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General Comments: This article concerns the transit time and hydrochemistry of
groundwater within the highly sensitive Rotorua Lake Catchment within the Taupo Volcanic
Zone of New Zealand. Through the application of high resolution age dating, multivariate
statistical analysis (HCA), hydrochemistry and hydrogeology a cogent picture of the controls
over the two key limiting nutrients (N and P) to Lake Rotorua are provided thereby providing
a strong framework for future management of the Lake.

Overall | find the sampling protocols, the number of samples and the use of historical data
to be more than adequate. The quality of the interpretative methods are also well
established and referenced, although | would like to see some comment (background)
provided as to the reasons for the differences in hydrochemical facies (lava, ignimbrite and
lacustrine “Huka” type). Some explanation of the mechanisms responsible for the differing
hydrochemical signatures would seem relevant given the significance placed on the
hydrochemical facies as a means of discriminating recharge area and inferring flowpaths.
Furthermore, although | agree that denitrification is likely to be minimal | feel the use of
absolute phrases such as ‘..absence of electron donors..” to be inappropriate (please see
explanation in marked up text). Although a minor issue | think the removal of ‘absolute’
statements would help improve the manuscript. Clarification of the age dating methods
used and a more hydrogeologically focused geology section would improve the manuscript
(please see below).

The combination of groundwater (baseflow, spring) age and hydrochemistry provides
important insights into the origin and likely transit times for N and P to Lake Rotorua. The
discovery of a dominantly geogenic source of P to the Lake is highly significant in terms of
lake management. Specifically, the land use interventions for minimising N versus P loss may
be very different. Furthermore, the identification of a considerable time lag and that a large
proportion of the groundwater (baseflow and springs) feeding the lake was recharged prior
to intensification is a key finding.

In short and subject to the Editors considerations, | recommend the acceptance of this
manuscript subject to the few minor comments raised above and within the marked up
manuscript as | believe it provides a high quality and cogent argument for the groundwater
and nutrient delivery dynamics of the Rotorua Catchment and fits within the aims of HESS
“...The study of the interactions with human activity of all the processes, budgets, fluxes and
pathways as outlined above, and the options for influencing them in a sustainable manner,



particularly in relation to floods, droughts, desertification, land degradation, eutrophication,
and other aspects of global change.”

In the full review and interactive discussion the referees and other interested members of the
scientific community are asked to take into account all of the following aspects:

1. Does the paper address relevant scientific questions within the scope of HESS?

Yes, specifically the study of the interactions with human activity of all the processes, budgets,
fluxes and pathways, and the options for influencing them in a sustainable manner, particularly in
relation to eutrophication.”

2. Does the paper present novel concepts, ideas, tools, or data?

Yes, the ability to detect tritium at such low concentrations and use to develop accurate age
ranges is clearly significant to international studies of groundwater age and lag times. The
combination of age dating with hydrochemical methods provides additional resolution over the
mechanisms and origins of solutes and nutrients.

3. Are substantial conclusions reached?

Yes, particularly as they pertain to the origin of N and P and the very different mechanisms
controlling them - the inverse relationship between groundwater age and N and P concentrations
are critical to resource managers and the broader community.

4. Are the scientific methods and assumptions valid and clearly outlined?

Yes I believe so although as mentioned above I would like to see some comment provided as to
the reasons for the differences in hydrochemical facies associated with lithology (lava, ignimbrite
and lacustrine “Huka” type). An explanation of the mechanisms responsible for the differing
hydrochemical signatures would seem relevant given the significance given to hydrochemical facies
as a means of discriminating recharge area and inferring flowpaths.

5. Are the results sufficient to support the interpretations and conclusions?

Yes I believe so.

6. Is the description of experiments and calculations sufficiently complete and precise to
allow their reproduction by fellow scientists (traceability of results)?

Yes. Although we note some confusion around LPM and Tritium model explanations. On
one hand it states in the intro that the Piston Flow model works well for NZ settings but
then as it is applied it turns out that it does not work well for Rotorua and that a
combination of methods is required.

7. Do the authors give proper credit to related work and clearly indicate their own
new/original contribution?



10.

Yes although I do note the need for some additional references in places, which I'd like to
see rectified.

Does the title clearly reflect the contents of the paper?
Yes although I'd be included to add: “Using groundwater age and hydrochemistry to
understand sources and dynamics of nutrient contamination through the catchment into

Lake Rotorua, New Zealand.”

Does the abstract provide a concise and complete summary?

Yes although it might be worth adding a line stating: NO3 load to the lake is likely to X
over the next X years?

Is the overall presentation well structured and clear?

Yes. Although the geological section could be better serve the manuscript by providing a
greater hydrogeological context - it reads purely as a geological offering. I note some
inferences as to why springs emerge where lacustrine sediments thin but no discussion of this
in the geological background despite considerable literature on this matter. If the structural
controls over spring discharge were better integrated into the background geological section I
think this would approve the manuscript but is not essential.

11.

12.

13.

14.

Is the language fluent and precise?

Overall, yes, although in some minor instances terms/phrases appear to be too emphatic
(please see above and marked up text)

Are mathematical formulae, symbols, abbreviations, and units correctly defined and used?
Yes

Should any parts of the paper (text, formulae, figures, tables) be clarified, reduced,
combined, or eliminated?

Are the number and quality of references appropriate?

Yes although some minor additions (see marked up in the text), would in my opinion
strengthen the context provided. Specifically, references to dairy farming being responsible
for increased NO3 over recent years and references or data source (number of wells,
extent of elevate NO3 etc) when mentioning elevated NO3 concentrations in shallow
groundwater’s beneath dairy farms across the catchment.



15. Is the amount and quality of supplementary material appropriate?

N/A

16.
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Excellent (1) Good (2)

Yes, nature of the work and the
significance of the findings clearly meet
the criteria of HESS. The novelty reflects
the accuracy and low detection limit of
tritium that results in a high quality
outcome that progresses/advances our
understanding of the interplay between
groundwater age and nutrient supply.

Yes, although | would like to see some discussion
on the cause of variation the reasons for the
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Abstract

The water quality of Lake Rotorua has declined continuously over the past 50 yr de-
spite mitigation efforts over recent decades. Delayed response of the groundwater dis-
charges to historic land-use intensification 50yr ago was the reason suggested by
early tritium measurements, which indicated large transit times through the groundwa-
ter system. We use the isotopic and chemistry signature of the groundwater for detailed
understanding of the origin, fate, flow pathways, lag times, and future loads of contam-
inants. A unique set of high-quality tritium data over more than four decades, encom-
passing the time when the tritium spike from nuclear weapons testing moved through
the groundwater system, allows us to determine detailed age distribution parameters
of the water discharging into Lake Rotorua.

The Rotorua volcanic groundwater system is complicated due to the highly complex
geology that has evolved through volcanic activity. Vertical and steeply-inclined geologi-
cal contacts preclude a simple flow model. The extent of the Lake Rotorua groundwater
catchment is difficult to establish due to the deep water table in large areas, combined
with inhomogeneous groundwater flow patterns.

Hierarchical cluster analysis of the water chemistry parameters provided evidence
of the recharge source of the large springs near the lake shore, with discharge from
the Mamaku ignimbrite through lake sediment layers. Groundwater chemistry and age
data show clearly the source of nutrients that cause lake eutrophication, nitrate from
agricultural activities and phosphate from geologic sources. With a naturally high phos-
phate load reaching the lake continuously via all streams, the only effective way to limit
algae blooms and improve lake water quality in such environments is by limiting the
nitrate load.

The groundwater in the Rotorua catchment, once it has passed through the soll
zone, shows no further decrease in dissolved oxygen, indicating absence of electron
donors in the aquifer that could facilitate microbial denitrification reactions. Nitrate from
land-use activities that leaches out of the root zone of agricultural land into the deeper
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part of the groundwater system must be expected to travel with the groundwater to the
lake.

The old age and the highly mixed nature of the water discharges imply a very
slow and lagged response of the streams and the lake to anthropogenic contami-
nants in the catchment, such as nitrate. Using the age distribution as deduced from
tritium time series data measured in the stream discharges into the lake allows predic-
tion of future nutrient loads from historic land-use activities 50 yr ago. For Hamurana
Stream, the largest stream to Lake Rotorua, it takes more than a hundred years for the
groundwater-dominated stream discharge to adjust to changes in land-use activities.
These time scales apply to activities that cause contamination, but also to remediation
action.

