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EXECUTIVE SUMMARY

This report focuses on a) the flowpaths for watet aitrate from the land into the stream,
and b) the effect denitrification occurring in tiadose zone — groundwater continuum
has on the nitrate flows.

Analysis of water balance data confirmed that tineasnflow recorded at the catchment
outlet accounts for nearly all the water leaving tatchment (i.e. there is no substantial
deep groundwater flow bypassing the weir).

Year-to-year variation of climatic parameters hascracial effect on cumulative
streamflow and N exports, highlighting the needlémg-term data.

At a headwater monitoring site, streamwater wasagbvyoung. Streamwater at the
catchment outlet was equally young X year) under winter baseflow conditions, but a
few decades old under lower summer baseflow canditand older than 100 years under
very low drought baseflow conditions.

Based on Si@analyses, winter baseflow water was very simiavddose zone solution,

water from subsurface drains, and shallow grounemahder Allophanic and Granular
soils. In contrast, it was very dissimilar to alhters from Gley soils and to deeper
groundwater independent of the soil type.

Assessment of potential point sources confirmed tia vast majority of the nitrogen
entering surface waterways must stem from non-gmatces (i.e. mainly urine spots).

Subsurface drains were found not to be a majorgldty for nitrogen into the stream, as
their volumetric contribution to streamflow was dhmand their N concentration only
moderately higher than those found in the stream.

Reduced groundwater nearly devoid of nitrate oceuicely throughout the catchment,
not only under poorly drained Gley soils. Howew&rpng vertical redox gradients were
found at sites with well-drained Allophanic and @ukar soils, with a relatively thin

uppermost, oxidised and nitrate-bearing groundwdsster overlying the reduced
groundwater body.

We conclude that under high water table conditionginter most of the streamflow is
generated by young groundwater recharged from AHog and Granular soils and
flowing predominantly laterally near the water twlowards Toenepi Stream. This
uppermost layer of oxidised and nitrate-bearingugdwater gets diminished during
spring and summer by continued discharge, resuitiregdrop in the water table. Finally,
only reduced older groundwater residing in the deegsh beds with typically lower
hydraulic conductivity remains, generating the loaseflow with low nitrate

concentrations and higher mean residence times ithatypically observed during

summer/autumn.

It is currently not possible to reliably quantify the catchment scale how much nitrate
gets denitrified along the flowpaths from the bottof the root zone to the stream, but
available data suggest it could be in the ordé&i08%6 of the leaching losses.

Developing the tools required for reliable quanttion of the assimilative capacity for
nitrate at the catchment-scale is a challengingt@be tackled in future research.



1 INTRODUCTION

The effects of farming practises on the water duatif Toenepi Stream have been
investigated by NIWA and collaborators since 198&I¢ock et al., 1999). Since 2001, the
Toenepi Catchment, located near Morrinsville in\Waikato, has been one of the catchments
in the ‘Best Practice Dairying Catchments for Sustainalleowth Project’ supported by
Dairy Insight and the Sustainable Farming Fund.cédk et al. (2006) reported that in spite
of some notable improvements average water qualiffoenepi Stream has changed little
during 1995 — 2004.

Since late 2002, Lincoln Ventures Ltd (LVL) has endken FRST-funded research
in the catchment to investigate subsurface waterement and nitrogen transformations, a
critical gap in the understanding of catchmenteegater and nitrogen dynamics. Monitoring
has included meteorological parameters, streamflgmundwater table dynamics and
groundwater quality, as well as drain water andasar water quality. Co-funding for some
aspects of this research was provided by Fontezs&tch and Environment Waikato.

Responding to early results of this research ptdqf@tenger et al., 2005b), particular
emphasis has been given in later stages to therstadding of subsurface redox conditions
and denitrification (Stenger et al., 2008). Rattian reporting on all aspects of the research
undertaken in the catchment, this Progress Reporises on two questions of particular

relevance to many stakeholders:

1. What are the most important flowpaths for water andnitrate from the land into
the stream?
2. Does denitrification substantially reduce the nitrde load from the land before it

reaches the stream?

For the sake of easy readability, the main pathisfreport contains only an overview of the
research sites, instrumentation and methods usede Metailed information is provided in
the Appendices, in Stenger et al. (2005b) and ®treagal. (2008). Further publications in

scientific journals are under preparation.
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2 CATCHMENT CHARACTERISTICS

2.2 Physical setting

The Toenepi catchment is situated in a long-estabtl dairying area near Morrinsville,
Waikato, in the North Island of New Zealand. Thevetion of the 15.1 kfarge catchment
ranges from approx. 40 to 130 m above mean se§ leflecting that it lies in the transition
zone between the central alluvial plains of the fidkiubasin and the western uplands (Fig. 1).

>

Fig.1: Physical setting of the Toenepi catchment.

The catchment comprises low rolling downlands ie tmeadwater area and along the
southwestern and northeastern boundaries, whilecémdral corridor alongside Toenepi
Stream and the catchment outlet in the northwest feart of the alluvial plains (Figs. 2 + 4).
Wilson (1980) described the downlands as having 2 +m Holocene to late
Pleistocene volcanic ash beds, of silt loam to fsa@dy loam textures, overlying older
strongly argillised Pleistocene volcanic ash bedkrfilton Ash’). The younger ash beds
contain allophanic clays and volcanic glass andframble under field conditions. The older
ash deposits consist of beds of sticky and plémstiloysite and allophane clays. The alluvial
plains have developed on Pleistocene rhyoliticvalion with varying thin cover of Holocene
rhyolitic and andesitic volcanic ash. Subsoils doeninantly sandy and consist of cross-

bedded sands and gravelly sands with occasionsgé$enf peat, silts and clays.
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Fig. 2: Topographical map of the Toenepi catchment. Graaaer monitoring well transects

shown as existing in 2005.
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In the 1:50000 Piako County map by Wilson (1980je¢ soil groups, differing distinctly in
their hydrological characteristics, are shown Fa tatchment:

Topehaehae soils (Typic Recent Gley Soils) haveldeed from recent alluvium on river
flood plains and are characterized by a naturalijy kvater table. Water table depths at our
monitoring wells at Gley soil sites typically vabgtween minima of approx. 40 cm during
winter and maxima of approx. 170 cm in late sumoresutumn. The median water table of
all Gley soil sites during the 2002/04 monitoringripd was 100 cm. Mole and tile drainage
is typically installed to enable all year round zZjirg on these poorly drained soils. The
distribution of these Gley soils is restrictedypitally narrow bands in the lowest lying areas
adjacent to Toenepi stream and its small tribusarwevering approx. 13% of the catchment
area (Wilson, 1980). A subsequent survey undertagenifically to delineate the distribution
of Topehaehae Gley soils at a higher spatial réisolconcluded that they cover approx. 9%
of the catchment area (Singleton and Addison, 1996)

The very similar Kereone and Kiwitahi soils (Typg@rthic Allophanic Soils) have
both developed on the younger ash beds. Thesehaldapsoils are well drained due to their
good soil physical properties (e.g. high porositg aaggregate stability). Allophanic soils
occur on easy rolling to rolling slopes and on liyedrained levees of the plains (Wilson,
1980) and account for approx. 47% of the soilsendatchment. Allophanic soils cover 12%
of the North Island and are mainly found in the ké&o, Bay of Plenty, Taranaki, and
Whanganui regions.

Morrinsville soils (Typic Orthic Granular Soils) k& up the remaining approx. 40%
of the catchment. They have developed on the maathered, clay textured, strongly
argillised ‘Hamilton Ash’ and are characterised thgir clay-illuvial B horizon. They are
consequently less well drained than the former gr&ranular soils occur predominantly on
rolling slopes where the younger ash was erodeds@n,i 1980). Granular soils are confined
to the northern half of the North Island and arentyefound in the lowlands of the Waikato,

Auckland and Northland regions.

Landcare Research was contracted by LVL as pahi®tudy to provide soil morphological
assessments for three profiles (Topehaehae, Muillé)ysand Kereone soils) followed by a
laboratory based hydrological analysis of seledanhples. The resulting client report is

reproduced in Appendix | and profile photos takethie soil pits in Appendix II.

What are the important flowpaths in the Toenepiyilag catchment?
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Fig. 3: Soil map of the Toenepi catchment (Singleton and Addid®96). Groundwater

monitoring well transects shown as existing in 2005
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2.2 Climate

Meteorological data have been recorded in the oaah by LVL since October 2002.
Annual rainfall between 2003 and 2008 ranged frdi71to 1379 mm, with an arithmetic
mean of 1273 mm and a standard deviation of 87 iim. annual average air temperature
ranged from 13.4 to 14.5°C, with a mean of 14.0A@ a standard deviation of 0.4°C.

Fig. 4: Dairy herd grazing near well transect T17.

2.3 Land use

Land use data were obtained through SFF-funded $amveys conducted in 2003 and 2006
(McGowan, AgResearch, pers. communication, 20052049). At both survey dates, 18 of
the 24 farms in the catchment were dairy farmsh whie balance being drystock farms and a
horse stud. Between the survey dates, one farm cmaserted from drystock to dairy
farming, while a dairy farm was subdivided inte8tyle blocks. The net area under dairying
increased from 1071 ha to 1118 ha.

The total number of milking cows on the farms ie ttatchment was reported as 4246
in 2003. Incomplete 2006 survey data suggest tiimnumber had dropped by approximately
15% by 2006. In 2003, the average stocking ra@lafairy land was 3.1 cows haranging
from 2.5 to 4.3 cows Raon individual farms. Stocking rates were slightiyver in 2006,
with an average of 2.9 cows hand a range from 1.7 on the newly established daim to
a maximum of 4.5 cows Ha

Annual N fertiliser application on the dairy farmaried from 28 to 227 kg N Hain
2003, resulting in an overall average of 99 kg N fa the dairying land. The average had
increased to 133 kg N Haby 2006, with the range remaining very similar (3211 kg N
ha'). Additional nutrients were imported into the datent through supplementary feed,

mainly pasture and maize silage.

