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Abstract. ldentifying areas of interaction between ground- apparent link to surface water. The drivers of hydrochemistry
water and surface water is crucial for effective environmen-inferred from HCA and PCA are consistent with previous
tal management, because this interaction is known to influmeasurements 30, water age and excess air. Overall, this
ence water quantity and quality. This paper applies hydro-study has shown that multivariate statistics can be used as a
chemistry and multivariate statistics to identify locations andrapid method to identify groundwater-surface water interac-
mechanisms of groundwater-surface water interaction in theion at a regional scale using existing hydrochemical datasets.
pastorally dominated Wairarapa Valley, New Zealand. Hier-
archical Cluster Analysis (HCA) and Principal Components
Analysis (PCA) were conducted using site-specific median
values of Ca, Mg, Na, K, HCg Cl, SO, and electrical
conductivity from 22 surface water sites and 246 groundwa-
ter sites. Surface water and groundwater monitoring sites

were grouped together in three of the seven clusters identilt IS Widely acknowledged that groundwaters and surface wa-

fied by HCA, with the inference made that similarities in hy- ters interact at a variety of spatial and temporal scales, the de-

drochemistry indicate groundwater-surface water interaction 9 ¢ to Which is highly dep_endent on meteor_ological, fluvial,
PCA indicated that the clusters were largely differentiateg@nthropogenic and geological processes (Winter et al., 1998).

by total dissolved solids concentration, redox condition and>Uch interactions play a significant role in determining the
ratio of major ions. Shallow aerobic groundwaters, locategduantity and hydrochemical composition of water bodies at
in close proximity to losing reaches of rivers, were grouped?0th local and regional scales. Therefore, identifying loca-
with similar Ca-HCQ type surface waters, indicating poten- tions and understanding mechanisms of groundwater-surface
tial recharge to aquifers from these river systems Ground\vater interaction is vital for effective environmental manage-

waters that displayed a rainfall-recharged chemical signatur&€nt (Pahm etal., 1998).

with higher Na relative to Ca, higher Cl relative to HgO  Approaches generally attempt to infer groundwater-
and an accumulation of NQwere grouped with neighbour- surface water interaction by quantifying changes in water
ing surface waters, suggesting the provision of groundwatefemperature, stage and discharge, water chemistry and/or
base flow to these river systems and the transfer of this cherlydrograph separation (Kalbus et al., 2006; Sophocleous,
ical signature from underlying aquifers. The hydrochemical2002). These methods generally assume change in one or
techniques used in this study did not reveal groundwatermore of these parameters is caused or influenced by the trans-
surface water interaction in some parts of the study areafer of water across the aquifer-stream boundary. Hydrograph
specifically where deep anoxic groundwaters, high in totalSeparation is an exception, and involves the separation of
dissolved solids with a distinct Na-Cl signature, showed nostream flow into the runoff components base flow and quick-
flow (e.g. Laudon and Slaymaker, 1997; Hugenschmidt et al.,
2010) and then assuming that base flow represents ground-

Correspondence tcC. J. Daughney water discharge into the stream (Kalbus et al., 2006). These
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(c.daughney@gns.cri.nz) methods have a range of benefits and limitations, and the
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appropriateness of each method is highly dependent on thevater interaction at a more localised scale. Studies by the
study’s desired outcomes and available resources. likes of these authors demonstrate significant chemical corre-
In this study, our focus is on extending the hydrochem-lation between groundwater and surface water and highlight
ical methods for identifying groundwater-surface water in- the use of multivariate statistical methods as an investigative
teraction. The hydrochemical composition of fluvial sys- tool to identify potential areas of groundwater-surface water
tems is largely influenced by precipitation, regional geology, interaction.
aquifer-stream transfers and, increasingly, also by anthro- To date this methodology of inferring potential sites of
pogenic contamination. Subsequently, water quality data of-groundwater-surface water interaction using existing hydro-
ferinsight into the various flow pathways, geological settingschemical data and multivariate statistical methods has been
and physical and chemical processes which water experienaeeglected at a regional or multi-watershed scale, despite
(Freeze and Cherry, 1979;it&r and Thyne, 2004; Kumar the availability of extensive regional hydrochemical datasets
et al., 2009). Numerous studies suggest that similarities irfrom both groundwater and surface water bodies (e.g. State
water composition between neighbouring groundwater ancf Environment monitoring in New Zealand, US Environ-
surface water bodies, such as ion ratios or the concentratiomental Protection Agency monitoring data, European-wide
of total dissolved solids (TDS), can be used to qualitatively national infrastructure monitoring programmes in place to
or statistically infer potential groundwater-surface water in- satisfy the legislative demands of the recent European Wa-
teraction (e.g. Burden, 1982; Kumar et al., 2009; Taylor etter Framework Directive). Such datasets have been utilised
al., 1989) or, if water flux data are available, to quantitatively to classify ground water and surface waters individually at a
estimate fractions of water derived from different sources orregional scale (e.g. McNeil et al., 2005; Thyne et al., 2004),
end-members with distinct hydrochemistry (Schmidt et al., but to our knowledge, few studies have attempted to simulta-
2010; Vasquez-Ske et al., 2010; de Louw et al. 2011). neously classify both groundwaters and surface waters into
Multivariate methods such as Hierarchical Cluster Analy- similar hydrochemical facies to determine their interrela-
sis (HCA) and Principal Components Analysis (PCA) havetionships and degree of interaction. Identification of areas
become increasingly popular in the qualitative and statisticalof groundwater-surface water interaction using existing data
analysis and interpretation of environmental datasets, espewvould greatly assist in the selection of key areas or specific
cially where water flux data are not available. These tech-watersheds that are sensitive to environmental change and so
niques enable the simplification of large datasets by groupimay require future monitoring and investigation.
ing data into components or clusters based on the relationship This study makes two main contributions with regard to
between specified variables (Kumar et al., 2009; Mencio andhe use of multivariate statistical techniques to specifically
Mas-Pla, 2008). These components or clusters can then hidentify areas and mechanisms of potential groundwater-
related to the processes that create variability in the datasesurface water interaction. First, although some previous stud-
to gain a greater understanding of natural earth systems anés have employed multivariate statistics to assess hydro-
their operations. Both HCA and PCA have been extensivelychemical variations amongst rivers, or amongst groundwa-
applied in hydrogeology to identify groundwater facies that ters, very few studies have applied these statistical meth-
merit further exploration in relation to natural groundwater ods simultaneously to groundwaters and rivers. Second,
evolution (e.g. Banoeng-Yakubo et al., 2009; Cloutier et al.,for the few studies that have evaluated hydrochemical vari-
2008; Demlie et al., 2007; @er and Thyne, 2004; Koh ations between groundwaters and rivers using multivariate
et al., 2009; Delgado-Outéid et al., 2011), contamination statistics, none to our knowledge has focused on the re-
from salt water intrusion (e.g. Kim et al., 2003; Ritzi et al., gional, multiple-catchment watershed scale. Hydrochemi-
1993) and contamination from anthropogenic sources (e.gcal data from groundwater and surface water bodies within
Demlie et al., 2007; Koh et al., 2009). Several studies havehe pastorally dominated Wairarapa valley in New Zealand
also utilized multivariate statistics in the classification of sur- were subjected to HCA and PCA and classified into hydro-
face waters (e.g. Alther, 1989; McNeil et al., 2005; Pandachemical facies based on their chemical composition. The
et al., 2006), while @ler and Thyne (2004) and Thyne et Wairarapa valley was chosen for investigation because the
al. (2004) classified both groundwater and surface water bodintensification of agriculture and subsequent degradation of
ies simultaneously at a multi-watershed and single watershedater quality is leading to the need for a greater understand-
scale, respectively, to characterize the hydrogeology of aring of hydrological systems and the potential transport of
area and identify localised areas of groundwater recharge andontaminants across the aquifer-stream boundary in this re-
discharge. Recent work by Kumar et al. (2009) utilised sim-gion. Groundwater and surface water monitoring sites were
ilar statistical methodologies to specifically identify the pro- grouped together in a number of facies suggesting similari-
vision of contaminated groundwater base flow to an urbarties in their hydrochemical composition. The drivers of hy-
reach of the Yumana River in India, classifying groundwater drochemistry were inferred, including groundwater-surface
and surface water bodies together based on hydrochemicavater interaction, then validated by comparing hydrochem-
similarities. Lautz and Finelli (2008) applied similar multi- ical facies defined by HCA and PCA to previous measure-
variate statistical techniques to evaluate groundwater-surfacments of'80, water age and excess air (Morgenstern, 2005).
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- siding 25 km of the valley due to global climate cycles and
M subsequent sea level fluctuations (Begg et al., 2005). As a
result the lower basin contains 40-50 m thickness of post-
glacial estuarine mud, underlain by a sequence of lacustrine
deposits that houses at least six thin artesian gravel layers.

