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1 INTRODUCTION

1.1 Purpose and scope of the project

Waitiuna Lagoon is a highly valued coastal lagoon located in Southl&myronment

Southand(ES)are currently in the process alevelopng options to effectivelynanage and
mitigate water quaty issues in the catchmentA component of tht work is thepreparation

of acomphrensive groundwater technical report for tNeéaituna Lagoortatchment which

will characterise nutrient processes and contributions from the groundwater system

ES haveantracted Lincoln Ventures Ltd (LVL)agply the Groundwater Data Analysis Tool
they recently developed as part of the Envirolink Tools project-MRQC50, t@nalyse
available groundwater level data from the Waitucgichment The objectives of the work

are to: i) derive an estimate of the effective hydraulic residence time of the shallow
groundwater system, and ii) make an assessment of the interconnectedness of groundwater
and surface water. The work is funded under Envirolink Small Advice Grant$25RC

1.2 Hydrogeological setting

The WaitunaLagooncatchment covers an area of 248 ha andorms a sukcatchment of

the larger 73,964 ha Waihopai groundwater zone, defined by H®e catchment is
recharged exclusively by land surface rechargend dainage within the catchment has
been extensively modified bgnole and tile drains, and artificial drainage channels.is
conceived that most groundwater discharge is directed to drainage channels and first and
second order streams, with presumably sodigect discharge to Waituna Lagodself that

acts aghe effective sink for all water in the catchment.

Waituna Creek is the largest of three major creeks thiatlibrgedo the lagoon and drains
over half of the (western) portion of the catchmenloffat Creek drains the central portion
of the catchment, wherea€arran Creekrains the eastern part of the catchmeqtboth of
these creeks drain land located coastward of the Invercargill Highway.

Shallow goundwater of the Waihopai zoneis gererally contained within weathered
fluvioglacial Quaternary gravels, described as poorly sorted quartz sand and gravel in a highly
weathered clay matrixPeaty swamp deposits constitute the surficial geology of almost two
thirds of the Waituna Lagoon catatent, generally south/coastward of the Invercargill
Highway.

ES monitor shallow groundwater levels from four wells within the catchrtféigure 1; Table
1). Three of the wells (F47/0256, F47/0253 and F47/0260) are locatdkde marginof the
lagoon F47/0256 and F47/025are positioned withinareas mapped as peaty swamp
deposits The borelogs for these wells record coarse sand and gréwedxcess of 3 m of
peat overlies the gravels at F47/02&&e Appendix A)

F47/0260 is located on a bdhat is mapped asmodern beach depositsséndwiched
approximately ® m fromboth the lagoon and sea) Although tere is no borelog for this
well, groundwater staff at E&o not suspect the well screens beach deposits, rather is more
likely to screen simak sand and gravel material to that encountered in bores F47/0253 and
F47/0256

Thefourth well F47/0252 is located at the interior of the catchment, north of the highway
and on the fluvioglacial terraceemnant F47/0252 is less than 600 m from thearest
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creek. Although there is no borelog for this shallow weignite survey boreE47/0033
drilled approximately 700 m norttvest of F47/0252 recorded fluvioglacial sand and gravels

to just 5 m below the ground surface, before encountering what is riteesdt as 30 m thick
layer of sandy mudston@ppendix A)
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Figure 1: Map of Waituna Lagoon catchment, showing location of monitoring wells and
climate stationgVCS labels refer tddlWAagent #)
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2 ANALYTICAL METHOD

The Groundwater Data Analysis (GIBAl) applied in this worlemploys the mathematical
Eigenmodel to characterise the aquifers hydrodynamic properti€he Eigenmodel is an
analytical solution to the -D transient groundwater flow (DupuBoussinesqggquation. The
concepts, assumptions andnlitations of the mathematical Eigenmodel can be found in the
GDAtool manuals (Bidwell and Burbery, 2011; Burbenal, 2011). Most importantly, the
Eigenmodel is limited to describitigear systemgi.e. is valid forcases where groundwater
level fluduations are small relative to the saturated thickness of the aquifer and provided
the groundwatersurface watemoundary conditiordoes not change, such asuld be the
case of ephemeral river systems).