What are the important flowpaths in the Toenepiyilag catchment?
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3. METHODS

3.1 Groundwater monitoring transects

Seven transects (T1, T2, T9, T16, T17, T18, and),T@&msisting of 4 to 6 wells each, were
installed in 2002 perpendicular to Toenepi Streanoree of its small tributaries (Fig. 2).
These wells were made of slotted PVC pipe (17.7imernal diameter, slot width 0.45 mm)
and were installed directly into tightly fitting les created by a 25 mm diameter direct push-
probe drilling system (Geonor, Norway). With thecegtion of 3 wells (3.8 m, 4.3 m, and
5.0 m), all wells were installed to a depth of @5.0 m below the ground surface. These 34
wells were sampled at monthly intervals from Decen002 until December 2004.

Five of the transects were extended in length icelbder 2004 by installing a total of
9 additional ‘distal’ wells further away from TogmneStream or its tributary at the transect in
guestion. These new wells (internal diameter 40 chepth 2.1 to 4.2 m) were installed using
a 70 mm hand auger and had drainage metal filledthe annular gap. A bentonite plug on
top of the drainage metal sealed the wells agdhesisurface. These wells were monitored
during 2005 together with a selection of the wptsviously monitored.

All nitrate and ammonium monitoring results up ted@mber 2005 have already been
reported in Stenger et al. (2008). Please see @aadkd info I' on page 25 for a summary
and conclusions. A selection of these wells hagatgully been sampled again since May

2007 together with newly installed multi-level weelbs described below.

3.2 Multi-level wells (2007 — 2009)

A total of 12 additional wells (inner diameter 5annspread over four multi-level well
(MLW) clusters were sampled repeatedly between NA97 and September 2009. In
contrast to the fully screened wells sampled presiig these wells were only screened for

the bottom 50 cm of the well and thus allowed samgdrom a discrete depth range.

Table 1 Screen depth ranges of the multi-level wellscfmbelow ground surface):

Depth 1 (cm)| Depth 2 (cm) | Depth 3 (cm)| Depth 4 (cm)
MLW -1 | Ke 300 - 350 360 - 410 420 - 470 --
MLW -2 | Mv 210 - 260 360 - 410 420 - 470 --
MLW -3 | To 20-70 60 - 110 120-170 340 - 390
MLW -4 | T17-7 | 190 - 240 585 - 635 -- --

What are the important flowpaths in the Toenepiyilag catchment?
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These well clusters were located at sites thatesgmt the three major soil types in the
catchment, namely Allophanic (Kereone), Granulao(fihsville), and Gley (Topehaehae)
soils. The Gley site is located along transect @aad the Allophanic and Granular sites east
of transect T9 (cf. Fig. 3). See Appendix | for tmresponding soil profile descriptions and
Appendix Il for soil profile photos. The fourth si{T17-7) was established in 2008 on a
slope between higher lying land with Allophaniclsmd the floodplain with Gley soil. Core
photos from the installation of all four MLW clusseare presented in Appendix IlI.

3.3 Collection of groundwater samples for laboratoy analyses

Due to the generally slow recharge into the pumgeditoring wells, sampling of wells was a
two day procedure. Water levels were measuredefirgt day, using an acoustic water level
meter. Wells were subsequently purged by pumpiagnélls dry, which typically equated to
less than two times the volume of the standing watdumn. During the monitoring
programme 2002-05, a 60 mL water sample was celllegh the second day. Samples were
chilled in the field and either delivered directly the laboratory or stored frozen prior to
analysis for NF-N and NQ-N.

From May 2007 onwards, nitrite nitrogen (N®), dissolved Kjeldahl nitrogen
(DKN), dissolved inorganic carbon (DIC), dissolvexdlal carbon (DTC), and dissolved Fe
and Mn were additionally measured. The concentratfoorganic nitrogen was calculated as
Norg = TKN — NHs;-N and the concentration of dissolved organic caras DOC = DTC —
DIC. The samples for the analysis of dissolved e [sin were filtered in the field using a
0.45 um cellulose acetate syringe-tip filter intonéric acid preserved container. This
procedure ensures that dissolved Fe and Mn carsdx synonymously with Eeand Mrf",
respectively.

Detection limits were 0.002 mg’Lfor NO-N and NQ-N, 0.01 mg [* for NH4-N,
0.02 mg L* for dissolved Fe, 0.0005 mg'lfor dissolved Mn, 0.1 mgt for DKN, and 0.5
mg L™ for DOC (Hill Laboratories, Hamilton).

3.4 Field analysis of groundwater samples

From May 2007 onwards, dissolved oxygen (DO), pH alectrical conductivity (EC) were
measured on site at up to 18 wells directly prmrsampling for the laboratory analyses
outlined above. The field analyses were undertaleeng a TPS 90-FLMV field lab (TPS,
Springwood, Australia).

What are the important flowpaths in the Toenepiyilag catchment?
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A well sampling procedure based on the guidelined stability criteria of the ‘National
Protocol for State of the Environment Groundwat@mgling in New Zealand’ (Daughney et
al., 2006) was used. As outlined earlier, the nesgment to remove three times the volume of
water in the well directly prior to sampling forblaratory analysis could frequently not be
met, as the recharge of shallow groundwater into wkells was too low to achieve the
necessary volumes within a feasible timeframe. Mésur wells were therefore pumped dry
on the day prior to sampling to provide sufficiéinte for water level recovery and particular
attention was given on the following day to thebsity of the field parameters measured

prior to sampling for laboratory analysis.

3.5 Monitoring of instantaneous streamflow

NIWA have monitored the streamflow at the catchnmaritet (Tahuroa Road Bridge, TRB)
from June 1995 till April 1997 and then again siridecember 1999. To gain a better
understanding of streamflow generation within tlclment, since June 2003 LVL has

additionally monitored the flow at a weir installedthe headwater area near well transect T1
(Fig. 2).

3.6 Age-dating of stream water

Dating of stream water was one of the means purkuadsess the relative importance of the
various flowpaths that contribute to streamflow.udg mean residence times (MRTs) would
indicate the prevalence of shallow subsurface erdforarily) surface flowpaths, while long
mean residence times would point to the prevalerficteeper groundwater flowpaths. The
term mean residence time is used as any water saraptains a mixture of water of different
ages rather than being of a uniform age.

Samples were taken under winter baseflow condit{dus04, Aug 07, Jun 09), summer
baseflow conditions (Feb 05, Apr 08) and under dhbuconditions (Mar 08). The
instantaneous flow rates between winter and sunbaseflow vary substantially (see Fig. 6),
but none of the samplings was affected by a dyepteceding rainfall event. At five
sampling dates, one sample each was taken at ttienwent outlet (TRB) and the LVL weir
in the headwater area. Flow had essentially ceas#te headwater site during the drought,
which meant that no sample could be taken thekdarch 2008.

Mean residence times were estimated by Dr Mike &tewnd Dr Uwe Morgenstern

from GNS Science based on tritium analyses.

What are the important flowpaths in the Toenepiyilag catchment?
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3.7 Use of silica concentration as age indicator

Given that tritium analyses are very expensive @amlitable for some types of samples (e.g.
vadose zone samples), we supplemented them with ragular analyses of a much cheaper
parameter that can serve as an age indicator. ilibha €SiO,) concentration of a water
sample reflects the contact time that water hasm#adSi bearing minerals in the subsurface.
While rainwater has Si#Dconcentrations of < 0.05 mg/L, groundwater regdim Si-rich
materials can have concentrations exceeding 100.mg/

Apart from repeated analysis of Si@ stream water at varying flow rates, water from
various components of the vadose zone — groundwateurface water continuum were
analysed during August 2008 for SiConcentrations to further elucidate the flowpéthest

contribute to streamflow.

3.8 OVERSEEFR leachate concentration estimates

As the nutrient budget model OVERSEER increasingly being used to evaluate the effect
of nutrient losses from agricultural land use oe tleceiving environment (e.g. Waikato
Regional Plan Variation 5 - Lake Taupo Catchmentie@ler et al., 2006), monitoring results
(groundwater, subsurface drains, stream water) s@r®ared with OVERSEERestimates.

The OVERSEER estimates were calculated by AgResearch (Costais.
communication, 2005) based on input data from tl®32farm survey (McGowan,
AgResearch, pers. communication, 2005).

Information on the OVERSEERmodel is available in Wheeler et al., (2006) ahd a

the web site http://www.agresearch.co.nz/oversdailem@ironment.aspx.

What are the important flowpaths in the Toenepiyilag catchment?
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4 WHAT ARE THE MOST IMPORTANT FLOWPATHS
FOR WATER AND NITRATE FROM THE LAND INTO
THE STREAM?

4.1 Export of water and nitrate from the catchment

Before analysing the flowpaths within the catchmetis useful to summarise the data
available on the export of water and nitrate frow@ ¢atchment, as they provide valuable base

information on the decisive importance of climgiarameters for annual exports.

Variation of annual streamflow in response to varymg climatic parameters

Streamflow leaving the catchment at the TahuroadRRrdge (TRBJ varied substantially
between the years, from a minimum of 304 mm in 2@08 maximum of 586 mm in 1996
(Fig. 5). The resulting arithmetic mean for thecHlendar years with full flow records is 431
mm/year with a standard deviation of 104 mm/year.
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Fig. 5: Cumulative annual streamflow at Tahuroa Road Bridd@B) for 10 calendar years

! We are grateful to Dr Bob Wilcock for making NIWsinstantaneous flow rates measured at the Tahuroa
Road Bridge (TRB) available to us. We convertedéhitow rates from L/s into mm by using a catchnmeaea

of 15.1 knf and considering each value representative follfhmin prior to the time stamp of the NIWA flow
record.
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A catchment water balance was calculated for theaendar years (2003 — 2008) for which
LVL have recorded all required weather data at &orelogical station in the catchment
(Table 2).

The difference between precipitation (P) and actexhpotranspiration (AET), i.e. the
climatic water balance, equates to the measuredrsftow (Q) at the catchment outlet if the
following two conditions are met:
a) the subsurface component of the hydrological syssetonfined by the boundaries of
the topographical catchment,
b) on an annual basis, there are no substantial chamg&vater storage within the
catchment.
Potential evapotranspiration (PET) was calculatecbaling to FAO-56. Catchment-scale
actual evapotranspiration (AET) was estimated usimgapproach of Zhang et al. (2004)
with the parametew = 4.35, as derived for a collection of New Zealaitds by Woods et al.
(2006). The climatic water balance (P-AET) and feded by a maximum of 42 mm for four
of the six years. However, the climatic water batanverestimated streamflow by 143 mm
in 2003, the year with the lowest recorded streamflIn contrast, it underestimated
streamflow by 80 mm in 2008, when the highest stfeav was recorded (Table 2).