The complex mosaic of sedimentary layers within the
Wairarapa basin has resulted in a dynamic regional ground-
water system that overrides a low permeability deposit of
middle Quaternary clay and silt sediments (Begg et al.,
2005). This groundwater system is compartmentalized into
various sub-regional flow systems by the Mokonui, Master-
ton and Carterton faults that traverse the upper Wairarapa val-
ley (Jones and Gyopari, 2006). Along these faults, older, less
permeable sedimentary layers have been pushed towards the
surface, creating barriers that locally restrict the movement
of groundwater. Localised regions of subsidence and uplift,
the result of tectonic fault movement, have also resulted in
elevated basement and Quaternary sediments such as Tiffen
Hill and Fernhill, and localised depressions such as the Te
Ore Ore Basin (Fig. 2c).

Groundwaters within the Wairarapa valley generally flow
down valley in a south-easterly direction (Fig. 2c). The po-
tentiometric surface largely follows changes in topography
but is also heavily influenced by the presence of imperme-
able barriers such as Tiffen Hill, Fernhill and the Te Maire
Ridge that redirect groundwater flow (Fig. 2c). In the lower
valley the piezometric gradient is reduced as groundwaters
flow into the subsiding valley and are directed toward the
area beneath Lake Wairarapa (Begg et al., 2005). In gen-
Fig. 1. Location of Wairarapa Valley and major river systems, North eral, aquifers located within the upper and middle Wairarapa
Island, New Zealand. valley are largely unconfined and hosted within mid- to well-

sorted alluvial gravels. In contrast, aquifers located within

the lower valley are typically confined (Fig. 2c). Recharge of
2 Site description: Wairarapa Valley the Wairarapa groundwater system is largely determined by

Quaternary surface sediments and the location of river sys-
The Wairarapa valley is a 3000 Kngeological depression tems. Rainfall recharge dominates the majority of the valley,
located in the south-east corner of the North Island of Newwhereas groundwaters underlying permeable Q1 river grav-
Zealand (Fig. 1). The valley extends approximately 80 kmels are thought to receive recharge primarily from overly-
north-east to south-west and largely overlies the locked subing river systems (Morgenstern, 2005). A large proportion
duction interface of the Australian and Pacific plates (Mc- of groundwaters within Q1, Q2 and Q4 sediments receive
Conchie, 2000). The valley is bounded by a series of axialrecharge from both mechanisms.
Torlesse greywacke ranges on its western periphery with the The climate of the area is highly influenced by the Rimu-
Rimutaka and Tararua Ranges and similarly on the southtaka and Tararua ranges, which act as a topographic bar-
east periphery with the Aorangi ranges (Fig. 2a). Theserier, sheltering the valley from the predominantly westerly
hard, heavily vegetated, Triassic-Jurassic greywackes formvinds, and creating a vast disparity of rainfall distribution.
the highest relief in the area (ca. 1500 m) and are at timedhe highest mean annual rainfall is experienced in the Rimu-
dissected by sheared blocks of basalt, chert, limestone anthka and Tararua ranges (ca. 6000 mm-ywhile progres-
mudstone (Kamp, 1992). The north-east boundary of the valsively less precipitation is experienced in the valley itself
ley is bounded by soft, early Pleistocene/Late Tertiary maring(ca. 800—1200 mmyr). During the summer months rain-
sandstone, siltstone, mudstone and limestone ranges (Mdall is more variable, however these months are generally
Conchie, 2000). The valley itself is filled with successive drier with higher intensity rainfall recorded during the win-
layers of well sorted to poorly sorted Quaternary glacial-ter. The valley floor experiences mean annual temperatures
fluvial sedimentary fans, dissected and reworked by fluvialof 12-14°C and it is common for dry fohn winds to move
systems (Fig. 2b). Substantial marine, estuarine and lacusacross the valley during the summer months. As a result
trine depositional layers have accumulated in the lower subthe region experiences the highest temperatures during the

New Zealand
N.T.S
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months November to March (ca. 16®) and can be affected
by summer drought conditions (Hawke et al., 2000).