1 Introduction

Detailed information on groundwater age distribution is required for the Lake Rotorua
catchment to understand the agricultural contaminant loads that travel from land to the
lake with the groundwater and discharge via springs and streams into the lake, with
a large lag time. The water quality of Lake Rotorua has declined continuously over the
past 50 yr, despite cessation of direct-to-lake sewage discharge in 1991 (Burger et al.,
2011) and the fencing-off of streams in grazing land in parts of the lake catchment.
Land use in the catchment has intensified significantly over the past 60yr and is
now predominantly forest (39 %), pasture (27 %), and dairy (9 %) (Burger et al., 2011;
Rutherford et al., 2009). Increasing nitrate concentrations had been observed in virtu-
ally all of the major streams flowing into the lake during the period 1968—2003 (Hoare,
1987; Rutherford, 2003). Nitrate in groundwater under dairy farms and discharging from
them measures 10 mg L NO;-N. In the absence of significant over-land run-off, nutri-
ents from land use are transported with the water through the groundwater system to
the lake. Early tritium measurements indicated large transit times through the ground-
water system (the subject of this study). With a time lag > 50yr in the groundwater
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system, nitrate loads to the lake may be expected to increase further in the future due
to delayed arrival of nutrients from historic land use as they ultimately discharge from
the groundwater system via the springs and streams into the lake. This trend will be
exacerbated by any further intensification of land use within the catchment over recent
decades, as this recently recharged water has largely not yet reached the streams
(Morgenstern and Gordon, 2006).

Groundwater age is a crucial parameter for understanding the dynamics of the
groundwater and the contaminants that travel with the water. Determining water age,
and hence transit times, allows identification of delayed impacts of past and present
land-use practices on water quality (Bohlke and Denver, 1995; Katz et al., 2001, 2004;
McGuire et al.,, 2002; MacDonald et al., 2003; Broers, 2004; Moore et al., 2006;
Sophocleous, 2012), and for identification of anthropogenic vs. geologic impacts on
groundwater quality (Morgenstern and Daughney, 2012). Understanding the dynam-
ics of groundwater is fundamental for most groundwater issues. Water age defines
the transit time of water through catchments and hence is vital for conceptual under-
standing of catchment processes such as response to rainfall, stream flow generation,
recharge source and rate (McGuire and McDonnell, 2006; Morgenstern et al., 2010,
2012; Stewart et al., 2010; Cartwright and Morgenstern, 2012). Water age, being di-
rectly related to fluid flux, is also very useful for calibrating numerical surface water and
groundwater transport models (Goode, 1996; Burton et al., 2002; Molson and Frind,
2005; Bethke and Johnson, 2008). Water age provides important information on vul-
nerability to contamination and can therefore be used to assess the security of drinking
water supplies, particularly from groundwater bores (Darling et al., 2005; Morris et al.,
2005; New Zealand Ministry of Health, 2008). Water age measurements can also be
used to quantify rates of hydrochemical evolution resulting from water—rock interaction
(Katz et al., 1995; Burns et al., 2003; Glynn and Plummer, 2005; Beyer et al., 2014).
These applications of water dating cover the spectrum from applied water resource
management to fundamental scientific research.
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In all of the above-mentioned applications it is important to constrain not only the
mean age of water, but also the distribution of ages within a sample from the ground-
water discharge. Transit time determinations in catchment hydrology typically identify
a range of water ages contributing to stream flow, and the time- and location-dependent
distribution of transit times provides insight into the processes that generate runoff
(Maloszewski and Zuber, 1982; McGuire and McDonnell, 2006; Stewart et al., 2007;
McDonnell et al., 2010). Use of water age determinations for calibration of numerical
transport models must also account for the full distribution of age and its variation in
space and time (Goode, 1996; Cornaton et al., 2011; Cornaton, 2012). Assessment of
the security of drinking water from groundwater bores also requires an understanding
of the water’'s age distribution (Eberts et al., 2012; Morgenstern, 2004). For example,
New Zealand legislation states that a water supply bore is considered secure (unlikely
to have a risk of contamination by pathogenic organisms) when less than 0.005 % of
the water has been present in the aquifer for less than one year (New Zealand Ministry
of Health, 2008).

For the Lake Rotorua catchment study, tritium is the tracer of choice. Tritium dating
can be applied to both river/stream water and groundwater, whereas gas tracers are
less suitable for surface waters that are in contact with air. Tritium ages, in contrast to
gas tracer ages, include travel through the unsaturated zone (Zoellmann et al., 2001;
Cook and Solomon, 1995); travel times can be up to > 40 yr through the thick unsatu-
rated zones of the Rotorua catchment ignimbrite aquifers (Morgenstern et al., 2004).
Tritium is not subject to transformation, degradation or retardation during water trans-
port through the catchment. Tritium dating is applicable to water with mean residence
times of up to about 200 yr (Cook and Solomon, 1997; Morgenstern and Daughney,
2012), as is typical of New Zealand’s dynamic surface waters and shallow groundwa-
ters. In addition, monitoring the movement of the pulse-shaped bomb-tritium through
groundwater systems is an excellent opportunity to obtain information about the age
distribution parameters of the groundwater. This is particularly useful in groundwater
systems, such as the Rotorua system, that have high uncertainties within flow models
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due to a deep water table and preferential flow paths. Finally, tritium is a particularly
sensitive marker for study of the timing of nitrate contamination in groundwater, be-
cause the main anthropogenic nitrate contamination of groundwater systems started
coincidently with the bomb-tritium peak from the atmospheric nuclear weapons testing
after WWII, giving that water a very distinct age signal.

For the Rotorua catchment we have an extensive data set available over time and
space. Tritium time series data for the main lake inflows cover more than four decades,
and data covering the last decade are available with an extremely high spatial res-
olution of about 100 sites in the Lake Rotorua catchment. Tritium concentration can
be measured at GNS Science with the required extremely high accuracy using 95-
fold electrolytic enrichment prior to ultra-low level liquid scintillation spectrometry (Mor-
genstern and Taylor, 2009). Tritium is highly applicable for groundwater dating in the
post-bomb low-tritium environment of the Southern Hemisphere, as bomb tritium from
atmospheric thermonuclear weapons testing has now been washed out from the atmo-
sphere for 20 yr, as is described in detail in Morgenstern and Daughney (2012).

The objective of this study is to understand the origin, fate, flow pathways, lag times,
and future loads of contaminants that cause lake eutrophication in the Lake Rotorua
catchment, central North Island, New Zealand. This will assist in mitigating the dete-
rioration in lake water quality since the 1960s (Rutherford et al., 1989) that threatens
the lake’s significant cultural and tourist value. Environmental hydrochemistry tracers
and age tracers are used to identify the recharge source of the main water discharges
to Lake Rotorua, identify the source of the contaminants (anthropogenic vs. geologic),
and to evaluate the water age distributions in order to understand groundwater pro-
cesses, lag times, and the groundwater flow dynamics. The Rotorua groundwater sys-
tem is complicated due to the catchment’s highly complex geology, which has evolved
through volcanic activity, and due to the deep water table of > 50 m in large areas, which
prevents detailed groundwater studies and introduces uncertainty in catchment bound-
aries and flow patterns. The complex geology leads to inhomogeneous groundwater
flow patterns, as indicated by large parts of the catchment having particularly large
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positive or negative specific water yields. The groundwater discharge in the northern
catchment is unusually large for the size of the surface water catchment, probably due
to preferential flow paths that route groundwater towards the north across the surface
slope in this part of the catchment.

The tritium and age distribution data is currently being used to calibrate a numeric
groundwater transport model. The use of this rich data set for groundwater transport
model calibration is part of a larger investigation that evaluates the calibration of hy-
drological and hydrogeological models using hydrochemical data, including tracers of
water age, with the aim of using tracer-calibrated groundwater models for nutrient trans-
port and economic modelling (e.g., Lock and Kerr, 2008; Rutherford et al., 2009), ulti-
mately supporting optimal and sustainable land and water management in catchments.
The broader findings from the Rotorua investigation will be applied to the many other
New Zealand catchments for which time series age tracer data are available (Stewart
and Morgenstern, 2001, 2004; Stewart and Thomas, 2008; Gusyev et al., 2014).

2 Hydrogeological setting
2.1 Geology

Lake Rotorua is located in a roughly circular caldera basin in the central North Island,
New Zealand (Fig. 1), situated in the Taupo Volcanic Zone (TVZ), an area of silicic vol-
canism with NW-SE extension and geothermal activity roughly 60 km wide by 300 km
long that is related to subduction of the Pacific plate beneath the Australian plate off
New Zealand’s east coast (Wilson et al., 1995; Spinks et al., 2005). Figure 1 shows
the surficial geology. Mesozoic greywacke, which outcrops to the east and west of the
TVZ, forms the basement rocks in the area. Younger formations are predominantly rhy-
olite ignimbrites, rhyolite and dacite lava domes, and lacustrine and alluvial sediments
derived from these volcanic lithologies. Note that “rhyolite” is sometimes used colloqui-
ally to refer to rhyolite lava, but the use of “rhyolite” is here applied only as a formal
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compositional definition (volcanic rocks > 69 % SiO,). Deposits of rhyolite composition
may be pyroclastic (explosively formed, including airfall deposits and the pyroclastic
flow deposit termed “ignimbrite”) or they may be lavas (effusively erupted without ex-
plosion). Rhyolite lavas are viscous and often push up into high lava domes over the
eruption vent. The geological formations and processes of greatest relevance to the
hydrology and hydrogeology of the Lake Rotorua catchment area are shown in the
three-dimensional geological model of White et al. (2004) (Fig. 2) and summarised in
the following paragraphs.