Given the uncertainty inherent in these measuresnant calculations, the small
mean difference of 15 mm over the 6-year periodyaed is considered consistent with the
concept of a closed catchment within the boundagiesn by the surface topography. It thus
appears that the streamflow recorded at the catchowtlet accounts for nearly all the water
leaving the catchment and there is no substaregh @roundwater flow bypassing the weir.

Table 2 Water balance parameters for calendar years 20088

Year P PET AET P-AET Q P-AET-Q
2003 1272 878 824 448 304 143
2004 1383 846 810 572 531 42
2005 1177 917 835 342 383 -42
2006 1207 867 807 401 386 15
2007 1223 897 831 392 380 13
2008 1377 926 873 504 584 -80
mean 1273 888 829 443 428 15
stdev 87 32 25 84 106 77

What are the important flowpaths in the Toenepiyilag catchment?
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Seasonal dynamics

Apart from 2001, 57 to 88% of the annual total atnélow left the catchment within a 4-
month period during the extended winter period h@it May-Aug or Jun-Sep). This
proportion was still 44% in 2001, the year with theost even streamflow on record
(Table 3).

Table 3 Seasonal variation of streamflow (10 calendars)ea

1996 2000 2001 2002 2003 2004 2005 2006 2007 2008

Total
(mm) 586 316 461 373 304 531 383 386 380 584

Percentages (%)

Summer 3 3 30 11 14 19 9 4 3 1
Autumn 24 2 19 4 3 10 4 35 3 12
Winter 60 61 32 66 37 53 50 49 72 77
Spring 15 36 49 21 58 21 42 14 24 11
May-Aug 75 62 44 69 38 56 54 66 73 87
Jun-Sep 71 88 41 78 61 57 59 55 81 81

Instantaneous flow rates available from NIWA in & resolution for 10 calendar years
vary over four orders of magnitude, from less thao approx. 7000 L/s. The ‘flashy’ nature
of streamflow with quick responses to rain refletitat the vadose zone — groundwater
continuum particularly under wet winter conditiopsovides only limited water retention
capacity between the land surface and the stream.

Long-term median flow rates were similarly low tbie summer and autumn periods
(approx. 13 L/s), but twenty times as high for wim{260 L/s) and still thirteen times as high
for the spring period (166 L/s). The higher medilav rates in winter and spring are only
partly due to flow peaks caused by rain eventsifsflow’). They also reflect that flow rates
measured under baseflow conditions differ by 1 twders of magnitude between the seasons
(see Fig. 6).

Export of nitrogen from the catchment

While the flow data reported above already dematsstthe dominant importance of the
(extended) winter months for water leaving the lwadent, its importance for the annual N
exports is even greater, as total nitrogen (TN) aiihte nitrogen (N@N) concentrations

have been found to be positively correlated with ftbw rate. Wilcock et al. (1998) reported

What are the important flowpaths in the Toenepiyilag catchment?
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the following equations for estimating the nitrogemcentrations (in mg/L) in dependence of

the instantaneous flow rate (Q in L/s):

TN = 1.0743 In (Q) — 1.9222; R?=0.902
NOs-N = 0.99428 In (Q) — 2.482; R?=0.879

NOs-N accounted for 77 to 84% of the TN leaving thé&ckment during each of the three
monitoring periods for which data have been publisfWilcock and Duncan, 2003; Wilcock
et al., 2006).

Annual NQ-N exports have been reported as 29.3 kg/halyr ther 1995/97
monitoring period, 17.3 kg/hal/yr for the 2001/02ipe, and 10.0 kg/halyr for the 2002/04
period. While these values may suggest a continwedsction in annual N&EN exports,
they are primarily a result of the vastly differiegmulative streamflows during the three
monitoring periods (Wilcock and Duncan, 2003; Wdkeet al., 2006). These data emphasize
that N export estimates based on individual years lze very misleading, particularly in
catchments with highly variable annual streamflofv Fig. 5).

Statistically significant decreases in concentratiover the 1995-2004 period have
been found for NEtN and TN, but not for N©@N (Wilcock et al., 2006). Median NN
concentrations for the three monitoring periodsen2122, 1.78, and 0.96 mg/L, based on
weekly sampling during the first period and montlsigmpling thereafter (Wilcock and
Duncan, 2003; Wilcock et al., 2006).

Due to the positive correlation between flow ratel @oncentration, flow-averaged
concentrations as calculated by dividing the reggbrNG-N exports by the cumulative

streamflow were approximately twice as high asnieglians.
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4.2 What are the most important flowpaths for waterinto Toenepi Stream?

Source of streamflow

Streamflow generation can occur via three main flathis: surface runoff, flows in the
variably saturated shallow subsurface (artificiahidage, interflow), and groundwater
discharge.

Surface runoff can occur under very wet winter ¢bowals in the direct vicinity of
surface waterways (Toenepi Stream, little tribesyrisurface drains) where poorly drained
Gley soils are found. Surface runoff from farm k®caan also contribute to streamflow
generation if the tracks are connected to the sireag. via surface drains running along
tracks. However, surface runoff is of minor quatiite importance at the catchment level
due to the predominantly flat to rolling topograpdyd the high infiltration capacity of the
majority of soils in the catchment.

The observation that flow is sustained even in redde periods without rainfall
already demonstrated at the beginning of this sthdy groundwater discharge must be the
dominant contributor to streamflow. Using a mathgoah groundwater discharge model
(Bidwell, 2002), the proportion of streamflow thaan be explained by groundwater
discharge in contrast to near-surface water flolggsurface runoff, interflow, artificial
drainage) was estimated to be 85% in the dry y@&32and 75% in the wet year 2004
(Stenger et al., 2005a).

Age-dating of stream water

As evident in Fig. 6, the water sampled at the hweder site was always young with mean
residence times (MRTps of approx. 1 year apart from April 2008 and J®®99, when
MRTs of approx. 4 years were calculated for the@amtaken at low flow rates of 0.5 and
3.4 L/s, respectively. In contrast, the age ofwitaer sampled at the catchment outlet varied
widely between seasons, reflecting seasonally aghgniglative contributions of different
flowpaths to streamflow generation even under basetonditions. While water sampled in
winter was equally young as the water at the hetatvgite (MRT 1 year), it was somewhat
older during late autumn (MRT 6.5 years), substantially older during summer (MRT 35
and 40 years), and particularly old water was sathphder drought conditions (MRT = 130
years). These results indicate that the streamiiiothe headwater area is always generated

2 Mean residence times were estimated by Dr Uwe Btstern (GNS Science) based on tritium analyses and
using an exponential-piston flow model with an expatial flow fraction of 70%.
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by near-surface flowpaths between the land andstiigam. These flowpaths also dominate
the streamflow at the catchment outlet during wirbeit deeper groundwater is a major flow
component during summer.

These findings imply that the water chemistry & kieadwater site most of the time
reflects recent land use (L year). The same applies to the catchment odtiehg winter,
but the water chemistry during typical summer daseshould reflect the land use intensity
three to four decades ago. However, as outlin&krtion 4.3 there are attenuation processes
operating along the deeper flowpath that additignaffect the concentrations of some

parameters (most importantly N®)>.
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Fig. 6: Relationship between instantaneous flow rate (§) ahd mean residence time (MRT,

in years) under baseflow conditions.

Given that tritium analyses are very expensive @mglitable for some types of samples, we
supplemented them with a much cheaper parametecdnaserve as an age indicator. The
silica concentration of a water sample (reporte&®i&) reflects the contact time that water

has had with Si bearing minerals in the subsurface.

® Please see the background info on ‘Reduced groatedvand ‘Denitrification’ provided on pages 29da80,
respectively.
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The overall pattern of SiOconcentrations versus flow rate depicted in Fige3embles

broadly the relationship between MRT and flow rdépicted in Fig. 6. While analyses of
SiO, concentrations alone do not yield any water agienates, they allow an approximate
ranking of different waters according to their agerthermore, this method is also applicable

to water samples on which a tritium analysis wdagdmpossible (e.g. vadose zone samples;

see below).
80 +
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0% = Headwater
60 - y =-6.23Ln(X) + 62.53
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Fig. 7: Relationship between instantaneous flow rate (&) &hd silica concentration (SIt

mg/L) under baseflow conditions.

Water from various components of the vadose zogreundwater — surface water continuum
were analysed during August 2008 for S@ncentrations to further elucidate the flowpaths
that contribute to streamflow. Fig. 8 depicts \aatiprofiles of SiQ concentrations at an
Allophanic soil site, a Granular soil site, and eyGsoil site. The uppermost samples (point
symbols) were taken with suction tube samplersailest in 40, 70, 100, and 155 cm depth
(the latter missing at the Gley site). The deepenges were taken from the saturated zone
using wells with 50 cm long screens (indicated tspld line between symbols).

At the Granular soil site, Syroncentrations were lowest in 40 cm depth (18 mg/L
and remained below 30 mg/L throughout the vadosee.z@he uppermost groundwater

sample (well screen 210-260 cm) still had a,StOGncentration similar to the vadose zone,

What are the important flowpaths in the Toenepiyilag catchment?
Progress Report No. 3653/3, September 2009n€oIn Ventures Ltd Page 17



but concentrations increased drastically deepertimt groundwater zone (well screens 360-
410 cm, 420-470 cm). The similarity in Si@oncentrations between the vadose zone and the
shallowest well are consistent with a vertical floiwthe water from the vadose zone into the
groundwater zone. The very steep increase in 8&@centrations between the shallowest and
the second well suggests that the water in therlatis been substantially longer below the
ground surface than the water sampled in the sha#ibwell. This longer contact time cannot
be explained by slow vertical flow with a stronglgduced hydraulic conductivity, as the
second well refills as quickly after purging as #mallowest well. It thus appears more likely
that a predominantly lateral flowpath with a redeaarea located further upslope of the well

site causes the longer contact time of the grouteiviiom below 260 cm depth.

SiO, (mg/L)
0 10 20 30 40 50 60 70 80 0 100 110
0
». —m V¥V watertable
* A [ ox
1100 * R i ______
¢4 \ 4 water table red I

-200 — I—"
'.I ox
-300 - I I

L

Depth (cm)

-500 -
- - - Allophanic - -k - Granular - 4 - Gley

Fig. 8: Profiles of silica concentration (SiGn mg/L) in the vadose zone — groundwater

continuum at an Allophanic, a Granular, and a Glaysite.