A simple soil water balance modélilt in to the GDAtool processes daily climate data
(rainfall and potential evapotranspiration informatioty generatea land surface recharge
time-series dataset.Potential \adose zone storageffects aresimulatedvia a simple linear

storagemodel. Details of thesmodels can be found in Bidwell and Burbery (2011).

Analysis of groundwater monitoring data constitutes an inversion problem, requiring the
estimation of up to nine parameters in the GIp®l: 4in the Eigeamodet 1 in theVadose
Zone storage modelral 4 in theLSR model Analyses initially proceeded with allowing all
nine parameters to be automatically estimated in the optimisation problem. The values of
several parametersvhich were identified as the least sensitivere subsequently fixed to
condrain optimisation. These were: i) thaquifer storage coefficienS)in the Eigenmodel
which was assumed to reside within the range of 0.05 and 0.3; igv¥hporaton-reduction

0 &l boefficientin the LSR model that was set equal to 5, iii) thardrge threshold () in

the LSR model which was fixed to 50 mm/day, thus rendering it ineffective for the period of
calibration; iv) the crop coefficient (C) that was fixed to 0.67,v) and the vadose zone storage
time (t) that was fixed to 0.0001 days, agalent of assuming no effective vadose zone
storage potential.

Conceptually, the Eigenmodel assumes an aquifer such as the shallow unit in the Waituna
Lagoon catchment is a single integrated system that can be characterised by an infinite
series @& eigenvaluesthat capture the overall hydrodynamic properties of the system
Ideally, groundwater level datasets should be analysed together, from vehictique set of
eigenvalues are obtained and corresponding eigenfunctions that relate to the spatial
location of observations within the system. However problems are encountered when doing
this in complex hydrogeological catchments containing numerous distributed sieding
drainage featureshat do not readily conform to the assumptions of @&1model. For this
reason the work proceeded to initially analy® individual groundwater level datasets
independently from which results were representative of the losalle aquifer
characteristics.

A collective calibration/unique system analysis at the catehhscale analysing all well data
in the same routine was attemptedalbeit with limited success that was presumably a
consequence of applying the simplisticD1 Eigenmodel outside the scope of its
mathematicalassumptionsas much as a consequencehai/ng a limited, short set of water
level data to analyse.
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3.1

3.2

3.3

DATA ANALYSED

Piezometric time-series

Groundwater level dataare extremely limted for the Waituna catchmentGroundwater
levels are monitored continuously from the four wells, albeit recordinty commenced in
2011 (Table 1) The longest available data recordisnonths for well F47/0252 located at
the interior of the catchment (Figure .1Groundwater level data were integrated to a daily
observation timestep before analysis.

Table 1:Monitoring welll details.

ground level depth

(m asl) (m) start date frequency

well_ID easting | northing

F47/0260 | 2178138 | 5395593 3.53 6 3/08/2011 13:27 10 mins

FA47/0256 | 2170182 | 5396529 4.86 28/07/2011 15:10 10 mins

F47/0253 | 2174713 | 5398360 8 11/07/2011 12:40 10 mins

N[O O

F47/0252 | 2170009 | 5408200 27.74 24/05/2011 9:40 10 mins

Climate data

There are no direct potential evapotranspiration (PET) data available for the catchment, thus
PenmanMonteith PET datéfor 2011/12)6 SNBE 206 G A Y SR  Fchhiht¥ stdtidn2 | Q&
(VCS) dataset. Daily PET values from six VCS locations, agent numbers: 10633, 10634, 10635,
14404, 14234 and 14236 (see Figure 1) were utilised. The annual PET for thesagdds

from 828¢ 838 mml/yr (i.e. standard deviation of juBt4%). Given the small variance in the

data, a spatially uniform PET distributjaaveraged from the 6 VCS tiraeries datasetwas

assumed for the catchment

The same assumptions were applied to rainfall data, albietaberagedVCS daily rainfall
data were supplemened with measureddaily rainfall data available for two independent
monitoring sites in the catchment: Waihopia and Ashers (see Figure 1)