From 2 million to 240 thousand years ago (ka), a number of rhyolite lava domes
were emplaced and volcanic activity from TVZ calderas resulted in pyroclastic deposits
across the area, including the highly welded Waiotapu ignimbrite (ca. 710ka; “older
ignimbrite” in Fig. 1) and a range of variably welded, variably altered, sometimes-jointed
ignimbrites of which the Matahina, Chimp and Pokai formations (ca. 320-270 ka) are
most significant and mapped within “undifferentiated rhyolite pyroclastics” in Fig. 1.
These ignimbrites are expected to be the main basal units for groundwater aquifers in
the study area (White et al., 2004).

The period from 240 to 200 ka is defined by the eruption that deposited the Mamaku
Plateau Formation (240ka) and formed the Rotorua Caldera. The caldera collapse
down-faulted parts of older lava domes positioned across the western and northern
edge of the caldera. The Mamaku Plateau Formation is predominantly composed of ig-
nimbrite (hereafter “Mamaku ignimbrite”), which is variably welded, variably jointed and
very permeable. Several rhyolite lava domes (mainly Ngongotaha and its neighbours)
began to develop soon after the caldera collapse. Also, soon after the eruption, a lake
began to form in the collapsed depression, leading to the deposition of lacustrine fine
ash and pumice, commonly referred to as lacustrine sediments (Leonard et al., 2010);
note that these sediments have sometimes been referred to as Huka or Huka Group
sediments throughout the TVZ, but this definition formally refers only to specific units
near Taupo City and the term Huka is avoided here.
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From 200 to 61ka, volcanic activity in the vicinity of Lake Rotorua was relatively
subdued. A number of eruptions from the Okataina Volcanic Centre (OVC), located to
the east of the Rotorua caldera, produced widely dispersed but relatively thin airfall
deposits. These pyroclastic materials caused periodic damming of drainage pathways
and led to fluctuations in lake level that in turn resulted in widespread and variably
thick sediments being deposited in the Rotorua Caldera. This period of relatively quiet
volcanic activity ended with the Rotoiti and Earthquake Flat eruptions from the OVC,
which produced widespread pyroclastic deposits, including the non-welded ignimbrites
of the Rotoiti Formation and the Earthquake Flat Formation.

From 61 ka to present, numerous eruptions from the OVC (the most recent of which
was in 1886) deposited airfall layers in the Lake Rotorua catchment area. Numerous
rhyolite lava units were also emplaced during this period. The periodic deposition of
pyroclastic materials, along with activity on faults of the Taupo Rift (Leonard et al.,
2010), presumably caused fluctuations in the lake level, with current lake level being
reached sometime within the last few thousand years (White et al., 2004). Due to the
decline of lake level, Holocene alluvial sand and gravel deposits are found in stream
channels and around the current lake shoreline.

The southern Rotorua basin hosts a vigorous geothermal system producing many
hot water, hot mud, steam and guyser features, along with gas emission, between the
southern edge of the Lake and about the southern edge of the caldera (Fig. 1). There
is hot local groundwater flow in this area, generally flowing down hill northwards into
the lake. Beyond this relatively confined area the groundwater system does not appear
to interact with fluids from this geothermal system.

2.2 Hydrology

Lake Rotorua has a surface area of 79 km? and a mean depth of 10.8 m (Burger et al.,
2011), with a total water volume of 0.85 km?®. The assumed total catchment area is ca.
475km? (White and Rutherford, 2009) (Fig. 1).
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Annual rainfall in the catchment is strongly affected by topography and varies from
more than 2200 mm northwest of the lake to less than 1400 mm southeast of the lake
(Hoare, 1980; White et al., 2007; Rutherford et al., 2008). Approximately 50 % of rainfall
infiltrates into the groundwater system. This is based on two sources of information: (1)
comparisons of rainfall and actual evapotranspiration that have been made for various
parts of the catchment (Hoare, 1980; Dell, 1982; White et al., 2004, 2007; Rutherford
et al., 2008); and (2) data from paired lysimeters, a standard rain gauge and a ground
level rain gauge installed at Kaharoa (White et al., 2007) (Fig. 1). With 50 % of rainfall
recharge, total infiltration into the groundwater system is estimated to be 14500 Ls™",
based on the catchment shown in Fig. 1, excluding rainfall inputs direct to the lake, and
assuming recharge is 50 % of rainfall. This rainfall recharge supports stream flow and
potentially direct inputs of groundwater to the lake.

There are nine major streams (Fig. 1, for abbreviations refer to Table 1) and several
minor streams that flow into the lake; the remainder of the inflows are provided from di-
rect inputs of rainfall and lake-front features, and potentially from groundwater seepage
through the lake bed. The major streams are baseflow-controlled and characterized
by very constant water flow (Hoare, 1980) and temperature, and groundwater-derived
baseflow accounts for approximately 90 % of the average flow in the typical Rotorua
stream (Hoare, 1987). Baseflows in the nine major streams entering Lake Rotorua cu-
mulatively amount to 11 800 Ls_1, and total inflows to the lake from minor streams and
lake-front features amounts to 350 Ls™" (Hoare, 1980; White et al., 2007) (Table 1).

With the lake water volume of 0.85 km3, the lake water turnover time via the
groundwater-fed streams is 2.2yr. The only surface outflow occurs through Ohau
Channel via Lake Rotoiti (Fig. 1). Water balance calculations suggest that the total
catchment area exceeds the surface water catchment area (White et al., 2007); in
other words, groundwater from outside the surface water catchment is flowing through
the aquifer system to Lake Rotorua (White and Rutherford, 2009).
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2.3 Hydrogeology

Groundwater flow in the Lake Rotorua catchment is influenced by several fundamental
geological characteristics. First, the Mamaku ignimbrite, the dominant hydrogeologi-
cal feature in the catchment, is assumed to be up to 1km thick in the centre of the
caldera depression, and from about 200 to tens of metres thick outside of the caldera,
decreasing generally with distance from the caldera (Fig. 2). Ignimbrite tends to fill in
pre-existing valleys and landforms, so its thickness can be quite variable over horizon-
tal distances of as little as hundreds of metres. Transit times of groundwater through
such a thick aquifer may be lengthy compared to times in the shallow alluvial aquifers
used for water supply in many other parts of the world and New Zealand. Second, the
ignimbrites in the Lake Rotorua catchment are known to be variably welded, altered
and jointed, with the potential for preferential groundwater flow paths resulting in in-
homogeneous flow patterns. Groundwater may be routed from its recharge area along
lengthy preferential flow paths and discharge in neighbouring surface catchments, lead-
ing to water ages that vary substantially even within a localised area (the presence of
such preferential flow paths can therefore be demonstrated with age tracers). Third,
the broadly circular collapse faults of the caldera constitute a major structural feature
that may influence the flow of groundwater within the catchment.

The major water contribution to Lake Rotorua is from the western catchment that
drains the eastern flanks of the Mamaku Plateau (Fig. 1). The Mamaku ignimbrite
formation serves as a major source of groundwater in the area (Gordon, 2001). A large
area (~ 250 km2) is drained by several major springs (> 1000 Ls'1) emerging from the
ignimbrite on the western side of Lake Rotorua. Given the large extent and thickness of
the ignimbrite aquifer, a large groundwater reservoir exists, with long water residence
times expected in the aquifer. Taylor and Stewart (1987) estimated the mean residence
time of the water of some of the springs as 50—-100 yr.

The post-240ka ignimbrites in this area (and some lava domes) are extremely
porous; they sustain hardly any overland water flow (Dell, 1982), with most of the
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stream beds dry throughout most of the year except during heavy rain, and they allow
the infiltrated water to percolate down to an extremely deep groundwater table > 50 m
(the ignimbrite formations around Ngongotaha Dome are an exception).

Little is known about the hydrogeology of the groundwater system; borehole data
collected by drillers is often not of sufficient quality to identify and correlate aquifer
units. Rosen et al. (1998) developed a schematic model for the Mamaku ignimbrite, with
a lower and upper ignimbrite aquifer sheet considered permeable, and a middle sheet
considered impermeable but fractured and not acting as an aquitard for the other two
sheets. This is probably an over-simplification in many areas (see Milner et al., 2003)
but does point at horizontally-planar discontinuities within the formation that appear to
influence groundwater flow. The water, after easy passage through the large aquifer, is
forced to the surface only 1—2 km before the lake shore via large groundwater springs,
feeding large streams that drain into Lake Rotorua.

The water-bearing lava dome formations that predate the Mamaku ignimbrite are
likely to have fracture flow, based on spring discharge permeability analysis, varying
depending on fracture sizes and linkages. Faulting associated with the Rotorua caldera
has offset several of the rhyolite domes and groundwater may flow through these faults.

The paleo-lake sediments that post-date the Mamaku ignimbrite and rhyolite lava
formations comprise silt, sand, and gravel (ignimbrite, obsidian and rhyolite pumice)
and are considered permeable, with lenses of low permeability that can also act as
confining layers.