At the Allophanic soil site the groundwater zonéhagoncentrations similar to those found in
the vadose zone was much thicker (well screens3300em, 360-410 cm) and the increase
below that zone was less pronounced (well scre@44P cm). This pattern could indicate

that groundwater down to at least 410 cm depthgmaaantly results from vertical recharge
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at the site, while a lateral flow component is mrspble for the steep increase in $iO
concentrations below. Circumstantial evidence freell purging suggests that the hydraulic
conductivity of the material surrounding the tweeger well screens is actually higher than at
the shallowest well screen. The strong increasgi@® concentration between the second and
the third well thus cannot be explained by increglsi immobile water due to a decreasing
hydraulic conductivity. Lateral flow of water froan upslope recharge area is thus the more
likely explanation for the observed increase in SiOncentrations between the second and
the third screen depths.

SiO, concentrations at the Gley soil site were high@ntat the other two sites
throughout most of the profile. Concentrations @ased from already 38 mg/L found under
near-saturated conditions in 40 cm depth to 51 nigAhe deepest suction tube samplers in
100 cm depth. To check for any effect saturatedditmms might have on these
concentrations, Siconcentrations were analysed again in May 200%usdbstantially
drier conditions. The measured Sifncentrations of 44, 42, and 55 mg/L for 40, &t
100 cm, respectively, confirm the results from Astg2008. The consistently higher
concentrations at the Gley site thus reflect défifiees in the mineralogy rather than being
caused by older groundwater arriving laterally fe site under saturated conditinAll
three wells (screened in 120-170 cm, 200-250 cnal 340-390 cm, respectively) had
concentrations between 79 and 93 mg/L, suggestigugthere is relatively little difference in
the age of these waters.

It is noteworthy that the zone with the steepestdase in Si@concentrations at each
site is also the zone where the groundwater chgmistanges from oxidised to reduced
This observation suggests that the oxidised uppstrma@undwater at these sites is young,
while the reduced deeper groundwater is markedlgrolNote however that the location of
the redox boundary does not always corresponddaggs in the hydraulic conductivity (as
outlined above).

Fig. 9 shows the August 2008 data from the Alloptia@ranular, and Gley soil sites
in conjunction with stream water samples, sampies fsubsurface drains, and additional
groundwater samples. In agreement with severaliguevmeasurements (cf. Fig. 7), both

stream water samples (headwater, outlet) had ctratiems of approx. 25 mg/L.

* Further exploring the effect of the different mialegies found in the catchment on the S#®ncentrations
forms part of the ongoing research.
® For explanations on the redox status of groundwaléase see ‘Background info II’ on page 29.
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Concentrations in the vadose zone and in shallosurgiwater at the Allophanic and
Granular soil sites resembled stream water, whhe Gley site exhibited higher
concentrations. Water from a subsurface drain ydottated under Allophanic soil had a
SiO, concentration very similar to the allophanic vaa®ne and to stream water, but
concentrations were substantially higher in the finains at Gley sites (58 £ 4 mg/L). S0
concentrations of the 25 groundwater samples wezdopinantly much higher than in the
stream, with a mean of 68 mg/L and a standard temiaf 30 mg/L (Fig. 9). The lowest
groundwater Si@concentrations were found in wells that are s@damear the water table,

while deeper wells and those at Gley sites tenddtve the highest concentrations.

Toenepi Stream
Allophanic VZ
Allophanic drain

Allophanic shallow GW

Allophanic deeper GW

Granular VZ
Granular shallow GW

Granular deeper GW 4
Gley Vz [ |

Gley drain =

Gley shallow GW |

Gley deeper GW 1

Miscellaneous GW (n=25) #ﬁ—'

0O 10 20 30 40 50 60 70 80 90 100 110 120
SiO, (mg/L)

Fig. 9: Summary of silica concentration (Si@® mg/L) measured in August 2008 in various

components of the vadose zone — groundwater —cauwater continuum.

In_summary, based on Si©concentrations, the stream water in August 2008 wery
similar to vadose zone water, subsurface drainrwvated the uppermost groundwater zone
from Allophanic and Granular soil sites. In contrag was very dissimilar to deeper
groundwater from most well sites and to all watemsn Gley soil sites in spite of their

proximity to Toenepi Streafn

® While the absolute concentrations differed somewthase overall conclusions were confirmed by il
samplings undertaken in July and September 2009.
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4.3 What are the most important flowpaths for nitrate into Toenepi
Stream?

Surface Drains (SD) Point source: Effluent-ponds
and side streams _

Subsurface Drains (SSD)

Groundwater

Fig. 10: Schematic representation of N flowpaths in the Bpecatchment.

Point source discharges of nitrogen
Direct discharge of dung and urine by cows graziegr unfenced surface waterways and
discharge from effluent-treatment ponds are thentpsource discharges that have to be
considered (Fig. 10).

A 2002 survey showed that farmers had fenced off 28% of the main stream and
its tributaries (Reece Hill, EW, pers. communicatias quoted by Wilcock et al., 2006).
While quantification is difficult, 2006 survey dasaggest further improvements as result of
the ‘Clean Streams Accord’. The total of 33 km offepi Stream and its tributaries appear
to be better protected (i.e. more fencing on batas) than the 20 km of surface drains.

Effluent pond discharges to waterways decreasededbt, from 86% in 2001 to
50% in 2005, but remain still more common in th&ckment than the 16% average for the
Waikato Region in 2009 (Bob Franks, EW, pers. comication, 2009). In 2006, 8 farms
still relied on discharging treated effluent intofeice waters, 3 farms operated storage ponds

that were emptied by contractors at least onceaa, yyd 7 farms used irrigators to land-
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apply their effluent (Gabriele Kaufler, EW, per@nmumunication, 2006). Combined with
2006 farm survey data, these data suggest thatuttidver of cows that produce effluent that
is primarily discharged after treatment into suefazaterways has almost halved from 2003

to 2006, from approx. 3200 cows to 1740 cows.

In_summary, it is evident that the importance of point sourdischarges has further
decreased and the vast majority of the nitrogeerramg surface waterways must stem from
non-point sources. The patchwork of urine spotgrazed paddocks has long been identified
as the main source of nitrogen leached from pdstana grazed all year round. Nitrogen
leached out of the root zone can reach the surfeaterways either directly as diffuse
groundwater discharge or via subsurface draind=(gf.10).

Non-point source discharges of nitrogen: via substace drains

Subsurface drains (mole and tile drains) are faquredlominantly in the low-lying catchment
areas adjacent to surface waterways. Topehaehae SGiks with high groundwater table
dominate in those areas, but a few drains areaat [grtially located in areas with allophanic
soils (Kereone or Kiwitahi soils). The spatial exteof artificial drainage is not well
documented, but the distribution of Topehaehaes soiluld suggest that a maximum of 13%
of the catchment area is artificially drained. Tdhesibsurface drains discharge either into
surface drains or directly into Toenepi Stream. K. a€ artificial drainage would restrict
grazing of these areas and result in increasedimunoff due to saturation reaching the
ground surface. In the absence of artificial drgemaincreased discharges of sediment,
phosphorous and microbes through surface runoffdvoave to be expected.

High nitrate concentrations have been found in setudies in subsurface drains and
artificial drainage has been described as providinghort-circuit for nitrate from the root
zone to surface waters (e.g. Monaghan et al., 20@2assess whether subsurface drains can
be a significant conduit for nitrogen into Toen&tream, we included some drains in our
monitoring programme.

Although substantial spatial and temporal variatien evident in Fig. 11, it
demonstrates that the drain water nitrate concgoriawere predominantly higher than those
measured at the same dates in Toenepi Stream. ldowgarticularly in 2003/04 most of
them were low compared to the OVERSEER leachateerdration estimates of between 7
and 15 mg [* for all dairy farms in the catchment (Costall, perommunication, 2005) and

to concentrations previously published for dairyiagd (e.g. Monaghan et al., 2002).
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Fig. 11: Nitrate nitrogen (N@N) concentrations measured in subsurface drai8®)&nd
Toenepi Stream (TS).
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In 2003/04, drain water from Gley soil sites (SSD rhear, SSD 17-43, SSD 17-46)
typically had nitrate nitrogen concentrations be@wng/L, while drains that also contained
water from Allophanic soil sites were predominantigher and closer to OVERSEER
estimates (SSD 1-2, SSD 23-1, SSD 23-2). Giventh®atand use intensity at the Gley sites
was not much lower than at the other sites, the tmmcentrations at the Gley sites
presumably result from denitrification already oeewg within the soil zone above the depth
of the drains (cf. Fig. 12, MLW-8) Compared to 2003/04, drain water concentratioos f
Gley sites were markedly higher during winter anglirgy 2005 and showed peak
concentrations in July. This pattern presumabliect$ that nitrate that had accumulated in
the profile during a prolonged period of warm amy conditions was flushed out when the
water table rose rapidly in late June 2005. In amtt water table decreases during summer
were less pronounced and rewetting periods hatedtaarlier during the previous two years,
resulting in less nitrate accumulation and moredgah leaching. As previously, drains
partially underlying Allophanic soils (SSD1-2, SSD) had also in 2005 predominantly
higher nitrate concentrations than drains at Géelysstes.

In_summary, the observed drain water nitrate concentratioesewpredominantly
well below OVERSEER estimates and overall not mhigher than the concentrations found
in Toenepi Stream. These relatively low concergretimean that artificial drainage cannot
be a major pathway for nitrate into the streamhasrésults of water flow modelling and $iO
analyses (Section 4.2) have already demonstraggdattificial drains make only a minor

volumetric contribution to streamflow.

Non-point source discharges of nitrogen: directly a diffuse groundwater discharge
The finding that groundwater discharge is the nsinreamflow generating process at first
glance seems to be contradicted by the predominardty low groundwater nitrate
concentrations found during the initial monitoripgpject. The overall mean and median of
the 843 samples from 34 wells analysed between bDleee2002 and December 2004 were
only 1.47 and 0.03 mg/L N&N, respectively (Stenger et al., 2008).