A number of river systems flow across the Wairarapa Val-
ley, with their headwaters in the low to mid altitude Rimu-
taka, Tararua and Eastern Wairarapa hills (Figs. 1 and 2a).
Water is largely provided to these systems by rainfall and
snowmelt, however a significant proportion is also supplied
to these rivers from underlying groundwater systems, sub-

(a) Simplified Ge_cil'ogi/cal units "/

o . .
{_ " . Y ¢*f° y surface and soil flows. As a result of the numerous input
A L 4 A ¢ & V. - P4 sources, flow displays significant seasonal variability, with
s v o - J . . . .
e 8 - 5 & high flows generally experienced during the winter months
<; May to August. In general, these rivers lose water to under-
o it;&y;;:ﬁts (8 // lying groundwater systems as they exit the surrounding hills
- # & o . . .
1 Torlesse composite & .- | /N Paliser & Onoke Groups and cross historic per_meable outwash plains. I_:u_rther down-
2| Mangapurupuru, Tinui | " B3 Early to mid Quaternary stream these same rivers usually switch to gaining systems
& Magatu Groups b gl 5| Late Quaternary

in which a proportion of base flow is provided by ground-
water systems (Jones and Gyopari, 2006). Concurrent flow
gauging surveys conducted by the Greater Wellington Re-
gional Council (GWRC) in 2006 resulted in the classification
of river systems within the valley into three interacting cate-
gories; rivers that lose significant volumes of water to under-
lying groundwaters, rivers that gain significant volumes of
water from underlying groundwaters and neutral rivers that
do not gain or lose significant volumes of water from ground-
water.

Land use in the Wairarapa Valley is dominated by pastoral
agriculture, which covers approximately 76 % of the valley

(b) Quaternary alluvial surface\Sgdi

Q1 ~ 0-10,000 years old
{1 Q2 ~ 10-40,000 years old
Il Q3 ~ 60,000 years old
I Q4 ~ 70-80,000 years old
Il Q5+ ~100-150,000 years old

A floor and includes viticulture and market gardening. These
activities are known to add additional nutrients and chemi-
20km cals (e.g. N@, NHg4, K, CI) to the land through fertilizers,

Lake Onoke s N

soil cultivation and the discharge of effluents (Watts, 2005).
Further, these land use activities place significant pressure on
groundwater and surface water systems for water abstraction.
In 1999, groundwater allocation was 48 milliodgr—1, the
majority of which was abstracted for irrigation during the
warmer months of October to March (Jones and Baker,
2005). Groundwater and surface water abstraction has con-
tinued to increase substantially since the last decade in re-
sponse to rising agriculture and horticulture needs (Jones

(c) Groundwater environmen
y  Groundwater flow direction
fan Piezometric contours (m.a.s.l)

Geologic Basins
@» Major topographic barriers

Lowervalley — “~ and Baker, 2005). In December 2004, there were over
. e Upper §middle eiley 150 individual surface water and 318 groundwater extrac-
o tion permits, a number which is likely to have increased
Tl . in recent years. The extent to which abstraction influences
T groundwater-surface water interaction in the area is not well
“A understood.
0 5 10 20 km

3 Methodology

Fig. 2. Catchment characteristics of the Wairarapa Valley, New 3 1 The hydrochemical database

Zealandja) simplified regional geologyb) quaternary (Q) alluvial

surface sediment uni(s) groun_dwater f!ow d_irection a_nd potentio- Figure 3 presents a summary of the methodologies employed

metric surface map. Only major fault lines in the Wairarapa Valley 1, hranare the hydrochemical database for the statistical tech-

are named in Fig. 2a. nigues employed in this paper. The dataset provided by
GWRC consisted of over 6000 individual samples collected
from 607 groundwater monitoring sites and 28 surface water
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ﬁ 1.) Database compilation N

Coordinate identification
-Sites with missing coordinate locations
excluded
n=607 GW, 28 SW sites
6000+ individual samples 1965-2008

{
Data splicing
‘dissolved’ & ‘total’ parameters
field’ & ‘lab’ parameters

Median values calculated
—log probability method
Data array n =635 sifes x 50 parameters

Charge Balance calculations
Sites with |CBE| +10% error excluded

n= 305 sites

(Z.}Mulﬁvariale Statistical Anatysim

Data standardization
Log-Transformation

HCA
Ca, Mg, K, Na, Cl, HCO;, S0, and
conductivity included in algorithm
N = 276 sites provided full suite of
parameters

0
Nearest Neighbour Linkage Rule
8 outlier sites identified & excluded

Ward’s Linkage Method
n=268

Principal Component Analysis

Ca, Mg, K, Na, Cl, HCO3, SOy,
conductivity, Fe,Mn, NO;, NHs, P
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account for up to 70 % of the dataset being below a known
detection limit (censored values) (Helsel and Cohn, 1988).
This is a common occurrence in hydrochemical datasets and
would usually reduce the number of input variables used in
the calculation of the medians using other techniques. Me-
dian parameter values calculated in this manner were based
on at least twelve samples for all 28 of the river water sites
and 79 of the groundwater sites; median parameter values for
the remaining 278 groundwater sites were based on between
two and eleven samples. The resulting output was a 50 pa-
rameterx 635 site data array; if data were not available for a
given parameter at a given site, it was left blank in the array.