Overall, understanding of the Rotorua groundwater system is complicated due to the
highly complex geology that has evolved through volcanic activity. Vertical and steeply-
inclined geological contacts are common, precluding a simple horizontal-layer-based
succession model throughout the catchment. Aquifers have not been well determined
due to insufficient bore log data, and also the extent of the Lake Rotorua groundwater
catchment is difficult to establish, due to the deep water table of > 50m in large ar-
eas at the catchment boundaries, combined with an inhomogeneous groundwater flow
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pattern, as indicated by the groundwater discharge in the northern catchment being
too large compared to the size of the surface water catchment.

3 Methods
3.1 Determination of water age

The age of the groundwater at the discharge point characterises the transit time of
the water through a groundwater system. For groundwater dating, we use tritium time
series (repeated sampling after several years), and the complementary tracers tritium,
CFCs, and SFg4 together where possible. The method of dating young groundwater
with mean ages of less than 200yr for current New Zealand Southern Hemispheric
conditions is described in detail in Morgenstern and Daughney (2012, Sects. 2.3 and
2.4). In a nutshell: tritium dating, in previous decades problematic due to interference
from the artificial tritium produced by atmospheric nuclear weapons testing in the early
sixties, has now become very efficient and accurate due to the fading of the bomb-
tritium.

For groundwater dating, one or more tracer substances are measured that have
a time-dependent input into the groundwater system or a well-defined decay-term
(e.g., radioactive decay). The racer concentration data is then fitted using a lumped-
parameter model (Maloszewski and Zuber, 1982; Zuber et al., 2005). For dating young
groundwater — i.e., water less than about 100yr, the most commonly used tracers
are tritium, chlorofluorocarbons (CFCs) and sulphur hexafluoride (SFg) (Cook and
Solomon, 1997; Edmunds and Smedley, 2000; Stewart and Morgenstern, 2001; Mor-
genstern et al., 2010). The measured output tracer concentration in the groundwater
(Cout) is then compared to its tracer concentration at the time of rainfall input (C;,) using

9919

the convolution integral:
Coult) = [ Cult =)0 g (1) dr 1)
0

where t is the time of observation, 7 is the transit time (age), e is the decay term
with A = In(2)/T1/2 (e.g., radioactive decay of tritium with a half-life 7, ,, of 12.32yr) and
g(7) is the system response function (Cook and Herczeg, 1999; Zuber et al., 2005).

The system response function accounts for the distribution of ages within the water
sample, for example from mixing of groundwater of different ages within the aquifer, or
at the well (Maloszewski and Zuber, 1982, 1991; Goode, 1996; Weissman et al., 2002;
Zuber et al., 2005). The two response functions most commonly used are the exponen-
tial piston flow model and the dispersion model (Zuber et al., 2005). The exponential
piston flow model combines the piston flow model, assuming piston flow within a single
flow tube in which there is minimal mixing of water from different flow lines at the dis-
charge point (e.g., confined aquifer), and the exponential model, assuming full mixing
of water from different flow paths with transit times at the groundwater discharge point
that are exponentially distributed (e.g., mixing of stratified groundwater at an open well
in an unconfined aquifer). The response functions of the various models are described
in Maloszewski and Zuber (1982) and Cook and Herczeg (1999). To interpret the ages
of the Lake Rotorua catchment data set, the exponential piston flow model was used,
given by:

g=0 fort<T(1-f) @
g= %e(-#f%“) fort>T(1-f) ®)

where T is the Mean Residence Time (MRT), f is the ratio of the volume of exponential

flow to the total flow volume at the groundwater discharge point, and 7 (1 —f) is the time

that takes the water to flow through the piston flow section of the aquifer (Maloszewski
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and Zuber, 1982, use the variable n; 1 = 1/f). When f = 0 the model becomes equiva-
lent to the piston flow model, and when f = 1 it becomes equivalent to the exponential
model.

The two parameters of the response functions, the mean residence time (MRT) and
the distribution of transit times (f), are determined by convoluting the input (tritium con-
centration in rainfall measured over time) to model water passage through the hydro-
logical system in a way that matches the output (e.g., tritium concentrations measured
in wells or springs). Because of its pulse-shaped input, tritium is a particularly sensitive
tracer for identifying both of these two parameters, which can be deduced uniquely
by comparing the delay and the dispersion of the bomb-pulse tritium in the groundwa-
ter to that from tritium in the original rain input. This method is particularly useful for
interpretation of ages of groundwater in the Lake Rotorua catchment because most
of these groundwater discharges lack any information on mixing of groundwater with
varying flow path lengths and of different age. The exponential piston flow model was
used because, with its age distribution, it has produced good matches to most (about
a hundred) tritium time series data from springs and wells throughout New Zealand,
including all hydrogeological situations (Morgenstern and Daughney, 2012).

For tracer age interpretation, the integral (Eq. 1) was used to convolute the historical
rainfall tracer input to an output that reflects mixing in a groundwater system, with the
best match of the simulated output to the measured output time-series data (Fig. 3).
The TracerLPM workbook (Jurgens et al., 2012) was used. The tritium input function
is based on concentrations of tritium in rainfall measured monthly since the 1960s at
Kaitoke, near Wellington, New Zealand (Morgenstern and Taylor, 2009). The Kaitoke
rainfall input function is multiplied by a scaling factor of 0.87 to account for variation
in atmospheric tritium concentrations due to latitude and orographic factors. For the
prevailing New Zealand climatic conditions there is no need for correction of the tritium
input for seasonal infiltration (Morgenstern et al., 2010).

The problem of ambiguity in tritium dating over the last decades is demonstrated
in Fig. 3. Hangarua Spring discharges very old water with a mean residence time of
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about 90 yr (see below), but during the late 1980s its tritium concentration was similar
to that of very young water (rain curve in Fig. 3). At that time, the tritium concentration
in Hangarua Spring would have been in agreement with both very young water and old
water with a mean residence time of 90 yr. Tritium data covering several decades, how-
ever, clearly distinguish this old water (low tritium concentration) from young rain water.
Figure 3 also shows that due to the fading of the bomb-tritium in recent decades (tri-
tium decay over four tritium half-lives since the bomb spike), in recent years the tritium
concentration of old water is clearly distinguishable (lower) from that of young water,
without ambiguity. The tritium time series data allow also for constraining groundwater
mixing models. Figure 3 shows the model output curves that match the measured tri-
tium data. Given sufficient analytical accuracy, this is also possible for extremely low
tritium concentrations; the data for Hamurana water intake spring (blue curve in Fig. 3)
are all below 0.4 TU.

The application of mixing models is described in Morgenstern and Daughney (2012,
Sect. 2.6). While throughout New Zealand generally we obtained good matches be-
tween tritium input and output data using the exponential piston flow model, it was not
possible to obtain adequate matches in the ignimbrite area of the Rotorua catchment
using such a simple model. Using the dispersion model did not significantly improve the
matches. However, using a binary mixing model of parallel contribution from two expo-
nential piston flow models resulted in excellent matches. We justify this binary mixing
model by inferring two different flow contributions in the catchment to the stream and
spring flow, mainly from deep old groundwater, and a contribution from younger ground-
water from shallow aquifers, as indicated by very deep groundwater tables in the area
(generally > 50 m) but at the same time also minor stream flows maintained by shallow
aquifers.

3.2 Sample collection and analysis

Samples were collected from 41 springs, from 31 groundwater-dominated stream flow
sites, and from 26 groundwater wells. To obtain realistic residence times of the water
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passing through the whole groundwater system, sampling focused on the naturally
flowing groundwater discharges, the springs and streams. Samples were collected at
times of base flow conditions.

All nine major streams were sampled multiple times near the inflow into the lake.
Most of these tritium time series go back to the early seventies and encompass the
passage of the “bomb” tritium peak through the groundwater system, allowing deter-
mination of detailed age distribution parameters for these major inflows to the lake.
These “historic” samples had been collected sporadically for various projects over the
decades to study the transfer of the bomb-tritium through the hydrologic cycle. Over
the recent decade, the streams have also been sampled for tritium at various points
upstream, at various main confluences, or at main springs to obtain a detailed spatial
distribution of water ages. Springs and wells were also once sampled for CFCs, SFg,
argon, and nitrogen, to obtain complementary age information.

Sampling locations are shown in Fig. 1. Many of the sites have no road access, with
some of them in remote steep gullies. A portable sampling system was required for
the gas samples to allow fresh water from the well or spring to be pumped into the
sample bottles from below the water surface without air contact. We used a pneumatic
Bennet pump, powered from a cylinder of compressed air at the remote locations, and
from a compressor powered by the car battery at sites with car access. Sampling from
streams (tritium only) involved simply dipping the bottle under the water surface and
filling the bottle.

Sampling methods for hydrochemistry and nutrients were according to Daughney
et al. (2007). Age tracer samples were collected without filtration or preservation. For
tritium, a one-litre plastic bottle was filled to the top. For CFC samples, two 125 mL
glass bottles with aluminium liner cap were filled, rigorously excluding air contact by
filling from the bottom via a nylon tube and three times volume replacement below the
surface of the overflowing sample water. One litre bottles were filled for SF.