However, subsequent work in the catchment revethldthis initial data set did not
give a true reflection of the uppermost groundwéger that appears to provide the majority
of streamflow. The initially sampled wells weretsdal along their entire length of typically

"'3SSD 17 mean’ gives the arithmetic mean and stahdaviation of up to 5 drains that discharge i@ same
surface drain within a distance of approx. 300 m.
8 For explanations on ‘denitrification’ please sBac¢kground info IlI’ on page 30.
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2.5 -3.0 m and in some cases up to 5.0 m depthdiBadvantage of this approach is that it
results in one mixed groundwater sample for the levliepth range, while in reality there
may be a strong vertical stratification of nitratencentrations of great relevance for the

nitrate losses to the stream (cf. Fig. 12).

Background info I:

‘Summary and Conclusions’ from Stenger et al. (2008 )

The predominantly very low N&EN concentrations measured in shallow grouathy
from December 2002 to December 2004 suggestedstitatantial nitrate reduction
occurring in this downlands catchment.

Results from additional wells monitored during 208%pported the hypothesis tl
nitrate concentrations in shallow groundwaterderlying well drained vadose zor
tended to be higher than in groundwater underiedisdrained conditions. Monitoring ¢
NOs-N concentrations in a well drained Kereone soilartadn by poorly drained materi
deeper in the vadose zone demonstraéted nitrate reduction can occur below the |
zone. Visual inspection of borehole samples corddrthat reducing conditions deepe
the vadose zone could explain unexpectedly lows-NGzoncentrations in groundwai
transects in areas with well drained soils (e.®)T1

The combination of field (e.g. DO) and laboratoargmeters (dissolved Mn and |
analysed in 2007 demonstrated that some degresloting conditions existed in all bu
few monitored wells. Apart from well Ke-1, NHN concentrations were 0.15 mg L%,
indicating that dissimilatory nitrate reduction (BN) and abiotic nitrate reduction
ammonium were not relevant pathways for nitrateicédn in this catchment.

Heterotrophic and/or autotrophic denitrificatiore ahus consideret be responsibl
for the low nitrate concentrations observed inghaundwaters. Independent of the e
processes involved, it is apparent that nitrateicgédn below the root zone is widespre
in the catchment.

Estimates of N@N leaving the rootzone of the pasture, as provided by nutr
budget models like OVERSEERare thus not sufficient to evaluate the effedeathinc
losses on ground and surface waters in catchmietghis, where nitrate reduction c

occur below the root zone.
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Fig. 12: Depth profiles ofnitrate nitrogen (N@N) and dissolved oxygen concentrations

concentrations at the four MLW sites (mean + stashdaviation, May 07 - Sep 09).
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Three of the four multi-level well (MLW) sites satagd since 2007 showed strong vertical
redox gradients and corresponding decreases inndwater nitrate concentrations. As
exemplarily shown in Fig. 12 for dissolved oxygemdanitrate nitrogen, gradients were
greatest at MLW sites 1 and 2, under Allophanic &rdnular soils, respectively. While
groundwater sampled in the shallowest wells neamtater table was oxidised and contained
nitrate nitrogen not much lower than the correspon®verseer estimate (10 mg/L; Costall,
pers. communication, 2005), deeper groundwater regdsiced and had very low nitrate
concentrations.

At MLW-3, which represents a Gley Soil site, evae shallowest groundwater was
already reduced and contained nitrate concentistilbat were substantially lower than the
Overseer estimate of 7 mg/L (Costall, pers. comgatiun, 2005). The relatively large
variation in DO concentrations in the deepest wgetlaused by high concentrations measured
at the two initial measurements, which were preslynstill affected by the well installation.

MLW-4 is located on a slope between a floodplaitegGoils) and higher-lying land
with Allophanic soils. While the redox pattern dtist site resembled more that of the
Allophanic soil site (MLW-1), nitrate concentrat®mvere more similar to the Gley soil site
(MLW-3).

The measured SiOconcentrations had suggested that the uppermosindwater
layer under Allophanic and Granular soils contrésumost of the streamflow during winter
(Section 4.2). The nitrate data shown in Fig. 1hadestrate that this uppermost layer can
contain nitrate concentrations sufficiently high dmplain the stream water concentrations
even if all the deeper groundwater is almost dewbiditrate. These results demonstrate that
land management needs to reduce nitrate leachang tihe Allophanic and Granular soils in

order to effectively reduce N flows into Toenepieaim.

In summary, as schematically shown in Fig. 13, it appearsuhder high water table
conditions in winter most of the streamflow is getted by young groundwater recharged
from Allophanic and Granular soils and flowing poetnantly laterally near the water table
towards Toenepi Stream and its small tributariesldding surface drains). This uppermost
layer of oxidised and nitrate-bearing groundwatss gliminished during spring and summer
by continued discharge, resulting in a drop inwaer table location. Finally, only reduced
older groundwater residing in the deeper ash betlstypically lower hydraulic conductivity
remains, generating the low baseflow with low rnéraoncentrations and higher mean

residence times that is typically observed durimgmer/autumn (see Sections 4.1 and 4.2).
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Fig. 13: Schematic of streamflow generation, water tabtation and groundwater redox
conditions for an Allophanic soil site under a)thigater table conditions in winter, and b)

low water table conditions in summer.
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Background info Il:

Reduced groundwater

The development of reduced groundwater is essentially determined by the relative
rate of consumption and replenishment of dissolved oxygen. Replenishment from
the atmosphere strongly depends on the depth, porosity and water content of the
vadose zone, as the O, diffusion coefficient in water is approx. 10* times lower
than in air.

If aerobic decomposition of organic matter (Eq. 1) becomes limited due to
decreasing oxygen levels, bacteria can use a series of other electron acceptors
instead of O, for further decomposition of organic matter (Egs. 3 -5).

In thermodynamic equilibrium, these processes would strictly follow the order NO3’
reduction (heterotrophic denitrification), closely followed by Mn** reduction, then
Fe®* reduction, and finally almost simultaneously SO4* reduction and methane
fermentation. However, thermodynamic equilibrium does not normally exist in
natural systems and the following redox reactions can thus occur concurrently:
(Eq. 1) Aerobic Decomposition

CH,O0+0, CO,+H;0
(Eq. 2) Heterotrophic Denitrification

5CH,0 + 4NO3" 2N, + 4HCOj3 + H,CO3 + 2H,0
(Eq. 3) Manganese (IV) Reduction

CH,O + 2MnO, + 3H*  2Mn®" + HCO3+ 2H,0
(Eq. 4) Ferric Iron (1) Reduction

CH,0O + 4Fe(OH)3 + 7TH"  4Fe?' + HCO3 + 10H,0
(Eq. 5) Sulfate Reduction

CH,O + % S0, % HS +HCO3 + %2 H*
(Eq. 6) Methane Fermentation

2CH,O + H,O  CH4+ HCO3 + H”

Monitoring of a combination of redox indicators (e.g. O,, Fe**, Mn?*, CH,) allows
ascertaining where in this redox sequence between fully oxidised to fully reduced
an aquifer is positioned.
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Background info Il

Denitrification

Denitrification occurs under mildly reducing conditions and has often been
reported to occur in the root zone of soils, but can also occur deeper in the vadose
(= unsaturated) zone. Since the 1970s it also has become evident that nitrate can
also be reduced in the aquifer provided sufficient electron donors are available”.

Depending on the redox status and composition of the subsurface, several
processes can result in the reduction of nitrate, but heterotrophic denitrification is
commonly the most important one (see Eq. 2 above).

Heterotrophic denitrification, i.e. the dissimilatory reduction of nitrate (NO3’) and
nitrite (NOy) to gaseous nitrogen forms (NO, N,O, and N;), occurs under mildly
reducing conditions when dissolved oxygen (DO) becomes limited and facultative
microbes switch to using nitrate (and nitrite) as alternative electron acceptors
during the decomposition of organic matter (see Eq. 2).

The potential for heterotrophic denitrification is restricted by the availability of
organic carbon. Substantial heterotrophic denitrification in aquifers has particularly
been observed under shallow water table conditions, where short vadose zone
travel times result in sufficient input of DOC from root exudates and from
decomposition of plant residues and soil organic matter into the aquifer. In
contrast, at sites with a groundwater table deeper than 2-3 m most DOC is
mineralised aerobically in the vadose zone, resulting in groundwater DOC
concentrations of typically < 2 mg/L. Any heterotrophic denitrification occurring in
deeper aquifers is considered to be fuelled by usually small amounts of resident
particulate organic matter in the aquifer material.

* For a detailed description and literature references please see Stenger et al. (2008).
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5 DOES DENITRIFICATION SUBSTANTIALLY
REDUCE THE NITRATE LOAD FROM THE LAND
BEFORE IT REACHES THE STREAM?

To address this question, one has to differenbateveen the occurrence of denitrification as
such, and its effect on that portion of the grouathw system that contributes most to
streamflow generation. There is ample visual andlydical evidence that reduced

groundwater almost devoid of nitrate occurs vergely throughout in the catchment:

5.1 Visual identification of reduced conditions

Reduced conditions can often already be deducech fitee greyish colours of aquifer

materials, where reductive dissolution of browrireim oxides has occurred (See Fig. A-4 to
A-7 in Appendix II). In some instances redox bounekaare easily recognisable due to a
sharp colour change. The Childs test (Childs, 1@8lbws determining the redox status by
indicating the presence of ferrous iron {ffewhich can resolve ambiguities particularly in

materials that have greyish-pale colours even uoxiigised conditions (e.g. pumice).