It is acknowledged that biases may have been created in this
array, i.e. where representative parameter values are based
Fig. 3. Schematic representation of the methodologies used foron just one sample at some sites, or are calculated medi-
compiling and analyzing the hydrochemical database. “SW” de-ans based on two to more than twelve samples at other sites.
notes surface water monitoring sites, “GW” denotes groundwaterThus three different QA/QC procedures were applied to en-
monitoring sites and” denotes sample size. sure that meaningful results would be obtained from sub-
sequent statistical analysis: assessment of temporal trends,
calculation of charge balance error (both described below in
monitoring sites. The dataset included results for 50 differ-this section), and identification of sites/samples with unusual
ent parameters (not all analysed for every sample), includchemistry (Sect. 3.2).
ing both “dissolved” and “total” concentrations of Na, K,  The dataset was screened for the presence of temporal
Ca, Mg, B, Fe, P, Mn, S@ Cl and SiQ. These referred trends on a per-parameter basis for all sites that had been
to analyses conducted on field-filtered (dissolved) and unfil-sampled at least twelve times (79 groundwater sites and 28
tered (total) water samples, respectively. Dissolved concenriver water sites). This was intended to determine whether
trations were selected for use, when available, as they werghe calculated median parameter values based on samples
deemed less likely to be affected by post sampling chemicollected in different years might be biased by temporal
cal processes. For samples that had not been analysed fehanges in water quality, and whether data from single sam-
dissolved concentrations, total concentrations were used inples collected at different sites years apart could be meaning-
stead. Likewise both “field” and “lab” measurements of pH fully compared. Identification of temporal trends was based
and conductivity were available for some samples. Preferon the seasonal Mann-Kendall trend test0.05), with the
ence was given to field measurements as post sampling rénagnitude of significant trends quantified using Sen’s slope
actions (e.g. degassing) can influence pH, but lab measuresstimator (Helsel and Hirsch, 1992; Daughney, 2005, 2007).
ments were used if field measurements were not avai|ab|65ignificant parameter-specific temporal trends could be de-
These substitutions aimed to maximize the amount of dataected for roughly 25 % of the sites considered, but rates of
included in subsequent statistical analysis. change were typically less than 2% per year. It is assumed
Although multivariate statistical methods such as HCA that the same mangnitude and frequency of occurrence of
can process datasets of significant size, it was not feasible tbrends applies at the other sites for which insufficient data
process every individual sample from each monitoring site.were available to conduct the Mann-Kendall test. Hence, we
Therefore, in order to improve the practical size of the work- conclude that the use of the 50 paramet&35 site data ar-
able database, a representative value was determined for eatdy derived as described above is not strongly biased by ex-
parameter at each site, based on all of the available sampleisting temporal trends, because the trends are generally slow
250 of the groundwater sites had been sampled only oncegnd occur at a minority of sites.
and results from these samples were therefore used in sub- The dataset was also screened based on charge balance
sequent statistical analysis. For the remaining groundwateerror (CBE), calculated after Freeze and Cherry (1979), to
sites and all of the river sites, the log-probability method, identify samples that were electrically unbalanced (Eqg. 1).
based on the underlying theory of Helsel and Cohn (1988), S ome—Y vma
was employed to calculate representative median values fOEBE= =———=—— x 100% Q)
each analyte at each site, using an automatic water quality 2 vme+) vma
processing program developed by Daughney (2005, 2007)Here,v is the absolute value of the ionic valaneeg; is the
Median values were chosen, as opposed to means, in ordenolarity of the cationic species ang, is the molarity of the
to reduce the influence of outliers and provide a more ac-anionic species. CBE values were calculated at each site us-
curate snapshot of water quality (Helsel and Hirsch, 1992)ing the median concentrations of the cations Na, K, Ca, Mg
The log-probability method was deemed appropriate as it carand the anions HCg) Cl and SQ. Other analytes (e.g. Mn,
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NHg4, NOs, Fe) were excluded from the CBE calculations likely to indicate groundwater-surface water interaction be-
because they had not been analysed at a significant numberause they are known to differ substantially between ground-
of sites. For sites at which these other parameters had beemater and surface water bodies. Further, these parameters
analysed, their concentrations are low and so their inclusiorwere the most commonly analysed across all sites, whereas
in the calculations affected CBE values by less than 0.5 %many additional parameters (e.g. nutrients, pH) were missing
and hence CBE values based on major ion concentrations afeom individual samples and monitoring sites. If these addi-
considered meaningful for this study. For sites that had beenional parameters were included in the clustering processes
sampled only once, calculation of CBE as described aboveéhey would have substantially reduced the number of sites
is conventional. However, sites that had been sampled moranalysed. In total 276 individual monitoring sites provided a
than once, CBE values were calculated for each monitoringull suite of these eight parameters and satisfied the CBE test,
location using site-specific median concentrations rather thaand so were included in the clustering algorithm. Prior to this
results for individual samples. This approach was followedprocess, data were log-transformed to meet the assumptions
because a large number of individual samples did not havef homoscedasticity and normal distribution that are required
available the full suite of individual parameters required to for the cluster analysis procedure and then standardized ac-
calculate CBE. Although unconventional, this approach wascording to theirz-scores (Venugopal et al., 2008; Woocay
reasonable for this study because temporal trends are sloand Walton, 2008):

or non-detectable for most parameters at most sites. In to-
tal, CBE values were calculated for 383 sites, with the re-, — 2
maining 252 sites excluded because median values for two s

or more major ions were missing due to incomplete datasetsyherez represents the-score for the site and analyte of in-
Of the 383 sites at which CBE could be calculated as de+erest,x represents the median of that analyte at that Site,

scribed above, 56 sites had CBE above +10 %, and 22 sitegpresents the mean of the medians of that analyte over all
had CBE below—10%. All sites for which CBE could not syrface water and groundwater monitoring sites, anep-

be calculated or where CBE was above 10% orbeld@ %  resents the standard deviation of the medians of the analyte
were excluded from subsequent statistical analysis. The CBEyer all monitoring sites.

threshold oft 10 % was selected (@er et al., 2002), asop-  The statistical similarity between individual monitoring
posed to the industry standard threshole-& % (Freeze and  sites was measured by the Squared Euclidian Distance (SED)
Cherry, 1979), to exclude only those sites with severe charggetween the-score of the medians of the water quality pa-
imbalances indicative of sampling, analytical or data entryrameters at sites andk, as given in Eq. (3). The SED is
errors. The resulting output was thus a 50 parame®05  the geometric distance in multidimensional space between
site data array. 239 of these 305 sites were groundwater borago sitesi andk, based on the difference in theth hydro-
ranging from 2.0 to 113.0 m depth (25th, 50th and 75th per-chemical parameter, and summed ovemaliydrochemical

=

X —

centiles of 7.8, 16.0 and 35.8 m respectively). parameters considered in the HCA algorithm (Kumar et al.,
o o 2009). The SED has been found to produce the most distinc-
3.2 Multivariate statistical methods tive sample groupings (e.g. Adar et al., 1992; Cloutier et al.,

