer completely covering the sediment.

3. Applied at its P-removal efficacy rate, Allopharseuinlikely to substantially
enhance the release of NN under aerobic conditions as was found with
Phoslock’ and Alum treatments. However, Allophane did casigepression
of denitrification under aerobic conditions but fhredicted effect, at around
13%, would be much lower than was caused by therathree capping
materials.

4. Because the break-through point for the Allophare wot achieved within
the experimental treatment range, the minimum dage required for Lake
Rotorua sediments is uncertain. Consequently, thenféval efficacy value
provided for Allophane (Fig. 18) is a “best estigfatOf significance is that
this estimate is less than the lowest (50%) treatrdese rate used in this
study.

Recommendations: Further tests should be conducted to determinentimmum
dose rate of Allophane required to achieve 100%rReval from the top 4-cm of
Lake Rotorua sediment.
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Conclusions

The four capping materials tested on Lake Rotoaegnsents each have the capability
of blocking all of the DRP released from the seditraturing periods of anoxia, when
applied at their P-removal efficacy rates. Thosesaare a function of the total
available P in the upper sediment (top 4 cm), tle@sured P-binding capacity of the
capping materials, and the interactions betweemrdbping material and the sediment.
The estimated P-removal efficacies of the four &:fivation agents as supplied for
testing on Lake Rotorua sediments are:- Alum 80y modified Zeolite 190 g i
Phoslock’ 280 g nf, and Allophane 220 g '

Adverse or non-target side effects suppressedicattion under aerobic conditions
resulting in substantially enhanced releases of-NH~5 fold increases) from the
sediments by Alum, and PhoslockAllophane did not appear to affect nitrification
and modified Zeolite reduced the release of,ilNHrom the sediments by adsorption
onto the Zeolite base material. Also under aeraunditions, all of the capping
materials suppressed denitrification by 13% to 58%um had the greatest effect
while Allophane had the least.

From the longevity experiments, if these cappingemals were applied to Lake
Rotorua sediments at their respective P-removétaef§y rates and left undisturbed,
they should remain effective for at least four gedurial due to sedimentation and
disruption by gas ebullition from the sedimentslidaeduce that expectation.

Based on the instability of the Alum floc as a dagpmaterial, we recommend that
Alum is not used on Lake Rotorua.

Based on the enhanced release of N from the setdmefi products caused
suppression of denitrification under aerobic cdodd, although Allophane had the
least effect. We recommend that none of these ngppiaterials be used in the
permanently aerobic zones of a lake.

We recommend specific further investigations of opltane (determining the
minimum dose rate), modified Zeolite (effects oflueing the grain size), and
Phoslock’ (determining the longevity and fate of low levelLa leaching into the
aquatic environment).
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10. Appendix B
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Alum (anoxic)
Control 50% 100% 200%

mNatural (DRP =41 mg/m3)
MESpiked (DRP =178 mg/m3)

Alum (anoxic)

Control 50% 100% 200%

mNatural (NH4-N = 82 mg/m3)
ESpiked with NO3-N (NH4-N = 27 mg/m3)

Alum (anoxic)
Control 50% 100% 200%

O Natural (NO3-N = 235 mg/m3)
mSpiked (NO3N = 1173 mg/m3)

Figure B1. Alum: comparison of dissolved reactive phosphorus (DRPmonium (NH-N), and
nitrate (NQ-N) effluxes in natural water (blue) and naturakeveamended with high
DRP and N@N concentrations (red) under aerobic and anoxiclitions.
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Phoslock (anoxic)
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Phoslock’: comparison of dissolved reactive phosphorus (DRR)monium (N

N), and nitrate (N@N) effluxes in natural water (blue) and naturaltevaamended
with high DRP and N@N concentrations (red) under aerobic and anoxiditions.
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Figure B3. Modified Zeolite: comparison of dissolved reactive phosphorus (DRR)monium
(NH4-N), and nitrate (N@N) effluxes in natural water (blue) and naturalteva
amended with high DRP and N® concentrations (red) under aerobic and anoxic
conditions.
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Figure B4. Allophane comparison of dissolved reactive phosphorus (DRR)monium (NH
N), and nitrate (N@N) effluxes in natural water (blue) and naturalteveamended
with high DRP and N@N concentrations (red) under aerobic and anoxiditions.
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11. Appendix C
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Figure C1.  Time series of mean NFN concentration changes in the inflow and outfimaters
from the longevity experiment. Grey shaded bandkcate the periods of anoxia;
green blocks indicate when the algal slurry wadiegp
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Figure C2.  Time series of mean NEN concentration changes in the inflow and outfimaters
from the longevity experiment. Grey shaded bandkcate the periods of anoxia;
green blocks indicate when the algal slurry wadiegp
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