5.2 ldentification of reduced conditions using redw indicators

The decisive effect of redox conditions on nitratncentrations became evident when a
selection of previously sampled wells (variableeser lengths) and newly installed multi-
level wells (50 cm screens) were sampled up tom8gibetween May 2007 and July 2009.
The selection of analytical parameters summarised-ig. 14 demonstrates that
reduced conditions are widespread and mutuallyuska with high nitrate concentrations
(ignoring a few outliers discussed below). Fifty#fgercent of the 145 samples analysed had
dissolved oxygen (DO) concentrations of below 2lmg/concentration often considered the
upper limit for heterotrophic denitrification. Therresponding nitrate concentrations were
very low, with an arithmetic mean of 0.26 mg/L N® and a substantially lower median of
0.07 mg/L NQ-N, underlining the skewed frequency distributibncontrast, the 46% of the
samples with DO > 2 mg/L had a mean of 7.35 mg/dl amrmedian of 2.81 mg/L NEN.
Similarly, the dissolved Fe and dissolved Mn datndnstrate that enhanced N
concentrations only occur where the concentratafrieese dissolved (= reduced) metals are

below approx. 0.1 mg/L.
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Almost all of the outliers, which are quite notibéain the dissolved Fe and dissolved Mn
data, but less apparent in the DO data, come fioendeepest MLW-1 well, which is
screened from 420 to 470 cm depth (see Fig. 12¢. gioundwater sampled at this well
consistently had DO, diss. Fe, and diss Mn conagairs indicating reduced conditions (n =
7). Correspondingly, nitrate concentrations weredpminantly below 0.3 mg/L Ng&N.
However, fresh recharge during the winters of 2@0d@ 2008 caused distinct nitrate peaks
while the redox indicators DO, diss. Fe, and diss dhowed little response. This co-
occurrence of nitrate and indicators for reducedddemns could be caused by a mixed
sample drawn from an oxidised, nitrate-bearing gdwater layer at the upper part of the

well screen and from reduced water devoid of retrasiding below.

5.2 Isotopic evidence for denitrification

Enrichment of nitrate (N§) with the heavy isotopeSN and*®0 can be used to identify
denitrification, as the microbes responsible fonittdication discriminate in a characteristic

way against the heavy N and O isotopes.
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Fig. 15: **N and 'O of nitrate in Toenepi catchment waters sampleiigust 2008.
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With advancing reaction progress the residual teittecomes increasingly enrichedthi
and*®0, with the %0 and '°N values changing along a vector with a slope gfag. 0.5,
which is characteristic for denitrification. Thersti isotope results available for a set of
samples comprising groundwater, water from subsarfalrains and stream water
demonstrate that the overall data set is locatedgathis so-called ‘denitrification vector’
(Fig. 15) , but more targeted sampling along irdlnal flowpaths will be required in the
future to quantify the degree of denitrification.

5.4 Effect of denitrification on stream water concetrations

While reduced conditions going well beyond the ttdimation stage in the redox sequence
evidently occur widely throughout the catchmentisimuch more difficult to quantify the
effect denitrification has on the nitrate concetndraof water discharging into the stream.

It is anticipated that recently initiated isotopanalyses in combination with
measurements of the,® and N produced by denitrification will allow quantifigah of the
denitrification that has reduced the nitrate cotregion of a given groundwater sample.
However, integration of such values at the catclirseale remains a considerable challenge
that needs to be addressed in future researctthéthelp of process-oriented modelling.

As an approximation in the meantime, it is legitimdo compare stream water
concentrations to OVERSEER estimates, as the nesaglence time of the bulk of the water
leaving the catchment has been shown to be shodt year, Section 4.2.). Given that
OVERSEER does not take any processes occurringvidéle root zone (i.e. approx. 60 cm
depth) into account, the difference in concentregioan be interpreted as overall estimate for
denitrification occurring between the bottom of theot zone and the stream water
monitoring site. Based on the 2003 farm survey ,dAgResearch calculated average N
concentrations of 7 — 15 mg/L for the dairy farmsl 8 — 4 mg/L for the drystock farms in
the catchment (Costall, pers. communication, 2006gse data result in an area-weighted
average leachate concentration of approx. 7 mg/hiléAho flow-weighted stream water
concentration is available, the median total nérogoncentration of 1.66 mg/L reported for
2002/04 (Wilcock et al., 2006) suggest that it wdobve been in the 3 — 4 mg/L range,
suggesting an average reduction of approx. 50%.

While this 50% value should only be seen as a w@nde estimate, it clearly
demonstrates that the adverse affect of dairy lesedon the water quality in Toenepi Stream
is substantially attenuated by natural denitrifmat occurring in the vadose zone —

groundwater — surface water continuum.
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Lincoln Ventures Ltd contracted Landcare Reseavdatry out a soil morphological assessment of
soil pits located in the Toenepi catchment, folldwey a laboratory based hydrological analysis of
selected samples.

Profiles at three soil pits were described. Cora@as were collected by Lincoln Ventures staff and
delivered to the Landcare Research Soil Physiceidaabry in Hamilton. Hydraulic conductivity
(saturated and unsaturated), water release artthvsntl characterisation were carried out.

Three soil pits in the Toenepi catchment were eat=l/by Lincoln Ventures for soil/vadose zone
soil hydrological studies. The pits were describgd.andcare Research on 15/2/06 for the purpose
of assisting Lincoln Ventures with sampling andcglaent of soil hydrological instrumentation.

Lincoln Ventures staff collected 75 core samplgp(aximately 100 mm diameter x 750 mm long)
from these solil pits and submitted the samplebed_indcare Research Soil Physics Laboratory in
Hamilton for measurement of hydraulic conductiatyd associated measurements. The cores were
collected from several depths. Five replicatesawtaken from each depth.

Following the hydraulic conductivity analyses, 3e&gamples from each depth, were sub-sampled
into smaller rings (approximately 60 mm diamet&0xmm long) and then analysed for water
release and solid/void ratio characteristics.

Carry out a morphological assessment of threepdsilat the Toenepi catchment site.
Carry out the following soil physical measurememissoil samples supplied by Lincoln Ventures;

Saturated hydraulic conductivity.

Near-saturated (K-40) hydraulic conductivity.

Water release characterisation at applied tengibhs10, 20, 40, 100, 300, 1000, 1500 kPa.
(to calculate: field capacity, readily availabletaracapacity, total available water capacity,
wilting point).

Solid/void ratio assessment (bulk density, parti#easity, total porosity, macro porosity.)
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Soil Description

The soil description was carried out using bothNleev Zealand Soil Classification as described in
Milne et al. 1991 and the US Taxonomy system (Soivey Staff, 1998).

Hydraulic Conductivity

The saturated hydraulic conductivity method used avaonstant head test as described in Klute
(1986).

The near saturated hydraulic conductivity methaeusas a disc permeameter method as
described in Cook et al. (1993).

Water Release and Solid/Void Ratio Characterisation
Following hydraulic characterisation, the core sk®pvere left to drain for 3 days.

The 568.6 cc core samples were then sampled bgipgeand cutting a 84.8 cc ring into the larger
core. A bag of sample from around the inner rirag wollected and subsequently used for analysis
of 1500 kPa water release and particle density areasents.

The inner ring was removed from the core and thessumple was trimmed and prepared for
moisture release characterisation.

Tension tables and pressure plate extraction eqnpmere used to determine volumetric water
contents at applied tensions of 5, 10, 20, 40, 300,kPa on the 84.8 cc core samples.

Pressure membrane extraction equipment was usaddsure 1500 kPa water contents on the
matching, bagged samples.

Glass pycnometers and a vacuum chamber were usketietonine particle density.

Combining data from the above techniques produadkl Bensity, Particle Density, Total Porosity,
Macroporosity, Field Capacity, Readily Availabledahotal Available Water Capacity, volumetric
water contents at 5, 10, 20, 40, 100, 300, 1500 kPa

Water release and solid/void characterisation nu=ttawe as described in Claydon (1997).
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Soil Pit #1 (Howie 1) Kereone silt loam.
Well drained rolling upland soils formed in Holoeeto late Pleistocene rhyolitic and andesitic
volcanic ash.

New Zealand Classificatiorypic Orthic Allophanic Soil; stoneless soil; logm
US Soil Taxonomytypic Haplocryand

Description:

Ap 0-21cm Very dark grey (10YR 3/1) silam; non-sticky and non-plastic; very
friable; weak fine crumb and granular structure;ngndine roots; NaF
reactive; abrupt boundary,

Bwl 21-54cm Dark brown (7.5YR 4/4) silaha; slightly sticky and slightly plastic; friable;
moderately developed medium prismatic structurearoon fine roots; NaF
reactive; clear boundary,

Bw2 54-120 cm Brown (7.5YR 5/4) silt loantightly sticky and slightly plastic; very
friable; moderately dimped medium and coarse prismatic structure,
gradual wavgundary,

2BC 120-138 cm  Dark brown (7.5YR 4/4) silt Igastightly sticky and slightly plastic; friable;
moderate medium angular blocky structure; slightF N@action; clear
boundary,

2C 138+ cm Brown (7.5YR 5/4) silty clapam; slightly sticky and slightly plastic;
massive; stijfaF reaction.

Soil Pit #2 (Howie 2) Morrinsville silt loam.
Moderately well drained to well drained rolling apt soils formed in strongly argillised
Pleistocene rhyolitic and andesitic volcanic ash.

New Zealand Classificatiorypic Orthic Granular Soil; stoneless soil, loamy
US Soil Taxonomytypic Haplohumult

Description:

A 0-17 cm Dark grey (10YR 3/1) silt loamgn-sticky and non-plastic; very friable; fine
crumb and granular structure; many fine and fewsmaoots; NaF reactive;
abrupt boundary,

Bt 17-58 cm Dark brown (7.5YR 4/4) heauy lsiam; slightly sticky and slightly plastic;
friable; strong blocky structure; clay films on pides; many fine roots. NaF
reactive; clear boundary,
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2Bt2 58-92 cm Brown (7.5YR 5/4) silty cleyam; slightly sticky and slightly
plastic; strong coarse prismatic structure; fewe fand few medium roots;
macropores throughout; NaF reactive; gradual baynda

2Bt3 92-125cm Light brown (7.5YR 6/4) sitthay loam (w/lenses of silty clay present);
slightly sticky to sticky and slightly plastic tdgstic; friable; medium coarse
prismatic structure; few fine manganese concretigreslual boundary,

2BC 125-147 cm Light brown (7.5YR 6/4) silt logm/ lenses of silty clay); many distinct
medium strong brown (7.5YR 5/6) mottles; friableedium blocky structure,
gradual boundary,

3C 147+ cm Grey (7.5YRG6/0) silty clay; matigtinct medium strong brown (7.5YR 5/6)
mottles stickydgplastic; firm; massive.

Soil Pit #3 (Pickett 1). Topehaehae silt loam.
Lowland flood plain soils formed in mixed volcarash alluvium.