2008; Daughney and Reeves, 2005, 2008le6Get al., 2002).
In order to infer locations of potential groundwater-surface

water interaction, the 50 parameteBO5 site data array . . 2

was subjected to HCA. This and other statistical proceduresS DG k) = Z‘;(Z"-" ~ %)) ()
discussed in this paper were conducted using the statisti- =

cal package STATGRAPHICS Centurion (Version 15.2.12). Following the calculation of the distance (similarity) between
HCA is a data reduction tool that works by partitioning a set monitoring sites, each observation is placed automatically
of observations (e.g. monitoring sites) into a distinct num-into an individual cluster. Clusters are then combined in
ber of clusters based on the statistical similarity of a givena stepwise fashion, two at a time, based on their similarity
set of parameters (e.g. median values of water quality pameasurement. This agglomerative process continues until all
rameters) (Timm, 2002; Kumar et al., 2009). Observationsclusters have been joined and the user specifies an end target
grouped together within the same clusters are statisticallynumber of clusters (e.g. seven clusters) (Hair et al., 2006).
similar (at a 95% confidence level), while observations in  Two methods of agglomerative HCA were employed. The
different groups show little statistical similarity. Following first, the Nearest Neighbour linkage rule, was used to iden-
previous studies, HCA was conducted using site-specific metify sites with unusual chemistry compared to other sites in
dian values of selected parameters (e.g. Reiley et al., 199Ghe dataset. These sites are termed “outliers”, and may ex-
Guler et al., 2002). In this study, HCA was conducted us-ist in the dataset due for example to the approach used in
ing Ca, Mg, K, Na, HCQ, Cl, SO, and electrical conduc- this study to determine median parameter values, in spite
tivity. These analytes were selected as they were deemedf the CBE and temporal trend calculations applied for data
likely to reflect changes in regional lithology and are most QA/QC specifically to avoid this issue. It is not known a
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priori how many outlier sites might exist in the dataset, and
so they were identified by a two-step process. First, poten:
tial outlier sites were identified by a sharp change in slope
on the agglomeration-distance plot, as is typical in many
applications of HCA (Timm, 2002). Second, following a

standard approach for outlier detection (Helsel and Hirsch
1992), sites were confirmed as outliers if, for each paramete
considered in HCA, their concentrations were more than twa
times the median absolute deviation greater or less than th

2400

2000

Squared Euclidean Distance

400

1600 |
1200 F

800 |-

Two cluster separation threshold

Seven cluster separatior|threshold

[
[ uLgr@‘—ﬁlﬁ

|5

]
median across all non-outlier sites. Outlier sites identified in 0 imﬁﬁ@ﬂmm}ﬂ%ﬂmm%%ﬁﬂﬁﬁﬂf

this way were removed to prevent them biasing further sta- =~ A A2 o
tistical analysis, but their hydrochemistry is discusSed SEPA " waame e, -t
rately in Sect. 4.1.

Following the exclusion of outlier sites, the remaining
sites were subjected to further clustering using Ward’s link-
age method. Ward'’s linkage method evaluates the distance,
between clusters using an analysis of variance procedurg!d: 4- Dendrogram for the 246 groundwater (GW) and 22 surface
and has been found by other studies to create smaller an\Hater (SW) monitoring sites from the Wairarapa Valley classified

" y . . INto seven clusters. Based on the format of Cloutier et al. (2008).

more distinct clusters than other linkage rules (Cloutier et

al., 2008; Daughney and Reeves, 2005).

PCA was also employed to evaluate the water chemistryheen sampled more than twelve times and is shown to display
dataset. PCA is a statistical method that reduces data Se@drochemistry that is consistent with extreme|y evolved
without removing underlying patterns or variance of the orig- groundwaters. Because this investigation aims to identify
inal data (Wackernagel, 2003). PCA achieves this by idengreas of groundwater-surface water interaction, which is ex-
tifying components that statistically explain variance in the pected to involve relatively fresh waters, the exclusion of this
original data set (Hagg and Westrich, 2002). PCA was consite is not considered an issue. Although further analysis of
ducted using site specific median values for the eight paramthese outliers is not warranted in this paper, it should be noted
eters included in HCA, plus log-transformed median con-that the outlier sites can still provide important information
centrations for the analytes Fe, total reactive phosphorousor understanding the water resources of the study area.
NOs and NH;. All input variables were standardised by z-  The remaining 268 groundwater and surface water mon-
scoring according to Eq. (2) prior to PCA. In order to reduce jtoring sites were subjected to HCA using Ward’s linkage
the overlap of water quality parameters over the principalmethod. In our study the resulting dendrogram, presented
components, a varimax rotation was conducted to producen Fig. 4, allowed for the visual identification of seven ma-
either extreme negative, extreme positive, or near-zero loadjor clusters, or hydrochemical facies, at a SED threshold
ings (Davis, 1986). Following the established Kaiser crite-of 600. As identified by Daughney and Reeves (2005) and
rion, only components with an eigenvalue greater than 1 weregsjjler et al. (2002) the separation threshold can be lowered
retained. or raised to allow for the identification of more or fewer clus-

Na-Cl Na-Cl

3389

ters. Seven clusters were deemed appropriate for this study,

this number being a practical size for further analysis; fur-
ther evidence supporting the appropriateness of this cluster
threshold is provided in the following section. The number
of monitoring sites assigned to each cluster and their hydro-

4 Results and discussion

4.1 Hierarchical cluster analysis

chemical medians are presented in Table 2. Surface water

Eight monitoring sites with unusual hydrochemistry were monjtoring stations were assigned to three of the seven ar-
identified using the Nearest Neighbour linkage rule and weréyjtrarily named clusters with 36 % of all surface water sites
excluded from further HCA. The hydrochemistry of these assigned to cluster A1, 46 % to cluster A2 and 18 % to clus-
outlier sites is summarised in Table 1. There are no obviter B1. Clusters B2-B5 consisted entirely of groundwater
ous spatial correlations of these sites within the Wa'rarap%onitoring sites, showing that these clusters have different

valley. This suggests that the unusual chemistry displayeghygrochemistry compared to the surface water monitoring
at these sites is not influenced by a spatially distributed sefycations.

of processes such as lithology or land use. All but one of
these outlier sites had been sampled only once. Itis therefore
likely that analytical results from these outlier sites are biased
by sampling or data reporting errors, despite having CBE
within the acceptable range. One outlier site, S27/0442, had
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Table 1. Median values of chemical parameters for the eight outlier sites (13 éon conductivity, mg 2 for other parameters). Mean of
site-specific median values from the remaining 268 monitoring sites are presented for comparison.