Soil properties

I OO2NRAY3I (2 [ I-MARQGHe NBfile ve&diySivaikbidw@t@r (§R) for soils

within the Waituna catchment ranges from 289 mm. The miglange value for individual
mapped soil zones is 3787 mm; the overall mean for the catchment is in the realm of 67
mm. This range of values was used to constrain the availaatenholding capacity value
assumed in the land surface recharge model component of the analyses. Although a zone of
heavy soils seaward of Invercargill Highway and a zone of freer draining soils inland of the
highway can be distinguished, this differengas not incorporated in the groundwater data
analyses, since the subtleties of distributed aquifer recharge were presumed to be small
compared to the breach of other underlying assumptions of the groundwater model.
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3.4 lIrrigation effects
| 002 NRAY3I G2 9{Qa wa! O2yasdSyida RIGlIolass
totals 2639 niday in the Waituna Lagoon catchment from a variety of shallow deep
wells. 81% of this is allocated from groundwater the main Waituna Creekatabment.
The remaining allocated groundwater is from the smaller Moffat Creek (10%) arnanC
Creek (9%) subatchments (Figure 3).
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It is inevitable that groundwateaibstraction affects groundwater levels and the groundwater
level monitoring well data appear to be exhibit drawdown effects that are uncharacteristic
of natural processes commencing December 20T obviate the need tancorporate
irrigation effects inthe Eigenmodel calibration, for whickome boldassumptions would
have to be made about water usage and irrigated land coverage, the groundwater level data
analysis concentrated on processing observation data prior to December 2011.

2500
m Unconfined Aquifers

mConfined Aquifers

2000 41— O Unknown

1500

1000

Groundwater Allocation (m3/day)

500

- -
102
0 T T

Carran Creek Moffat Creek Waituna Creek

Figure 3: Consenteathily groundwater allocation in the Waituna Lagoon catchment (data
provided by ES).

3.5 Surface waters

Averaged daily flomdataT 2 NJ 2 [ Addzyl [/ NBS| 3Iwesdéhatysed ds a I NA K
were Waituna Lagoomwater levelsthat are recorded at 1@ninute intevals by ES, at

Waghorns RoadThe exact datum of the recording site at Waghorns Road was not known,
although the lagoon stage level recorded sometime between 23 affdiaBuary 2012 was

referenced to 1.14 m above sea level (asl) (pers. comm. DianngeE S, April 2012). This

reference datuncorrected to the January readings (giving a possible error range of 0.256 m)

was applied to thdagoon level data record provided by ES allowing for a direct comparison

to groundwater levels to be made.

It isnoted that the lagoon was opened to drain to the sea on 15 July 2011.
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4  RESULTS

The analytical results are reporteay well location since datasets were independently
analysed.The uncertainty associated with the interpretations has not been ptedias it is

beyond the capability of the current GR&ol. As many of the model parameters are

correlated, some professional judgement was applied in fixing the least sensitive model
parameters to constrain the model inversion/parameter optimisation peald The most

probable ¢ 6 SFaAlll Yi dysfemécharacteristics are reported subject to the various

dzy RSNX eAy3 YFAOKSYFGAOKE FaadzyLliaAz2isummayR | & & d:
of the collectively analysed groundwater level data results is alsaiged.