New Zealand ClassificatioMypic Recent Gley soil; stoneless soil, loamy
US Soil Taxononmytypic Haplaquept

Description:

A 0-21 cm Dark brown (10YR 2/2) silt loamgmsticky and non plastic; friable; weak
granular structurgny fine and few medium roots; abrupt boundary,

BCg 21-66cm Pinkish grey (7.5YR 6/2) bim; many medium distinct reddish yellow
(7.5YR 6/8) mottles; slightly sticky and non plastiveak medium and coarse
prismatic structure; common fine roots and macrepogradual boundary,

Cgl 66-92cm Pinkish grey (7.5YR 6/2) iragdred silt loam and fine sandy loam; many
medium distinct reddish yellow (7.5YR 6/8) mottlesry friable; massive;
gradual boundary,

Cg2 92-122 cm Pinkish grey (7.5YR 7/2) siaiin (w/lenses of sand); many medium distinct
light brown (7.5YR 6/4) mottles; non sticky and naastic; friable; massive;
diffuse boundary,

2Cg3 122-160cm  Brown (7.5YR 5/2) sandy loamlémses of sand); many medium distinct
light brown (7.5YR 6/4) mottles; non sticky and naastic; friable; massive;
clear boundary,

3Cg4 160+ cm Grey (7.5YR 5/0) silt loam (@nses of silty and sandy clay loam); non-
sticky to slightly sticky and non-plastic to sligghplastic; friable; massive.
Note: thin clayey layer at about 170 cm (underwatdime of observation).
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I" #$

Lab.
Number

HP2799a
HP2799b
HP2799c
HP2799d
HP2799e
HP2800a
HP2800b
HP2800c
HP2800d
HP2800e
HP2801a
HP2801b
HP2801c
HP2801d
HP2801e
HP2802a
HP2802b
HP2802c
HP2802d
HP2802e
HP2803a
HP2803b
HP2803c
HP2803d
HP2803e
HP2804a
HP2804b
HP2804c
HP2804d
HP2804e
HP2805a
HP2805b
HP2805c¢c
HP2805d
HP2805e
HP2806a
HP2806b
HP2806¢c
HP2806d
HP2806e
HP2807a
HP2807b
HP2807c
HP2807d
HP2807e

"$ % !

Client
ID/ Depth (cm)

Kereone 10 cm

Kereone 38 cm

Kereone 87 cm

Kereone 153 cm

Morrinsville 8 cm

Morrinsville 38 cm

Morrinsville 83 cm

Morrinsville 136 cm

Morrinsville 160 cm

$

Replicate
Number

1

ORWOWN OPhWN OPMWN
= =

[ —

01booN'_‘mhoowHmwaHmAwNHmAwNHmAwN

Liner
Number

1187
1642
1337
1640
1665

1029
1350
1087
1333
1560

1540
1673
1175
1379
1375

1402
1582
1223
1242
1557

1275
1312
1563
1637
1517

1671
1610
1131
1335
1015

1053
1360
1562
1664
1040

1348
1361
1635
1291
1654

1240
1070
1658
1290
1534

Ksat
(mm/hr)

54
128
104

65
30
84
33
81
39
75
114
101
136
176
130
33
79
227
21
38
59
216

212
161

281
70
135
241
134

159
134
128

28
585

526

30

1350
257
573

312

116
1020

739

784

Ksat K-40
(m/s) (mm/hr)
1.5E-05 48
3.6E-05 42
2.9E-05 63
1.8E-05 47
8.2E-06 28
2.3E-05 58
9.2E-06 32
2.2E-05 54
1.1E-05 36
2.1E-05 56
3.2E-05 36
2.8E-05 53
3.8E-05 61
4.9E-05 90
3.6E-05 81
9.1E-06 7
2.2E-05 6
6.3E-05 3
5.9E-06 2
1.1E-05 3
1.6E-05 50
6.0E-05 49
5.9E-05 123
4.5E-05 55
28
7.8E-05 163
1.9E-05 54
3.8E-C 78
6.7E-C 106
3.7E-( 78
4.4E- 10
3.7E-05 1
3.6E-05 2
7.9E-06 3
1.6E-04 11
1.5E-04 4
8.3E-06 1
3.7E-04 29
7.1E-05 11
1.6E-04 2
8.7E-05 10
3.2E-05 10
2.8E-04 32
2.1E-04 23
2.2E-04 26

K-40
(m/s)

1.3E-0
1.2E-05
1.7E-05
1.3E-05
7.8E-06
1.6E-0
8.8E-06
1.5E-05
9.9E-06
1.6E-05
9.9E-0
1.5E-05
1.7E-05
2.5E-05
2.2E-05
2.0E-0f
1.7E-06
9.3E-07
5.0E-07
7.5E-07
1.4E-05
1.3E-05
3.4E-05
1.5E-05
7.9E-06
.S5E405
1.5E-05
2.2E-05
2.9E-05
2.2E-05
2.7E-06
2.1E-07
6.3E-07
6.9E-07
3.0E-06
1E106
3.1E-07
8.2E-06
3.1E-06
4.4E-07
.8E206
2.7E-06
8.8E-06
6.3E-06
7.2E-06
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Lab.
Number

HP2808a
HP2808b
HP2808c
HP2808d
HP2808e
HP2809a
HP2809b
HP2809c
HP2809d
HP2809e
HP2810a
HP2810b
HP2810c
HP2810d
HP2810e
HP2811a
HP2811b
HP2811c
HP2811d
HP2811e
HP2812a
HP2812b
HP2812c
HP2812d
HP2812e

HP2813a
HP2813b
HP2813c
HP2813d
HP2813e

Notes:

Client
ID/ Depth (cm)

Topehaehae 10 cm

2
3
4
5
Topehaehae 43 cm
2
3
4
5
Topehaehae 82 cm
2
3
4
5
Topehaehae 98 cm
2
3
4
5
Topehaehae 130 cm
2
3
4
5
Topehaehae XXX
cm 1
2
3
4
5

Replicate
Number

Liner
Number

1390
1389
1276
1383
1388

1315
1222
1084
1198
1334

1210
1065
1072
1179
1653

1043
1340
1262
1258
1031

1607
1180
1524
1556
1189

1354
1336
1039
1049
1372

Ksat
(mm/hr)

40
40

282
79

16
66
26
87
53

227

114
102
88
10
100
54
26

1

N RN

Ksat K-40
(m/s) (mm/hr)
1.1E-05 15
1.1E-05 13
6
7.8E-05 17
2.2E-05 13
13
3
4.3E-06 2
1.8E-05 9
7.3E-06 6
2.4E-05 31
1.5E-05 15
45
6.3E-05 36
36
3.2E-05 1
2.8E-05 0
2.5E-05 1
2.9E-06 1
2.8E-05 2
1.5E-05 14
7.1E-06 12
59
58
2.0E-05 4
2.5E-07 1
3.3E-07 1
4.2E-07 1
3.3E-07 1
5.0E-07 1

K-40
(m/s)

062E-
3.7E-06
1.5E-06
4.8E-06
3.7E-06
3.7E-0
8.4E-07
6.6E-07
2.4E-06
1.5E-06
& 7E-
4.1E-06
1.2E-05
9.9E-06
1.0E-05
ar.5E-
8.4E-08
3.3E-07
1.3E-07
6.4E-07
-08.8E
3.4E-06
1.6E-05
1.6E-05
1.1E-06

1.5E-07
1.2E-07
1.9e-07
3.2E-07
2.5E-07

The following samples were either analysed for Kaat the results obtained were deemed to be
unsuitable, or the cores collapsed during analysis:
Topehaehae 10 cm, rep.3 (HP2808c), Topehaehae 43repa.l and 2 (HP2809a and b),

Topehaehae 82 cm, reps. 3 and 5 (HP2810c and p¢h@ehae 130 cm reps.3 and 4 (HP2812c and

d).

Note by RS: XXX =170 cm
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Lab
Number

HP2799%a
HP2799b
HP2799c
HP2800a
HP2800b
HP2800c
HP2801a
HP2801b
HP2801c
HP2802a
HP2802b
HP2802c
HP2803a
HP2803b
HP2803c
HP2804a

HP2804b
HP2804c
HP2805a

HP2805b
HP2805c
HP2806a

HP2806b
HP2806¢

# $

Client Id. Initial
Water
Content
(%, wiw)

Kereone 10 cm 64.3
64.2
65.3
Kereone 38 cm 60.5
63.6
62.5
Kereone 87 cm 64.3
65.7
66.8
Kereone 153 cm 28.0
27.5
28.1
Morrinsville 8 cm 57.1
67.4
62.3

Morrinsville 38
cm 575
62.5
60.9

Morrinsville 83
cm 29.2
29.7
30.3

Morrinsville 136
cm 49.9
46.9
54.4

Dry
Bulk
Density

(t/rm3)

0.68
0.71
0.68
0.72
0.69
0.72
0.81
0.78
0.73
141
1.44
1.44
0.84
0.72
0.79

0.73
0.73
0.72

141
1.38
1.35

1.07
1.06
0.94

Particle
Density

(t/m’)

2.27
2.28
2.25
2.51
2.56
2.51
2.55
2.61
2.57
2.68
2.69
2.67
2.31
2.28
2.30

2.54
2.55
2.53

2.67
2.67
2.67

2.65
2.63
2.66

Total
Porosity

(%, viv)

70.0
68.9
69.8
71.4
72.9
71.4
68.3
70.1
71.6
47.1
46.4
45.9
63.8
68.5
65.5

71.3
71.6
71.6

47.2
48.3
49.4

59.7
59.6
64.8

Macro
Porosity

(%, viv)