Site Conductivity Ca Na K Mg S® Cl HCO3
S26/0657 183 68 280 4 21 1 545 208
S26/0739 2250 48 411 5 11 25 640 306
S26/0793 5180 146 944 9 49 0.5 1690 264
S27/0442 643 8 125 1 3 05 101 197
S26/0001 330 25 740 12 18 38 1180 151
S26/0045 10 5 9 1 3 5 9 31
S27/0577 105 14 153 11 18 3 314 68
T26/0540 825 78 112 3 8 210 46 220
Mean, 313 18 35 2 7 7 48 96
remaining sites

4.2 Hydrochemical differences between clusters played low concentrations of SQindicating highly reduced

waters. The deepest groundwater sites tended to be assigned

Although HCA can assign monitoring sites to individual to clusters B3 and B4, with shallow wells assigned to clus-
clusters based on similarity in their hydrochemical param-ters A1 and A2. The descriptive statistics and Piper diagrams
eters, information on the specific water quality parametersndicate the ratio of major ions varied between clusters, with
that distinguish and differentiate each cluster cannot be exelusters Al, B1 and B2 largely dominated by Ca and HCO
tracted from a dendrogram (Daughney and Reeves, 2005Fig. 6). Waters assigned to the remaining clusters tended to
2006). Thus, we examined the hydrochemical characterisdisplay higher Na to Ca and higher Cl to Hg@eflecting the
tics of each cluster with the aid of Piper diagrams, Box andimportance of sedimentary lithology, evaporative concentra-
Whisker plots and Principal Components Analysis (PCA) tion, ion exchange processes and/or older evolved groundwa-
(Table 2 and Figs. 5 and 6). Note that the Piper diagranmters higher in Na and CI.
employs exaggerated scales for Mg and,Stis is simply An often perceived weakness in the determination of hy-
to aid visual interpretation by increasing separation of pointsdrochemical clusters is the subjective nature by which the
on the diagram, but it means that care must be exercisedumber of clusters is selected from the dendrogram (i.e. the
when evaluating ion ratios based on the position of pointsselection of a separation threshold). In order to investigate
in the triangular fields. Selections of additional parametersthe sensitivity of clusters to the separation threshold and val-
(e.g. nutrients), not included in the original HCA, were also idate our selection of seven clusters, two alternative sepa-
compared between clusters because they offered further ination thresholds yielding 2 and 13 clusters were explored
sight into chemical pathways and potential processes that in¢rig. 4). Box and Whisker plots and Kruskal-Wallis tests
fluence groundwater and surface water bodies (Dahm et alwere conducted for the alternative cluster grouping to de-
1998; Freeze and Cherry, 1979). termine any statistical difference in water quality parame-

The seven clusters identified by HCA were largely differ- ters between the clusters at each separation threshold. For
entiated by their TDS concentrations (determined by summaease of interpretation only Ca, $@nd electrical conduc-
tion of major ion concentrations), redox condition (inferred tivity are compared in this paper, because they were gen-
from measured concentrations of Fe, Mn, NOIH, and  erally representative of hydrochemical differences between
SOy) and major ion ratios (Fig. 7). Concentrations of ma- the clusters. At the two-cluster threshold, clusters Al and
jor ions, TDS and electrical conductivity progressively in- A2 are grouped together within cluster A whereas clusters
creased in the following cluster sequence A1-A2-B1-B2-B3-B1-B5 are grouped within cluster B. Clusters A and B are
B5-B4 (Table 2 and Fig. 5). This indicates waters assignedlifferentiated by conductivity, Ca and ®ith concentra-
to clusters A1-B1 are generally dilute and can be inter-tions all highest in cluster B (Fig. 8). However, this two-
preted as young whereas those assigned to the latter clustuster threshold fails to capture the hydrochemical variabil-
ters most likely reflect older waters (see Daughney et al.jty amongst monitoring sites and therefore it is useful to fur-
2010 and further discussion below). Concentrations of SO ther sub-divide into 7 or 13 clusters. At the lowest separa-
and NG showed an inverse sequence to that of the othetion threshold presented (13 clusters), cluster A is subdivided
ions, with SQ concentrations statistically highest in clus- into A1, A2a—b and cluster B is subdivided into Bla—c, B2a—
ters B1 and B5 and Ngxoncentrations highest in cluster A2 b, B3a—b and B4a—c. However, the significance of hydro-
(Fig. 5). Groundwaters assigned to clusters B3 and B4 dischemical differences between clusters begins to diminish at
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Table 2. Assignment of surface water (SW) and groundwater (GW) monitoring sites to hydrochemical clusters and mean values of chemical
parameters for each cluster.

Cluster SW GW EC Ca HC® Na Cl Mg K SO TDS*
pScentl mgltl mgl? mgl! mgrr! mgrr! mgll mgr! mgr?t
Al 8 26 77.1 6.5 26.6 6.1 6.5 1.5 0.7 4.1 51.9
A2 10 65 135.5 9.0 29.8 10.7 11.0 3.1 1.3 7.5 72.5
B1 4 50 300.9 19.8 93.5 27.7 33.3 6.5 2.1 10.1 193
B2 0 44 198.0 12.0 90.7 20.9 15.3 5.7 1.2 2.0 147.9
B3 0 30 421.2 18.0 149.3 46.9 52.2 9.6 2.8 1.0 279.8
B4 0 26 979.4 42.7 251.6 119.3 176.2 19.2 5.8 0.8 605.4
B5 0 5 911.1 40.2 156.3 136.2 214.6 22.2 3.0 34.4 450.6

* TDS column determined by summation of major cations and anions (CagHR& Cl, K, Mg and SQ).
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Fig. 5. Box-Whisker plots showing the variations across the seven clusters (A1-B5) for selected water quality parameters and bore depth
(m). Parameters include both those used as input to HCA and additional parameters not included in HCA but considered in later analysis.

the lowest separation threshold. Figure 8 shows little sta- PCA also confirmed that surface water and groundwater
tistical difference for a range of parameters across the varmonitoring sites were largely differentiated according to their
ious sub-clusters (e.g. Ca cannot be statistically differenti-concentration of TDS and redox condition. PCA produced
ated amongst clusters B4b—c, Bla—c, B2a—b, B3a—b). Thiswo components with eigenvalues greater than one that to-
highlights the over-sensitivity of a threshold that yields 13 gether explained 73.3 % of the variance in the data set. The
clusters, and the lack of additional insight provided. It is majority of variance within the data is contained in Compo-
therefore deemed appropriate to remain with seven clustersient 1 (57.5 %), which is associated with the positive weight-
due to the statistically significant differences in most param-ing of the analytes electrical conductivity, HgQCa, Cl, Mg,
eters between these clusters and the feasible presentation Nf, K and indicates the importance of natural mineral dis-
results. solution and chemical evolution of water bodies (Table 3).
Component 2 explains 15.8 % of the variance in the original
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contrast, sites assigned to clusters B1-B5 tend to show a pos-

Legend:

ng itive loading for Component 2, suggesting a shift to anoxic
: I~ conditions and the presence of Fe, Mn and JN\i$ redox

9 22 condition decreases. An inverse relationship exists between
8 - TDS and redox condition, with highly evolved waters with
& outiers high TDS tending to lack N@and SQ, which is be expected

Scale of radii
Proportional to COND

for many groundwater systems (e.g. cluster B4) (Freeze and
Cherry, 1979).