Analytical details for hydrochemistry are described in Daugney et al. (2014). De-
tails of the tritium analysis procedure are described in Morgenstern and Taylor (2009).
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While the early tritium measurements in the 1970s were performed with a detection
limit of approximately 0.1 Tritium Units (TU), we now achieve significantly lower de-
tection limit of 0.02 (TU) via tritium enrichment by a factor of 95 and reproducibility of
tritium enrichment of 1% via deuterium-calibration. Analysis procedures for CFC-11,
CFC-12, and SF4 are described in van der Raaij and Beyer (2014). Detection limits
are 3x 107 "° mol kg'1 for CFCs and 2 x 10™"" mol kg‘1 for SFg. Dissolved argon and
nitrogen concentrations were measured for estimating the temperature at the time of
recharge, and the excess air concentration, as described by Heaton and Vogel (1981),
for calculation of the atmospheric partial pressure (ppt) of CFCs and SFg at the time of
recharge.

4 Results and discussion

In the following section hydrochemistry cluster analysis and hydrochemistry evolution
are discussed to assess the geographic sources of groundwater and groundwater pro-
cesses in the aquifer. The nutrients nitrate, sulphate, potassium, and phosphate are
discussed to evaluate their source (anthropogenic vs. geologic), lag time, fate, and im-
pact on lake eutrophication. The age distributions of the groundwater discharges to
Lake Rotorua are discussed to understand the conceptual groundwater flow pattern
and the lag time in the groundwater system. The ultimate goal of this project is the use
of the hydrochemistry and groundwater age parameters for calibration of a groundwa-
ter transport model for improved management of the nutrient loads to the lake — the
subject of follow up papers.

4.1 Groundwater age interpretation

To obtain the unique solution for both parameters of the age distribution for a specific
model, time series data are required (Sect. 3.1). Most of the large water inflows into
Lake Rotorua have long time series data available (up to over four decades), allowing
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for well constrained age distribution parameters for both MRT and the fraction f be-
tween different flow models (or peclet number for the dispersion model). The tritium
time series data, together with the matching lumped parameter model simulations, are
shown in Fig. 3 for two of the large springs, and in Fig. 4 for six of the large streams
(covering 2/3 of stream baseflow to Lake Rotorua). For the sites with shorter time series
data (sub-catchment stream discharges, groundwater wells), most of the sites have at
least sufficient time series or multi tracer data for unambiguous robust age interpre-
tations. If fraction f cannot be established uniquely from the tritium time series data,
we applied mixing models that matched long tritium time series data from other sites
with similar hydrogeologic settings to these sites. All 96 sites with tritium time series or
tritium and complementary CFC and SFg data have unambiguous age interpretation.
For the tritium time series data shown in Figs. 3 and 4, the lumped parameter models,
with their respective age distribution parameters that match the measured data, are
listed in Table 2.

Throughout New Zealand, and including all hydrogeologic situations (but mainly
groundwater wells), the measured data of approximately a hundred long tritium time
series over several decades can usually be matched by a simple lumped parameter
model (e.g., Morgenstern and Daughney, 2012). The long-term tritium data from most
of the large stream discharges shown in Fig. 4, however, cannot be matched by a sim-
ple model such as the exponential piston flow or dispersion model and require a more
complex groundwater flow model combination. Using a binary mixing model, with paral-
lel contributions from two exponential piston flow models, resulted in excellent matches.
We justify this binary mixing model by inferring two different flow contributions in the
catchment to stream and spring flow — from deep old groundwater, as indicated by very
deep groundwater tables in the area (generally > 50 m), and from younger groundwa-
ter from shallow aquifers, as indicated by minor stream flows maintained by shallow
aquifers. In Table 2 are also listed the average mean residence times between the two
parallel models, weighted by their fraction within the total flow. For the MRTs, errors
are typically +1 yr for MRTs < 5yr, £2 yr for MRTs between 5 and 10 yr, £3 yr for MRTs
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between 10 and 50yr, £5yr for MRTs between 50 and 100yr, and larger errors for
older water towards the detection limit.

For convenience, the average MRTs are also listed in Fig. 4 next to their model out-
put curve. It is obvious from Fig. 4 that all the main streams discharge very old water
into Lake Rotorua. The tritium response of the streams is clearly distinguishable from
that of young rain water (grey line). The youngest water discharge, Ngongotaha Stream
(green), has an average MRT of 30yr. All other main streams discharge significantly
older water, up to MRT of 145yr for Waingaehe Stream (dark blue). Note that even
though bomb-tritium from atmospheric nuclear weapons testing in the 1960s has de-
cayed enough to not cause ambiguous age interpretations anymore, it is still possible
to detect the tail of the bomb-tritium for matching model parameters if tritium analyses
have sufficient accuracy; all data for the Hamurana water intake spring (blue in Fig. 3)
are below 0.4 TU.

Most of the streams and springs discharge very old groundwater into Lake Rotorua,
with MRTs typically between 50-150 yr, indicating discharge from a large groundwater
system with large water residence (turn-over) times. Only a few small sub-catchments
with minor flow rates discharge young water (MRT < 20yr), indicating local geologic
units below the surface that don’t allow water to infiltrate into and flow through larger,
deeper groundwater systems.

The old age of the majority of the Lake Rotorua water inflows and the highly mixed
nature of the water discharges (note the high fractions of exponential flow, up to 100 %,
in Table 2) implies a very slow and lagged response of the streams and the lake to an-
thropogenic contaminants in the catchment, such as nitrate. The majority of the nitrate
load currently discharging into the lake is thus from land-use activities 30 and more
years ago.

About a hundred stream and groundwater well samples have been dated in the Lake
Rotorua catchment. The groundwater age distributions are used in the following sec-
tions to identify hydrochemistry evolution, sources of contaminants, and to predict fu-
ture nitrate loads that will enter Lake Rotorua from the large contaminated groundwater
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system. In a future paper, the conceptual groundwater flow model in the Lake Rotorua
catchment will be inferred from the groundwater age distribution data. The data will
subsequently be used for calibration of a groundwater transport model.

4.2 Hydrochemistry and recharge source

The hydrochemical composition of the groundwater and surface waters in the Ro-
torua catchment have been investigated by Morgenstern et al. (2004) and Donath
et al. (2014); the following section summarises the results relevant to the present study.
Hydrochemistry is driven by interaction between water and the different major litholo-
gies and can be used to track the origin of the groundwater. Hydrochemistry reflects the
rhyolite ignimbrite and lava aquifer lithologies that dominate the Lake Rotorua catch-
ment, with much lower concentrations of Ca, Mg and SO, and much higher concentra-
tions of F, PO, and SiO,, compared to groundwater in other parts of New Zealand.
Several statistical and graphical techniques were applied to characterise the varia-
tions in hydrochemistry across parts of the catchment. Hierarchical Cluster Analysis
(HCA) was shown to be a useful technique to identify samples with similar hydrochem-
ical composition, and to relate the groundwater samples to their origin from one of the
main aquifer lithologic units. HCA conducted with Ward’s linkage rule allowed the sam-
ples to be partitioned into four hydrochemical clusters. Three of the clusters, accounting
for the majority of the samples, were inferred to reflect water—rock interaction with the
dominant lithologies in the catchment, namely Mamaku ignimbrite, lava, or paleo-lake
sediments. Hydrochemistry inferred to indicate interaction between water and the Ma-
maku ignimbrite had Na and HCO3; as the dominant cation and anion, respectively,
and among the highest concentrations of Mg, PO, and SiO, and among the lowest
concentrations of F, K and SO, observed. Hydrochemistry inferred to indicate interac-
tion between water and rhyolite lava also had Na and HCO3; as the dominant cation
and anion, respectively, but had relatively low concentrations of PO, and among the
highest concentrations of K. Hydrochemistry inferred to indicate interaction between
water and sediments had Na-Ca-HCO;-Cl water type and relatively low concentrations
9927

of SiO,. The remaining cluster was inferred to represent geothermal influences on the
hydrochemistry (e.g., elevated concentrations of Na, Cl, SO,, SiO, and NH,).

Figure 5 shows the hydrochemical clusters of the water samples inferred to indicate
interaction between water and Mamaku ignimbrite (light blue), lava (red), or lacustine
sediments (dark yellow). Note that samples assigned to the cluster inferred to indicate
geothermal are not displayed in Fig. 5 or discussed further in the present study because
geothermal influence is not the subject of this study.

Samples with hydrochemistry indicative of interaction with the Mamaku ignimbrite
occur predominantly in the north and northwest portion of the catchment (Fig. 5, blue).
All of the large springs discharging into Hamurana (Ham), Awahou (Awh), and Utuhina
(Utu) streams have a Mamaku ignimbrite hydrochemistry signature (blue circles). The
stream reaches in the Mamaku ignimbrite area upstream from these large springs are
usually dry. This, together with the Mamaku ignimbrite hydrochemistry signature, im-
plies that these large springs drain the large Mamaku ignimbrite areas upstream that
have negligible surface runoff. In the north-west in the Hamurana and Awhou catch-
ments, these springs emerge close to the lake shore within the sediment area (Fig. 5,
yellow), indicating that close to the lake shore, due to the more impermeable nature of
the intra-caldera sediment, the deeper groundwater flow from the Mamaku ignimbrite
is forced to the surface. All of these large springs emerge within the slopes of the sed-
iment formation where sediment layers are thinner compared to the level area closer
to the present lake shore; the thin nature of the sediments on these slopes allows the
water from the underlying ignimbrite to flow to the surface. No large spring occurs in
the level area closer to the lake, where sediments are thicker. Also the large Utuhina
Spring in the southeast emerges within the slopes of the sediment (Fig. 5), indicating
the more impermeable nature of the sediment forcing the groundwater from the Ma-
maku ignimbrite to the surface in the area of thin sediment layers. The Utuhina Spring
emerges below a small local lava dome feature, but the ignimbrite signature of the wa-
ter indicates that this spring is the discharge from the large ignimbrite area southwest
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of the lava dome feature. The small lava feature may be fractured or discontinuous to
allow the water discharge from the ignimbrite behind.