4.1 F47/0252 (inland, near Waihopai)

A series of Eigenmodel calibrations were undertaken for F47/0@%8) both the GDAool
(Estimate2) which utilises a genetic algorithm optimisatigackage (i.e. has a good global
search engine) and gradiebasal algorithm implicit to Microsoft Excel (Estimel® Nash
Sutcliffe (1970) mdel efficiencystatistics as high as 0.86 were achievable, albwsire
remained some question of how representative the estimated well location was, as it
appeared the optimisidon algorithms wanted to reduce it to as low a value as possible, at
the cost of other parameter valuesThe shallow groundwater system in this region is very
responsive to land surface recharge.

Irrespectiveof the true eigenfunction for F47/0252, thefective diffusivity of the aquifer
system(related to the system eigenvaluesipsdetermined to behigh, indicative of a local
aquifer system subject to rapid drainage characteristics/low general hydraulic storage. The
local shallow groundwater system @it F47/0252 is therefore interpreted to be a fast
draining system in close hydraulic connection with the nearby surface wgearaNaituna
Creel that serve to facilitate drainage of the shallow aquifer. An effective hydraulic
residence time in the rdm of just 2 weeks is estimated for the local groundwater system

in this vicinity.

The effective aquifer discharge simulated by the Eigenmosgiresentation of well
F47/0252 compares reasonably well with Waituna Creek flows monitored by ES at Mérdda
Road (see Figure 5), which provides some confidence in the reliability of the Eigenmodel
assumptions. A constant gain equivalentl®, 101 haeffective drainage arewas required

to scale the Eigenmodel-id aquifer discharge (dimensional units L/®)volumetric flow

(units B/T). Thisestimatedeffective drainage area isvithin the extent of the (19,218 ha)
Waituna catchmentdomain Although uncertain, a preliminary estimate for the possible
stream depletory effect of groundwater abstraction fdnet early part of the 2011/2012
irrigation season is within the range of 20 L/s and 5 cumecs.

Although it proved possible to mirror general groundwater level patterns with the models
implicit to the GDAool, the simulated soil moisture data patterns weefar from reflecting

the measured soil moisture datBSmonitor at Waihopai(e.g. Figure6). Soil moisture
contents ES monitor in the field appear not to fluctuate to the extpradicted bythe
simple soil water budget modeimployed in the 8Rmodel. No answelis provided here for
why the simulated and observed soil moisture data are so diffefautjt is noted that the
field data haveyet to ever register the soil at its full water holding capaeitd the available
water holding capacity estimateih the model calibration of 25 mm is at the lower end of
the scale for fieldnapped properties It can be speculated that thdiscrepancy is a
potential scaleeffect, quite possibly an indication that at the catchmagale, soil drainage
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is dominated bypreferential flowpathsmacropore flow that fails to be detected by the
point-scalefield soil moisture measurementsFurthermore it seems from the analyses that
land surface recharge occurs more effectively than might normally be predicted from the
soilsinherent physical properties, perhaps related to artificially improved drainagére
observation suggests that soil moisture measurements are a poor corollalgnidrsurface
recharge that at the poinscale is conventionally measured using lysimeters.

Groundwater levels monitored at F47/0252 appear to experience drawdown effects of
pumped groundwater abstraction, quite possibly over 1 m. No assessment has been made
of the closest consented groundwater take, which it might be useful to do and compare
water level patterns with actual water usage records, if available. The usefulness of the
F47/0252 as a monitoring well for characterising the regional aquifer system and quantifying
longterm trends is compromised if it should prove the drawdown effectsapate from a
nearby irrigation well rather than reflect a cumulative effectt is suspected that the
apparent irrigatiord S 82y RNI 6R2g6y STFSOG y2G6A0SR Ay C
exacerbated by noflinearity in the system hydraulics, consideriggoundwater level
fluctuations of 2 m are observed in a well that is only drilled to 6 m (and which might itself
be a reflection of the shallow sand and gravel aquifer thickness). This potential error does
not affect the significance of the hydraulic i@sncetimes estimated in this work, but may
have implications should in the futustempts be made to assess/quantify irrigation effects

on groundwater levels and stream flows over an extended groundwater level monitoring
period.