Figure 10 shows that the hydrochemical clusters defined
by HCA and PCA are consistent with previous interpreta-
tions of recharge source and water age (Morgenstern, 2005).
Groundwater recharge source can be inferred f&3fiO,
because rainfall on the floor of the Wairarapa Valley typi-
cally hass80 values that are more negative tha.5 %o,
whereas rivers that are sourced from the surrounding hills
typically haves180 more positive thar-6.5 %o.. Groundwa-
ter recharge source can also be inferred from the concentra-
tion of excess air, i.e. dissolved air in excess of the amount
Fig. 6. Piper diagram showing the variation of mean values for that is soluble at equilibrium at a givgn 'recharge tempgrgture
major ions (see Table 2) amongst the seven defined clusters arfieaton and Vogel, 1981). Excess air is thought to_orlglna_te
eight outlier sites. Mg and SQscales are exaggerated to increase Dy processes such as bubble entrapment occurring during
separation of points on the diagram; circles in center diamond aré€charge through the vadose zone. Morgenstern (2005) used
proportional to conductivity. measured concentrations of dissolved nitrogen and argon to

calculate excess air concentrations for groundwaters in the

Wairarapa Valley. Morgenstern (2005) interpreted values of
Table 3. Principal component weightings and explained variance excess air greater than 2 ml at STP per kg to indicate ground-
for the two significant components. Component scores presented ifyater recharge primarily from rainfall, values close to zero

I: 0
5180 uS/cm

Ca Na HCO3

bold show the highest weighting for each component. to indicate recharge primarily from river seepage, and values
significantly less than zero to indicate degassing taking place
Component 1 Component2 —in reduced groundwater. High values of excess air can also

(Water-rock interaction)  (Oxidation-reduction) L R i i i
result from denitrification in anoxic groundwater (Hinkle et

ooty P 0129 al., 2010). Morgenstern (2005) also showed that mean resi-
log10(Ca) 0.863 0.096 dence time of groundwater in the Wairarapa Valley varies be-
:2918§ggnducﬂvity) g-ggz gg;g tween sites from ca. 1 yr to more than 150 yr, based on fitting
|0310(Fe) 0.300 0.798 of the exponential-piston flow model (Zuber et al., 2005) to

:oglO(Mg) 0.896 0.277 measured concentrations of tritium, chlorofluorocarbons and
lggiggmg) e oIz sulfur hexafluoride. Although the tracer measurements have
log10(P) 0.113 0.584 been made at relatively few sites considered in this study,
log10(K) 0.835 0.073 the available data suggest that cluster Al is dominated by
:ggiggg) 090 93 river-recharged groundwater with mean residence time of 1
Explained Variance (%) 57.5 15.8 to 2yr. Cluster A2 appears to represent groundwater with
Cumulative % of variance 57.5 733 mean residence time ca. 40 yr, possibly sourced from a mix-

ture of rainfall and river seepage. Groundwaters in cluster
B1 have mean residence time ca. 30 to 60yr and appear to
dataset and displays strong positive weightings obNFe  pe sourced primarily from rainfall recharge. There are few
and Mn and strong negative weightings of N@nd SQ,  sites in clusters B2, B3 and B4, and no sites in cluster B5,
highlighting the importance of different redox conditions. at which the tracers have been measured, and so generaliza-
The third component is not considered to be significant be+jons cannot be made regarding recharge source or water age.
cause it has an eigenvalue of 0.8 and explains only 6.9 % ofjowever, based on the available data, it appears that sites
the variation in the dataset. in clusters B2, B3 and B4 represent old groundwater, with
Figure 9 shows the principal component scores for all sitesmean residence time greater than 150 yr, the limit of the dat-
assigned to each of the hydrochemical clusters. Waters agng techniques used by Morgenstern (2005). Negative values
signed to clusters Al and A2 showed negative loadings foror highly positive values of excess air suggest that cluster B
both Components 1 and 2, suggesting these waters are frestontains some highly reduced groundwaters, i.e. which may
low in solutes and oxic with the presence of fl@hd SQ. In be influenced by degassing and denitrification, respectively.

Hydrol. Earth Syst. Sci., 15, 3383398 2011 www.hydrol-earth-syst-sci.net/15/3383/2011/



M. R. Guggenmos et al.: Regional-scale identification of groundwater-surface water interaction 3393

Increasing bore depth

TDS

Component 2 - Oxidation-Reduction reactions

Al s

Aerobic Env > Heavily reduced Component 1 - Mineral dissolution reactions

Redox potential .
P anaeraobic Env ®Al +A2 AB1 MB2 OB3 XB4 eB5

Fig. 7. Simplified schematic representation of differences amongstFig. 9. Plot of principal component scores for Components 1 and
the seven clusters (A1-B5) in relation to their TDS, aquifer depth?2 for all sites assigned to each of the seven clusters identified by
and redox condition. Scales of axes are simplified representationsiCA.

of increase only.

the hypothesis that similarities in hydrochemistry between

g g AN groundwater and surface water may be the result of interac-
21 % R _%%_%i-.; 2 ) @%gé; * tion between them for at least some types of hydrochemical
S J4=T o signatures observed in the study area.

b m bt m ' Reaches of the Waiohine, upper Ruamahanga, Waingawa,
e S e Waipoua and Tauherenikau Rivers are inferred to provide
7 1. o recharge to underlying groundwater systems in the upper and
e %: e E% %‘%’%‘ gy ¥ gé{ﬁ middle Wairarapa valley. These river systems largely drain
% @ %—% % -ﬁ%} %# the resistant western Tararua and Rimutaka (greywacke)
i ] 7°‘; ranges. Monitoring sites on these rivers within or near their
24 L 2eF emergence from these ranges are assigned to cluster Al.
E 3 %$ s EEE Z?E“% = These sites are typifiqd by C_a-H@_(Water, low in major