Shallow wells and streams that gain most of their recharge and flow within the lacus-
trine sediments display a characteristic hydrochemical signature (Fig. 5, yellow circles).
Such samples originate from the downstream parts of Waiteti (Wtt) and Ngongotaha
(Ngo) Streams. The study by Donath et al. (2014) also detected this characteristic hy-
drochemistry in samples collected with higher spatial resolution in parts of the Ngongo-
taha subcatchment that are not discussed here.

Hydrochemistry of the water draining the Ngongotaha lava dome west of the lake
(Fig. 5, red circles) is inferred to indicate interaction with lava formations. The Ngongo-
taha dome, similar to the Mamaku ignimbrite, has no drainage via surface flow (stream
beds are dry), indicating a highly porous nature, likely due to fractures and pumiceous
zones within the dome. Only where the rhyolite dome intercepts the paleo-lake sedi-
ments is the groundwater flow from the lava forced to the surface due to the low per-
meability of the sediments.

The investigated water discharges from the eastern catchment of Lake Rotorua en-
tirely show geothermal influence in their hydrochemistry composition (not the subject
of this study).

The above HCA results give, for the first time, consistent evidence of the link be-
tween the main recharge areas in the Mamaku ignimbrite, and the main groundwater
discharges into the lake.

4.3 Hydrochemistry evolution

In the following two sections hydrochemistry data vs. groundwater age is discussed
for a better understanding of groundwater processes and geologic vs. anthropogenic
origin of contaminants.

The groundwater of the Rotorua rhyolite ignimbrite and lava dome aquifers (Fig. 6a)
displays high dissolved oxygen (DO), between 5 and 11 mg L™ (50-100 % of equi-
librium with air). There is no trend of decreasing DO with increasing age, indicating
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absence of microbial reduction reactions in this volcanic aquifer within time scales of
the water residence time in the aquifer. Microbial reduction reactions, facilitated by
the presence of organic matter or other electron donors (e.g., pyrite), would usually
consume the dissolved oxygen in the groundwater. Reduction of oxygen is energeti-
cally the most favourable reaction that micro-organisms use in a series of reactions,
with the result that other reduction reactions (e.g., denitrification) typically do not oc-
cur until most of the dissolved oxygen has been consumed. These reduction reactions
take time, and if these reactions are supported by the presence of electron donors
in the geologic formation, it is expected that old waters become increasingly anoxic
(e.g., Bohlke et al., 2002; Tesoriero et al., 2011). Absence of any trend of decreasing
DO with groundwater age suggests absence of significant amounts of electron donors
such as organic matter or pyrite in this ignimbrite formation. This is supported by its
depositional history as a single large ignimbrite formation without any organic matter
involved. Absence of oxygen reduction indicates that there is no potential for significant
denitrification reactions in this aquifer system.

Constant DO of between 50 and 100 % in very young and old groundwater suggests
that the partial oxygen reduction that is observed has occurred in the soil zone, which
does contain organic matter, and that once the water has passed the soil zone, no fur-
ther oxygen reduction processes occur. Only one groundwater sample in the Rotorua
catchment was depleted in oxygen (below 1 mg L_1). This is related to the paleo-lake
sediments, suggesting localised deposits of reactive organic matter in these sediments,
as would be expected in lake sediments.

The pH of groundwater usually increases over time due to ongoing hydrogeochem-
ical reactions, resulting in an increasing pH of groundwater with age. In New Zealand
we observed in groundwater an increase from about pH 6 for very young groundwater
(< 1yr) to about pH 8 in very old groundwater (> 10000 yr) (Morgenstern and Daugh-
ney, 2012). For the Rotorua catchment, the groundwater pH data from lava formations
(Fig. 6b) show a sharp increase from pH 5.8 to 6.7 over the age range from 5 to 50 yr,
with a power law fit of In(pH) = 0.073-In(MRT) + 1.62, R? = 0.98. For the groundwater
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from the Mamaku ignimbrite, the pH increases from just 6.3 to 6.6 over the age range
from 0 to 100 yr, with a power law fit of In(pH) = 0.025-In(MRT) + 1.76, R?=0.47. The
groundwater from the sediment formation show no clear trend in pH with groundwater
age, but displays higher pH for relatively young water, pH 6.5-7.2 for water with MRT
between 1 and 60 yr.

As groundwater becomes more evolved over time due to water—rock interaction,
concentrations of phosphorus, silica, bicarbonate, and fluoride typically increase due
to dissolution of volcanic glass, silicate minerals, carbonates, and fluoride likely de-
posited from the volatile phases in magma exsolved during eruption (Morgenstern and
Daughney, 2012). With increasing groundwater age, ion concentrations are expected
to increase up to a maximum equilibrium concentration. In the following discussion,
samples indicative of geothermal influence are excluded because they follow different
thermodynamic equilibrium. Groundwater from the sediment formation often follows
different or unclear trends compared to the rhyolite ignimbrite and lava formations.

Dissolved reactive phosphate (PO,-P) in groundwater from all three formations, the
rhyolite lava and ignimbrite aquifers, and the sediments originating from the same for-
mations, shows excellent correlation with groundwater age (Fig. 7a, black curve), with
In(PO,-P) = 0.458-In(MRT) — 4.72, R? = 0.94.

Silica (SiO,) also shows good correlation with groundwater age for the rhyolite ign-
imbrite and lava formations (Fig. 7b). The silica concentration of groundwater in lava
formations (red circles) increases faster compared to ignimbrite (blue circles). The
power fit to the lava data is In(SiO,) = 0.310-In(MRT) +2.986, R?=0.88 (red curve), and
to the ignimbrite data is In(SiO,) = 0.238-In(MRT) + 3.05, R?=0.83 (blue curve). The
correlation between silica and groundwater age for the lacustrine sediment aquifers
(yellow circles) is rather erratic; high silica concentration can also occur in very young
groundwater.

For bicarbonate (HCO3), only groundwater samples from the Mamaku ignimbrite
show a reasonable correlation with groundwater age, with a power fit of In(HCO3) =
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0.206-In(MRT) + 2.58, R = 0.71 (Fig. 7c). The high data point at 58 mgL~" was con-
sidered an outlier and not included in the fit.

Sodium (Na) in general also shows increasing concentration with groundwater age
because it is part of common minerals and leached from these. But the correlation is
poor (Fig. 7d). Note that elevated Na in young groundwater can also be caused by
land-use impacts (Morgenstern and Daughney, 2012). Considering the high data point
at15.8 mg L~" an outlier (it is from the same site considered as an outlier for HCO3), the
correlation for the data from all three formations is Na = 0.017-MRT + 7.42, R? =0.38.

Fluoride concentrations (F) show good correlations with age for the rhyolite ignimbrite
and lava formations (Fig. 7e), even though the trends are masked by the fact that
the concentrations are close to the detection limit. Concentrations increase in lava
formations significantly faster, with a power fit of In(F) = 1.087-In(MRT) — 6.44, R? =
0.97, compared to ignimbrite with In(F) = 0.238 - In(MRT) — 3.99, R? =0.58.

In groundwater of the Rotorua catchment (excluding groundwater from the eastern
catchment indicating geothermal influence, which is not the subject of this study), the
hydrochemistry parameters phosphate, silica, bicarbonate, sodium, and fluoride are
purely of geologic origin, because they do not display elevated concentrations in young
water that was recharged during the time of anthropogenic high intensity land-use ac-
tivities. The groundwater samples show, for the rhyolite Mamaku ignimbrite and lava
formations, excellent correlations across the western and northern Lake Rotorua catch-
ment. All samples in each of these geologic units follow similar trends of hydrochemistry
concentration vs. mean residence time, indicating the relatively homogeneous nature of
these aquifers. In rhyolite lava formations, geochemical reactions lead to increased pH,
Si, and F in groundwater significantly faster than in ignimbrite, indicating higher reac-
tion rates for dissolution of these elements from lava formations. Rather erratic trends
in water originating from the sediments suggest that these are not a homogeneous
formation but rather finely layered lensoidal geologic deposits that vary spatially and
support complex or fragmented groundwater systems. Good trends of hydrochemistry
vs. groundwater age are an indication of robust age interpretations.
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4.4 Nutrients

Elevated nutrient levels in surface water cause poisonous algal blooms and lake eu-
trophication. Presence of both phosphate and nitrate, above a threshold concentra-
tion, triggers algae blooms in lakes. Limitation of one of these, P or N, can limit algae
blooms. In New Zealand, increasing nutrient loads from high intensity animal farming
and fertilisers have triggered lake eutrophication. In the absence of significant overland
runoff, nitrate travels from the land to the lake via the groundwater, which eventually
discharges into streams and lakes.