7.6
6.9
8.5
18.1
15.9
13.3
9.6
12.2
154
5.5
52
3.9
3.9
7.5
4.7

19.9
15.7
17.9

4.0
5.4
5.8

5.7
9.1
13.4

Volumetric Water Content (%, v/v) at Applied Tension

5
kPa

62.4
62.0
61.3
53.3
56.9
58.1
58.8
57.9
56.2
41.7
41.2
41.9
59.9
61.0
60.8

51.4
55.8
53.7

43.2
42.9
43.6

54.0
50.5
51.3

10
kPa

55.0
56.1
56.0
49.2
51.1
52.6
55.9
55.1
53.1
40.8
40.5
41.2
56.9
58.6
58.0

47.4
51.8
495

42.5
42.0
42.6

53.1
49.1
49.4

20
kPa

48.0
50.4
50.5
45.7
46.1
47.2
53.4
52.7
50.4
40.2
40.0
40.6
53.9
55.1
54.7

43.7
47.2
45.3

41.8
41.4
41.9

51.9
47.5
47.0

40
kPa

445
47.2
47.8
43.2
42.8
43.8
51.7
51.2
48.6
39.7
39.5
40.0
51.6
52.5
52.5

42.7
43.8
42.3

41.4
40.9
40.9

50.7
46.0
451

100
kPa

42.3
43.2
45.9
40.0
39.2
40.0
48.5
48.2
455
38.9
38.9
39.2
48.2
49.4
49.7

37.6
39.7
38.3

40.6
40.1
40.5

49.0
44.3
43.1

300
kPa

41.8
42.1
43.1
37.6
36.4
36.6
43.3
44.0
42.9
37.2
37.5
37.6
44.8
45.9
46.7

34.5
36.1
35.0

39.4
39.0
39.5

47.5
41.7
40.9

1500
kPa

30.7
31.0
30.6
35.5
33.6
34.7
39.6
41.5
38.2
33.4
32.6
34.4
30.9
28.8
31.9

32.5
33.9
32.9

37.9
37.1
37.1

45.2
39.7
38.7

Readily

Avail.
Water
(%,
vIv)
12.7
12.9
10.1
9.2
11.9
12.6
7.4
6.9
7.6
1.9
1.6
2.0
8.7
9.2
8.3

9.8
12.1
11.2

1.9
1.9
2.1

4.1
4.8
6.3

Total
Avail.
Water
(%, viv)

24.3
25.1
25.4
13.7
17.5
17.9
16.3
13.6
14.9

7.4

7.9

6.8
26.0
29.8
26.1
14.9

17.9
16.6
4.6

4.9
5.5
7.9

9.4
10.7
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HP2807a

HP2807b
HP2807c
HP2808a

HP2808b
HP2808c
HP2809a

HP2809b
HP2809c
HP2810a

HP2810b
HP2810c
HP2811a

HP2811b
HP2811c
HP2812a

HP2812b
HP2812c
HP2813a

HP2813b
HP2813c

Notes:

Morrinsville 160
cm

Topehaehae 10
cm

Topehaehae 43
cm

Topehaehae 82
cm

Topehaehae 98
cm

Topehaehae 130
cm

Topehaehae XXX
cm

32.4
29.9
30.3

36.6
36.2
35.1

32.5
31.3
30.2

34.7
29.5
30.1

44.0
46.9
44.8

30.6
35.3
31.2

72.2
66.5
65.1

1.32
1.37
1.40

1.17
1.19
1.21

1.32
1.32
1.30

131
1.27
1.27

1.15
1.17
1.19

1.35
1.32
1.39

0.90
0.97
0.98

2.66
2.77
2.64

2.45
2.45
2.46

2.56
2.54
2.54

2.60
2.65
2.65

2.58
2.57
2.56

2.66
2.64
2.66

2.54
2.53
2.54

50.4
50.6
47.2

52.3
51.6
50.9

48.5
48.1
48.6

49.8
52.1
52.0

55.4
55.6
53.7

494
49.8
47.8

64.4
63.1
62.7

6.6
8.6
3.5

3.6
3.9
2.3

2.4
3.3
5.9

4.3
18.9
13.4

4.1
<1
<1

18.9
19.9
12.3

1.8
<1

Volumetric Water Content (%, v/v) at Applied Tension

43.8
42.1
43.7

48.6
47.7
48.6

46.0
44.8
42.7

455
33.2
38.6

51.3
55.6
53.0

30.5
29.9
35.5

62.6
63.1

<1 62.7

43.2
41.3
43.1

45.4
45.9
45.3

44.6
42.2
41.3

40.0
27.0
26.6

50.2
54.5
52.2

24.6
26.8
28.1

53.7
59.8
61.7

42.7
40.7
42.6

43.5
42.7
435

41.3
39.8
38.1

35.5
21.7
22.7

44.1
49.8
43.8

21.9
22.6
24.7

40.4
53.0
52.7

42.3
40.0
42.2

41.7
42.0
42.0

40.6
37.4
37.4

31.5
21.1
20.7

42.0
43.7
41.2

19.4
21.4
22.7

38.3
45.9
46.3

41.4
38.9
415

38.4
39.4
40.2

37.9
33.0
34.6

27.5
19.2
19.5

35.7
38.2
35.1

15.1
18.5
18.1

32.6
36.5
35.8

39.7
36.9
40.0

36.0
36.5
37.2

35.8
30.5
31.5

25.0
16.6
16.8

29.3
30.2
26.9

12.4
13.9
154

25.1
28.8
28.0

34.5
34.6
38.8

26.7
27.8
28.6

30.2
27.0
26.7

18.9
14.7
15.8

27.2
25.3
26.0

12.0
11.3
11.2

23.2
26.0
24.1

8.7

1.8
24 6.7
1.6 4.3
18.7

7.0
6.5 18.1
5.1 16.7
14.4

6.7
9.2 15.2
6.7 14.6
21.1

12.5
7.8 12.3
7.1 10.8
23.0

14.5
16.3 29.2
17.1 26.2
12.6

9.5
8.3 15.5
10.0 16.9
30.5

21.1
23.3 33.8
259 37.6

Kereone 87 cm rep.1 (HP2801a), Morrinsville 136rem3 (HP2806c¢), Topehaehae 130 cm rep.3 (HP281RBeke samples were a different colour to thgilicates.

Morrinsville 160 cm reps.1-3 (HP2807a-c), Topehaeb@ cm reps.1-3 (HP2812a-c), Topehaehae rep$iP3813a-c) - all the replicates showed colour vars.

Topehaehae 82 cm rep.1 (HP2810a) - this samplereliffmarkedly in texture and colour relative tadglicates.
Note by RS: XXX =170 cm
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Textural differences along with geomorphic positiointhe observed soil pits result in varying

hydrologic regimes for each soil. The silty texttheoughout the Kereone soil (Pit #1) should result
in relatively rapid water conductivity throughotietobserved profile There were no indications of
reducing conditions (mottling, Mn concretions etn.}he soil profile that would indicate water was

not passing through the entire soil profile rapidBaturate hydraulic conductivity was generally
rapid throughout the profile, K-40s however wer® «im/hr at 153 cm sampling depth.

The silty loam topsoil of the Morrinsville soil (F#2) was similar texturally to the Kereone soit bu
became finer textured (more clayey) with depth. &/atfiltration into and through the upper soil
profile is assumed to be rapid to moderate, howetersilty clay loam to silty clay texture below
83 cm probably restricts water movement throughdteer soil profile. Mottling in the 125-147 cm
depth and the gleyed colour of the lowest horizaticate probable redoxymorphic conditions deep
in the profile during wetter times of the year. ksaere generally rapid throughout but K-40’s
were slow particularly at the 83 and 136 cm depth®. topographic position and slight slope at this
location would suggest subsurface lateral flowrgpbly occurring.

As was obvious from the water in the pit during pang, the low lying Topehaehae soil (Pit #3)
was the least well drained of the 3 pits. The jeofias relatively coarse textured throughout but
surface horizons contained more clay than was ptedether sites and possibly limited infiltration
into the soil. Mottling throughout the profile angleyed colours below 21 cm indicate
redoxymorphic conditions just below the soil suea®d sandy clay layer at approx 160 cm
(underwater at the time of sampling) likely redsidrainage through the soil profile (both the Ksat
and K-40 measurements from the unlabeled Topehasdraples, assumed to be from the clayey
layer, were <2 mm/hr). Subsurface flow from upslppsitions also likely contribute to water table
fluctuations.
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Bw1l

Bw?2

BC

3C

Fig. A-1: Overview Kereone Soil profile (Allophanic Soil)
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2Bt3
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3C

Fig. A-2: Overview Morrinsville Soil profile (Granular Soil)
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Cg2

2Cg3
3Cg4

Fig. A-3: Overview Topehaehae Soil profile (Gley Soil)
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Visual identification of reduced conditions

Reduced conditions can often already be deducenh fitee greyish colours of aquifer
materials, where reductive dissolution of brownigim oxides has occurred (Fig. A-4 to A-
7). In some instances redox boundaries are easitygnisable due to a sharp colour change,
e.g. at core 5 in Fig. A-6. As exemplarily shownFig. A-7, the Childs test (Childs, 1981)
allows determining the redox status by indicatihg presence of ferrous iron {Peby
developing a pink colour response, which can resa@ambiguities in materials that have
greyish-pale colours even under oxidised condit{@g. pumice). The core photos also show
that resident, particulate organic matter couldhsee electron donor at the deepest MLW-1
and MLW-2 wells (Fig. A-5 and Fig. A-6, respectiyelHowever, no such organic matter

was evident at the other wells drawing reduced nplouater.

Core 1: approx. 0-98cm

Core 2: approx. 88-180 cm

Core 5: approx. 350-410 cm

Fig. A-4: Core photos from MLW-3 (Gley). Locations of weltreens indicated by dashed
line rectangles (60 — 110 cm, 120 - 170 cm, and-3390 cm depth)
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Core 1: approx. 0-95 cm

Core 2: approx. 95-185 cm

Core 3: approx. 185-275 cm

Core 4: approx. 275-350 cm

Core 5: approx. 340(?)-400 cm

Core 6: approx. 400-470 cm

Fig. A-5: Core photos from MLW-1 (Allophanic). Locations wfll screens indicated by
dashed line rectangles (300 — 350 cm, 360 - 41Gaach 420 — 470 cm depth).

What are the important flowpaths in the Toenepiyilag catchment?
Progress Report No. 3653/3, September 2009n€oIn Ventures Ltd Page 53 (Appi)



Core 1: approx. 0-99 cm

Core 2: approx. 99-180 cm

Core 3: approx. 180-260 cm

Core 4: approx. 260-320 cm

Core 5: approx. 320-400 cm

Core 6: approx. 400-477 cm

Fig. A-6: Core photos from MLW-2 (Granular). Locations otlivscreens indicated by
dashed line rectangles (210 — 260 cm, 360 - 41Gaach 420 — 470 cm depth).
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Core T17-7b: approx. 190-247 cm

Core T17-7b: approx. 430-480 cm; Childs test comfig redox boundary

Core T17-7b: approx. 600-640 cm

Core T17-7b: Childs test response in approx. 60D dsd

Fig. A-7: Core photos from MLW-4. Locations of well screanslicated by dashed line
rectangles (190 — 240 cm and 585 — 635 cm depth)
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