Table 2: Bestesulting parameter values favell F47/0252 F AYRAOF 1Sa | &adzYSHK
parameter value.

Aquifer hydrodynamic properties units Estimatel Estimate2
T/ISE (1/day) 0.0300 0.0496
Sorativity () 0.11 0.1*
Aquifer storage residence time (days) 13 8
Aquifer storage haHife (days) 9 5
LSR model parameters
Soil available water holding capacity (mm) 25 25
EvaporatioaNB R dzCaé coéifigientt (-) 5 5
crop factor () 0.67 0.6*
vadose zone storage time (days) 0.000F 0.0001*
Observation wellcharacteristics
relativewell positionin 1-D aquifer () 0.45 0.05
(effective steadystate)basehead (m asl) 25.97 26.02
Model objective function
Nash3utcliffe modelefficiency index 0.71 0.86
mean water level error (m) 0.007 0.006
Analysis of Groundwater Level Data: Waituna Lagoon © Lincoln Ventures Ltd
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Figure 5Simulated aquifer discharge and Waituna Creek flows recorded at Marshalls Rd.
Differences between observed and model flows from December 2011 onwards
reflect potential steam depletion effects of irrigation water demand.
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Calibrate to observations made before 1/12/12. Model efficiency indices: F47/0252, E = 0.86
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Figure 6: Relative soil moisture contestmulated Py the LSRnodel in the GDAool, based

on providng areasorable groundwater levedimulationresul) versus observed at
Waihopai.

4.2 F47/0260 (coastal, Carran Creek)

Well F47/0260 is located on the coastal boundary, between the lagoon and the sea,
essentially at the conceptual hinge point for the groundwater table. From the groundwater
data analyses, it appears the hydrodynamic properties ofsthalow aquifer in this region

are reasonably consistent with those determined inland at F47/0252. The optimised relative
location of the monitoring well predicted by the GEdol of 42% along the length of thel
aquifer domain might appear suspect givthe proximity to the coast, but can be translated

as an indication that groundwater in this region is locally recharged and fluctuations are
driven by local recharge effects over a relatively small receiving area. Underlying the
variable portion of thehydrograph is a steadstate component that is more likely to be
connected to a more extensive catchmesdale hydrogeological system but which is not
suitable for signal analysis using the Eigenmodel approach.

The effective storage residence time forogndwater in the vicinity of F47/0260 in the
south-east corner of the Waituna Lagoon catchment is characterised to be in the realm of
50 dayswhen well data were analysed independently (Table 3This result suggests the
shallow groundwater system abotihe coast near &ran Creek exhibits slower drainage
characteristicghan the system inland about Waihopai. believed to bea slightly over
estimative result and prone to more analytical uncertainty than the result from well
F47/0252, simply given themaller amplitude in signal response due to proximity to the
lagoon/sea (discharge) boundary, plus the shortened data re@ibed failure to accurately

match the limited number of hydrograph recessive peaks in the record can be seen in Figure
7).
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parameter value.

Aquifer hydrodynamic properties units estimate
T/ISE (1/day) 0.0082
Storativity ) 0.30
Aquifer storage residence time (days) 50
Aquifer storagehalf-life (days) 34
LSR model parameters
Soil available water holding capacity (mm) 99.997
EvaporatiolNB R dzCaé coeffigienty () 5
crop factor ) 0.67
vadose zone storage time (days) 0.000F
Observation well clracteristics
relativewell positionin 1-D aquifer () 0.42
(effective steadystate)basehead (m asl) 1.79
Model objective function
Nash3Qutcliffe modelefficiency index 0.75
mean water level error (m) 0.004
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Figure 7: Observed versumalated groundwater level data at F47/0260. Note: calibration
focussed on data before December 2011, after which the deviance between the
two datasets is presumed to mainly reflect groundwater pumping effects for
irrigation.