Nutrient concentrations in New Zealand groundwaters from agricultural sources have
increased steadily after European settlement in the early 19th century and with devel-
opment of the meat industry after 1880 (Morgenstern and Daughney, 2012). In a na-
tional context, for groundwater recharged before 1880 at pre-anthropogenic pristine
conditions, low nutrient concentrations prevailed (e.g., nitrate < 0.2mg L NO3-N). In
groundwater recharged between 1880 and 1955, nutrient concentrations are slightly
elevated due to low intensity land use. In groundwater recharged after 1955 a sharp
increase of nutrient concentrations is observed due to the impact of high intensity land
use after World War Il (Morgenstern and Daughney, 2012).

The main nutrients derived from land use in the Rotorua catchment, as indicated by
elevated concentrations in young groundwater, are nitrate (NO3), sulphate (SO,), and
potassium (K). These nutrient concentrations are shown in Figs. 8 and 9a and b vs.
mean residence time, also correlated to recharge year (upper x-axes). The majority
of the chemistry data of the Rotorua data set are from calendar year 2003, therefore
mean residence time of about 50 and 125 yr correspond to mean groundwater recharge
years 1955 and 1880, respectively. Homogeneous nitrate concentrations in discharges
from within sub-catchments of typically 0.7 £0.2mg L NO;-N indicate that nutrient
inputs are derived from diffuse rather than a small number of point sources, pointing to
agricultural sources.
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Nitrate concentrations (Fig. 8) in oxic groundwaters with MRT > 125yr (recharged
prior to 1880) in the Rotorua catchment are higher, with up to about 0.7 mg L~ NOs-N
(dotted line in Fig. 8) compared to other regions in New Zealand with 0.2 mg L NO;-
N. The reason for elevated nitrate in water despite a high mean residence time is the
high degree of mixing in the groundwater discharges from the highly porous unconfined
Rotorua ignimbrite aquifers (see next section). In such aquifer conditions, groundwater
from short and long flow paths converge at the groundwater discharges, causing a high
degree of mixing of young and old water. For example, groundwater with a mean resi-
dence time (MRT) as high as 170yr, using an exponential piston flow model with 95 %
exponential flow volume within the total flow volume (see next section), contains over
20 % of water recharged after 1955. This post-1955 water can contribute significant
amounts of nitrate from high-intensity land use, raising the nitrate concentration of the
water mix considerably, despite such a long residence time.

A significant increase in nitrate occurred only recently (Fig. 8). Apart from one data
point, an increase up to 1.5mg L~ NO3-N was observed only in water with MRTs of
less than 75yr, and a dramatic increase up to 14 mg L NO;-N was observed in wa-
ter with MRTs of less than 50yr. Note the dramatic increase of nitrate in water with
MRT < 20yr, reflecting the increased conversions to dairy farming over the most re-
cent decades before 2000. As the majority of the water discharges into Lake Rotorua
are significantly older than a few decades, up to MRTs of 120 yr, the impact of the dairy
conversions and their nitrate loads over the recent decades has to a large extent not
yet reached the lake. Increased nitrate loads to the lake over the next decades must be
expected as these nitrate loads work their way through the large groundwater system
and eventually discharge into the streams and lake.

Sulphate and potassium are part of fertilizers and also show elevated concentrations
in young groundwater (Fig. 9). Note that sulphate in groundwater in the eastern lake
catchment has much elevated concentrations, up to 40 mg L SO,, due to geother-
mal influence. Groundwater with indications of geothermal influence is not discussed
in this study. Also note that sulphate can be biased due to anoxic SO, reduction. The
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data shown are, however, not from anoxic groundwater environments. Sulphate and
potassium show slightly elevated concentrations, up to a factor of three, only in water
with MRT < 50yr, corresponding to water recharged after approximately 1950. Sul-
phate concentrations (in mg L S0O,) in the Rotorua volcanic aquifers are significantly
lower compared to a national survey: pre-anthropogenic concentration of 2 vs. 12, and
high intensity land-use concentrations of up to 6 vs. 94 for the Rotorua volcanic aquifers
and the national survey (Morgenstern and Daughney, 2012), respectively.

Phosphate, in conjunction with nitrate the cause for lake eutrophication, is not
elevated in young groundwater (Fig. 7a) despite its frequent application as super-
phosphate fertilisers. Absence of elevated PO, in young groundwater implies that fer-
tiliser phosphate from non-point sources has not yet reached the saturated ground-
water systems and is still retained in the soil. The presence of elevated PO, only in
old groundwater indicates that its source is purely due to geological factors, because
these waters were recharged before land-use intensification. PO, concentrations up
to 0.1mg L~ PO,-P are observed, due to phosphate leaching from the rhyolite ign-
imbrite and lava formations. With most groundwater discharging into Lake Rotorua be-
ing very old (MRT > 50yr), the water has naturally high PO, concentrations, well above
the threshold for primary algae production of c. 0.03mg L™ total phosphate (Dodds,
2007).

The high phosphate load to the lake via groundwater is natural. As the turn-over time
of the lake water is only 2.2 yr via the high PO,-bearing streams, there is a constantly
high PO, load reaching the lake via all streams. Therefore, the only effective way to
limit algae blooms and improve lake water quality in such environments is by limiting
the nitrate load.

4.5 Prediction of future nitrate load

The water quality of Lake Rotorua has declined continuously over the past 60yr, re-
sponding very slowly to historical agricultural and urban development in the catchment,
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and large amounts of groundwater have insidiously become contaminated over the last
60 yr because of the long travel times through the groundwater system of the Lake Ro-
torua catchment. The response time of the groundwater system to mitigation action will
also be lengthy; it will take similar time frames until the contaminated water is flushed
out of the aquifers. To improve lake water quality and define reduction targets for nutri-
ents that affect lake water quality, prediction of future contaminant loads from current
and historic activities in the Lake Rotorua catchment are required.

In the previous section we have shown that of the two main contaminants that
together cause lake eutrophication, phosphorus is naturally present in the volcanic
lake environment, but nitrate from anthropogenic sources has been leaching into the
groundwater since the onset of industrial agriculture, delivering increasing nitrate loads
to the lake. Figure 8 shows significantly elevated nitrate concentrations in groundwater
recharged after 1955.

Due to the large lag time in the groundwater system, these younger groundwaters,
with their higher nitrate load, have not yet worked their way fully through the groundwa-
ter system. Significant fractions of the groundwaters discharging to the lake are older
(Figs. 3 and 4), with MRT > 50yr, and were recharged before land-use intensification.
Therefore the water discharges into the lake are currently still diluted by old pristine
water. With the delayed arrival of nitrate from historic land use, which ultimately will dis-
charge from the groundwater system via the springs and streams into the lake, nitrate
loads to the lake from historic land-use activities must be expected to increase further
in the future. No significant denitrification can be expected in the Rotorua groundwater
system (Fig. 6a).

The age distributions functions derived from the tritium time series data in the stream
discharges to Lake Rotorua (Table 2) can be used to project the future arrival to the
lake of water that was recharged since land-use development in the catchment (Mor-
genstern and Gordon, 2006). The age distribution function for Hamurana Stream, the
largest stream (Table 1), which discharges some of the oldest water to the lake (Fig. 2),
is shown in Fig. 10.
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Figure 10 shows the two superimposed age distributions of exponential piston flow
models: EPM2 with younger water of MRT = 12yr and EPM1 with significantly older
water of MRT = 185, together with the average MRT = 125 yr between the two models
(blue). Only the water younger than 55 yr has been recharged after land-use intensifi-
cation (red shaded) and contains elevated nitrate. The cumulative fraction of land-use
impacted water is about 45 %, implying that more than half of the water is still pristine
old water. After this old water is completely displaced by land-use impacted water, the
nitrogen load of Hamurana Stream will approximately double. The projected increase
in nitrogen load over time, as derived from the age distribution, is shown in Fig. 11.

Nitrate is clearly the major component of nitrogen in the Rotorua groundwater sys-
tem (Morgenstern et al., 2004). Concentrations of nitrate in the catchment were low
(0.14mg L~ NO3-N) prior to catchment development, as determined from old ground-
water (Morgenstern and Gordon, 2006). The prediction of nitrogen load increase is
calculated by scaling the nitrogen load currently measured in the stream (full symbol,
Fig. 11) according to its fraction of land-use impacted water to the various years over
time, using the age distribution (Fig. 10).

Good agreement with average historic monitoring results of nitrogen loads (Ruther-
ford, 2003, hollow symbols in Fig. 11) confirms that the assumptions regarding the
baseline concentration and timing of nitrogen input in the catchment are reasonable.
Using the age distributions derived for all stream discharges to the lake, we also pro-
jected the total nitrogen load increase to Lake Rotorua (Morgenstern and Gordon,
2006). In regards to phosphorus, there are no elevated phosphorus concentrations
in young groundwater (Fig. 7a) and the phosphorus load to Lake Rotorua is projected
to stay constant, as long as fertilizer phosphate does not break through the soil into the
groundwater.

The time scales necessary for the Hamurana Stream to adjust to changes in land-
use activities in the catchment are long. Due to the long residence time of the water
in the large aquifer system, it takes more than a hundred years for the groundwater
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discharge to the lake to adjust to changes in land-use activities. These time scales
apply to activities that cause contamination, but also to remediation action.

This projection of nitrogen load via the stream is based on actual nitrogen concen-
trations in the stream (combined with the age of the water) and accounts only for the
nitrogen from land-use activities that leaches out of the root zone of agricultural land
into the deeper part of the groundwater system. Any nitrogen uptake in the soil is al-
ready taken into account.

The above nitrogen prediction is based on constant nitrogen input since catchment
development. This trend will, however, be exacerbated by any further intensification of
land use within the catchment over recent decades, as this recently recharged water
has largely not yet reached the streams.

5 Conclusions

This study shows how the isotopic and chemistry signature of groundwater can be
used to help determine the sources and the dynamics of groundwater and contami-
nants that travel with it, in particular in complex groundwater systems that are difficult
to characterise using conventional hydrogeologic methods, such as that of the Lake
Rotorua catchment. The isotopic and chemistry signatures of the major groundwater-
dominated stream discharges to the lake, after passing through the large aquifer sys-
tem of the catchment, allow us to understand groundwater processes and lag time on
a catchment scale.

Tritium time series data and complementary age tracers SFg and CFCs can be used
to establish age distribution parameters, allowing for understanding of groundwater pro-
cesses and dynamics, and the timing of groundwater contamination. This is particular
useful in catchments where little information is available on historic land-use activities.

After long-standing controversies about the recharge areas and hydraulic connec-
tions of the large springs near the northern shore of Lake Rotorua, hierarchical cluster
analysis of the water chemistry parameters has provided evidence of their recharge
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areas, and the flow of Mamaku ignimbrite discharges through lake sediment layers in
slope areas where the sediments are weaker.

Groundwater chemistry and age data show clearly the source of nutrients that dis-
charge with the groundwater into the lake and cause lake eutrophication. Low nitrate
concentration in old oxic groundwater and high nitrate concentration in young ground-
water recharged after catchment development in the 1950s implies an anthropogenic
source of nitrate from agricultural activities, while low phosphate (PO,) concentrations
in young groundwater but high PO, concentrations in old groundwater imply a geologic
source. High PO, is a natural constituent of the groundwater that discharges via the
streams into the lake, and with a turn-over time of the lake water of only 2.2 yr, there is
a constantly high PO, load reaching the lake via all streams. Therefore, the only effec-
tive way to limit algae blooms and improve lake water quality in such environments is
by limiting the nitrate load.

The groundwater in the Rotorua catchment, once it has passed through the soil
zone, shows no further decrease in dissolved oxygen over the full range of residence
time of the water in the aquifer, indicating absence of electron donors in the aquifer
(e.g. organic matter) that could facilitate microbial denitrification reactions (Kendall and
McDonnell, 1998; Tesoriero et al., 2007). Nitrate from land-use activities that leaches
out of the root zone of agricultural land into the deeper part of the groundwater system
is unlikely to undergo any significant degree of reduction through denitrification and
must be expected to travel with the groundwater to the lake.

The old age of the water, with mean residence time of > 50 yr for most water dis-
charges to the lake, implies that there is a large lag time for transmission of the nitrate
through the groundwater system. Younger groundwaters, with their higher nitrate load,
have not yet worked their way fully through the groundwater system. With increasing
arrival of this nitrate from historic land uses, a further increase of the nitrate load to the
lake must be expected in the future.

The old age and the highly mixed nature of the water discharges imply a very slow
and lagged response of the streams and the lake to anthropogenic contaminants in
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the catchment, such as nitrate. Using the age distribution as deduced from tritium
time series data measured in the stream discharges to the lake allows extrapolation
of the nutrient load from historic land-use activities into the future. For Hamurana
Stream, the largest stream to Lake Rotorua, it takes more than a hundred years for the
groundwater-dominated stream discharge to adjust to changes in land-use activities.
These time scales apply to activities that cause contamination, but also to remediation
action.

Without age information on the groundwater-dominated streams, it would be difficult
to obtain such an understanding of groundwater process, groundwater dynamics, and
contaminant loads that travel with the groundwater.
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Table 1. Estimates of baseflow from White et al. (2007). Abbreviations refer to Fig. 1.

Stream Abbreviation Baseflow (Ls™")
Hamurana Ham 2750
Awahou Awh 1700
Waiteti Wit 1300
Ngongotaha Ngo 1700
Waiowhiro Wwh 370
Utuhina Utu 1600
Puarenga Pua 1700
Waingaehe Wgh 250
Waiohewa Whe 390
Minor streams n/a 350
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Table 2. Age distribution parameters for the two binary exponential piston flow models (EPM)
for the major stream discharges to Lake Rotorua. Average MRT is the mean residence time

between the two EPMs.

Stream EPM1 Fraction EPM2 Average MRT
MRT1 1 of EPM1 MRT2 f2 [yr]
Hamurana 185 0.82 0.65 12 0.77 125
Awahou 80 1.00 0.92 6 0.91 75
Waiteti 60 1.00 0.78 3 0.90 45
Ngongotaha 35 1.00 0.82 1 0.91 30
Waiowhiro 40 0.63 1.00 na na 40
Utuhina 85 0.60 0.70 1 1.00 60
Puarenga 44 1.00 0.95 2 1.00 40
Waingaehe 160 0.94 0.90 3 1.00 145
Waiohewa 55 1.00 0.75 1 1.00 40
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Figure 1. Location and geology of the Lake Rotorua catchment, with sampling sites. The as-
sumed groundwater catchment is from White and Rutherford (2009). Surficial geology is based
on the 1:250000 map of Leonard et al. (2010). For abbreviations of the names of the major
streams refer to Table 1. The approximate trace of the caldera is shown. Cross-section A'-A is

shown on the cut-away face of Fig. 2.
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Figure 2. Three-dimensional geological model of the Lake Rotorua catchment area (from White
et al., 2007). The location of the vertical cut-away face A’-A is shown in Fig. 1. The vertical
exaggeration is 5x, with a 1km vertical scale bar shown in the centre. The colour scheme
is similar to that in Fig. 1 (bottom to top): Pre-Mamaku formations (grey), Mamaku Plateau
Formation (light blue), sediment formation (dark yellow), lava domes (red) and Holocene alluvial
deposits (light yellow).
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Figure 3. Tritium rain input for the Rotorua catchment, and measured tritium output at Hangarua
Spring and at Hamurana water intake spring. The input curve is based on monthly measure-
ments in Kaitoke near Wellington, New Zealand, scaled to the latitude of Rotorua with a factor
0.87, and smoothed by an exponential piston flow model with 0.3 yr mean residence time and
50 % exponential flow within the total flow volume. One TU = one tritium atom per 108 hydrogen
atoms. For the spring samples one-sigma measurement errors are shown. Note the logarithmic
scale of the TU axis.
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Figure 4. Tritium time series data, together with their matching lumped parameter model out-
puts, for six major streams. Grey line is tritium input via rain from Fig. 3. The locations of the
streams are shown in Fig. 1.
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Figure 5. Distribution of Hierarchical Cluster Analysis (HCA) clusters in Lake Rotorua catch-
ment, together with the geological units (Leonard et al., 2010) and stream reaches. Stream
reaches shown as dotted lines are usually dry. HCA clusters relate to origin of the groundwater
from one of the three main geologic formations: Mamaku ignimbrite (light blue), lava (red), and
lacustrine sediment (yellow).
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Figure 6. (a) Dissolved Oxygen (DO) and (b) pH vs. mean residence time (MRT). The colour
codes of the samples indicate water from the relevant geologic formation, as indicated by Hier-
archical Cluster Analysis (HCA).
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Figure 7. (a) Dissolved reactive phosphate (PO,-P), (b) silica (SiO,), (c) bicarbonate (HCO;),
(d) sodium (Na), and (e) fluoride (F) vs. mean residence time (MRT). The sample colour code
for all graphs is shown in graph (a), and indicates water origin from the relevant geologic for-
mation, as indicated by Hierarchical Cluster Analysis (HCA).
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Figure 8. Nitrate (NO3) vs. mean residence time (MRT). The sample colour code indicates
water origin from the relevant geologic formation, as indicated by Hierarchical Cluster Analysis
(HCA).
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Figure 9. (a) Sulphate (SO,) and (b) potassium (K) vs. mean residence time (MRT). The sam-
ple colour code indicates water origin from the relevant geologic formation, as indicated by
Hierarchical Cluster Analysis (HCA).The upper axis indicates calendar year.
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Figure 10. Age distribution for Hamurana Stream (at inflow into Lake Rotorua). The red shaded
area indicates the fraction of water that was recharged after land-use intensification. EPM1 and
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Figure 11. Projected increase over time of nitrogen load to Lake Rotorua from Hamurana

Stream.
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