4.2.1 Collective analysis of F47/0260 & F47/0252

Owing to the similarity in hydrograph patterns for wells F47/0252 and F47/0260, a joint
Eigenmodel calibration was conducted for these two wells in an effort to assess whether
they might represent a common system, and in an attemptrdduce uncertainty in the
F47/0260 analytical result.

From performing a joint calibration of F47/0252 and F47/0268ssuming wells screen a
single common aquifer systenan effective hydraulic residence time of 12 dajs
determined(Table 4; Figure 8)From this result and the independent calibration conducted
above, it is concluded that the shallow aquifer system about well F47/0260 near the coastal
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margin, most probably has an effective hydraulic residence time somewhere between 12
and 50 days. Theommonality in the hydraulic signal monitored by the two wells, despite
their geographical difference is readily apparent in Figure 8.

Table 4: Results from joiEﬁgenmodetq[ibrationof F47/0260 and F47/0252 indicates
' 34dzYSR o0aFA®BRE 0 LI NI YSGSNI

Aquifer hydrodynamic properties units estimate
T/ISE (1/day) 0.0%1
Storativity O] 0.12
Aquifer storage residence time (days) 12
Aquifer storage halfife (days) 8
LSR model parameters
Soil available water holding capacity (mm) 25.002
EvaporatioANB R dzOaé coeffigientt ) 5
crop factor ) 0.67
vadose zone storage time (days) 0.000F
Observation well claracteristics F47/0252 F47/0260
relativewell positionin 1-D aquifer ) 0.27 0.77
(effective steadystate) basehead (m asl) 26.00 2.06
Model objective function
Nash3Qutcliffe modelefficiency index 0.73 0.28
mean water level error (m) 0.007 0.006
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Figure 80Observed versus simulated groundwater levels at F47/0252 afi@Z60, based on
joint calibration. Note: calibration focussed on data before December 2011, after
which the deviance between the two datasets is presumed to mainly reflect
groundwater pumping effects for irrigation.
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4.3 F47/0256 (Lagoon margin, Waituna Creek)

Groundwater level data from well F47/0256 were analysed using the-tG&)Ainder the

same assumptions as used for analysis of wells F47/0252 and F47/0260. No meaningful
results were obtainedrom which itbecame apparent thathe current groundwater level
datarecordfor thissiteis corruptedby the effects of the lagoon beiragtificially drained on

15 July 201Xprior to groundwater level monitoring commencing), thgstemresponse to

which overwhelms any interpretation of aquifer recharge imagisms.

Had there been any groundwater level observations made preceding the lagoon opening
event it may have been possible to evaluate hydrogeological parameters for the shallow
aquifer from the drainage stressSuch technical analysésmilar to adrge slug testight

be achievable for future lagoon drainage events.

At this stage it is possible toonclude that shallow groundwater about the lagoon is
hydraulically connected to the lagopalbeit it is suspected conductance is low, as it appears
to have taken close to 4 months for the water table and lagoon level to equilidafoeving

the July 2011 opening eventUnder natural conditions the hydrostatic pressofehe two
systems correlate very closeli.he short separation distance betwetre two systemsand
influence of surface drainage into the lagomeans that it is unlikely that any hydrodynamic
information will be yieldable from the groundwater level observation data for natural
recharge events - it appears that the shallow groundwex system for the most part
discharges to the lagoon under a very small hydraulic gradient, yet storm events carry
enough surface water into the lagoon such that the potential hydraulic gradient reveltses.
is suggested that groundwater level data frdrd7/0256 are reanalysed after the next
lagoon opening from which some detail of the hydrodynamic characteristics of the aquifer
lagoon system mightossiblybe evaluated.

Figure 9: Groundwater levels measured in F47/0256 compared to water leveltoh&Vai
Lagoon. Lagoon drained on 15 July 2(dglfore monitoring started)Grey lines
mark error range in lagoon water levels given reference data provided.
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