304 % %3 goot T %é% SoalT % z% Q}é solutes and conductivity, as is typical of global fresh wa-
Fos Bos | Bos B 5 ter river systems dominated by carbonate dissolution (Berner
ok _ 5 16 and Berner, 1996). There are 26 groundwater monitoring

Clster Cluster CeRERREREERD sites that are also assigned to cluster Al. These groundwa-
ters also have a Ca-HGGignature and are typically oxic,
Fig. 8. Box-Whisker plots showing the variations in electrical con- as indicated by low concentrations of MHMn and Fe.
ductivity, Ca and S@across the two, seven or thirteen clusters de- Groundwaters assigned to cluster Al also h#f® and ex-

fined at different separation thresholds shown in Fig. 4. cess air concentrations that are indicative of river seepage
(Fig. 10). Moreover, the groundwater sites assigned to clus-

4.3 Identifying areas of groundwater-surface water ter Al are generally shallow<10 m) and located in highly
interaction permeable Q1 and Q2 alluvial gravels that are expected to

foster high connectivity between surface water and ground-
From the areal distribution of sites assigned to each cluswater. These sites are down-gradient of river reaches that
ter, the groundwater and surface water bodies within theare shown by flow gauging data to lose water to groundwater
Wairarapa valley can be separated into two main areas basdgig. 11). Overall then, the similarity in hydrochemistry be-
on hydrochemistry: (1) the upper and middle valley and (2)tween groundwater and surface water sites assigned to clus-
the lower valley (Fig. 11). Surface water and groundwaterter Al is consistent with other data from river gaugistfO
monitoring sites assigned to clusters Al, A2, B1 and B2 areand excess air, all suggesting that these groundwaters are pro-
largely located within the upper and middle valley whereasvided with a consistent source of oxygen-rich recharge from
groundwater sites assigned to clusters B3—B5 are located aAl-type rivers. This is a similar result to that found by Bur-
most entirely in the lower Wairarapa valley. These two ar-den (1982) in which some shallow groundwaters of the Can-
eas largely reflect the level of aquifer confinement, whichterbury plains of New Zealand closely reflected the chemical
may in turn influence the degree of groundwater-surface wacomposition (high proportions of Ca-HGOow Na, Cl and
ter interaction. In the following discussion, we aim to test NO3) of the adjacent Rakaia and Asburton Rivers.
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Groundwaters are inferred to provide base flow to some 10

river systems in the upper and middle Wairarapa valley, 5 045 A1 0O
based on hydrochemical similarities of sites assigned to clus- 8 0150 ggo A2 @
ter A2. There are 65 groundwater monitoring sites assignedg | @>150 B1 6
to cluster A2, most of which are 10-30m deep and lo- ¥ °f @55 B2 O
cated within Q2 alluvial fan deposits. When compared to &, | B3 ®
monitoring sites assigned to cluster Al, sites assigned to® g o 2 B4 ®
cluster A2 have slightly higher median values of all major 'g' 2 | %1

ions, higher electrical conductivity, higher NOhigher Na = ; oo
relative to Ca, and higher ClI relative to HGO This hy- T of 105(;) o Of
drochemistry could suggest that groundwaters assigned t0§ E @32 15 2

cluster A2 receive recharge from rainfall, because Na, Cl, § “2F

and NQ accumulate as rainwater moves through the soil ab ©-150

column (Rozemeijer and Broers, 2007; Whittemore et al., - @150

1989). This inferred source of recharge is supported by mea- L . s
sured concentrations of excess air, which also imply rain- -8 -7 -6 -5
fall recharge, although the availabié®O data suggest that 3180 (per mil)

A2-type groundwaters receive at least some recharge from

rivers (Fig. 10). Groundwater-surface water interaction canFig. 10. Relationships between the hydrochemical clusters defined
be inferred from monitoring sites in gaining reaches of rivers!n this study and previous measurements 80, excess air (based
such as the Mangatarere, lower Whangaehu and Ruam&h measu_red con_centr_atlons of dissolved nitrogen ar_wd argon) and
hanga, which have the same Na-Cl-N€ignature and are mean residence time (in years, §hown by _the data point labels, and
also assigned to cluster A2. Hiscock (2005) reported a Simgﬁzesd on measureq concentrations of tritium, chlorofluorocarbons
. . - | ulfur hexafluoride).

ilar transfer of chemical signature from rainfall-recharged

groundwaters into stream base flow.

The rivers that drain the eastern Wairarapa foothills (e.g.the Miocene-Pliocene marine deposits in the eastern hills.
Whangaehu, Huangarua and Taueru Rivers) may also pro- Interaction between groundwater and surface water is not
vide recharge to underlying groundwater systems. Moni-Clearly indicated among the sites assigned to cluster B2.
toring sites on these rivers near their emergence from thésroundwater sites assigned to cluster B2 may receive some
eastern foothills are assigned to cluster B1. Bl-type watersecharge from the easterly draining river systems, because
display a considerably higher TDS and major ion concen-they share a similar hydrochemistry as those surface wa-
trations in comparison to those rivers that drain the west-ters assigned to cluster B1. However, these groundwater
ern ranges (e.g. cluster Al). This increased concentratiosites typically have slightly lower concentrations of major
of solutes in Bl-type rivers likely derives from the easily ions and higher concentrations of WH-e and Mn. These
eroded Pliocene marine sedimentary lithology of the eastermigher concentrations, coupled with the observed low; SO
hills, relative to the chemically more resistant Mesozoic Tor- concentrations, suggest that B2-type waters are anoxic, with
lesse greywacke that forms the western ranges. There argulphate reduction occurring at some sites. Groundwaters
50 groundwater monitoring sites also assigned to cluster Blassigned to cluster B2 are of shallow to moderate depth
Many of the B1-type groundwater sites are in Q1 and Q2 al-and show considerable spatial agglomeration in the Park-
luvial gravels along the eastern periphery of the Wairarapavale basin (Fig. 11). The sequence of Q3, Q5, Q6 and Q8
valley, near the river systems that drain the eastern foothillssediments in the basin may present various confining layers
other B1-type groundwater sites occur as small groupings loof silty gravels and clay that reduce oxygen supply to these
cated in the Parkvale and Te Ore Ore Basins (Fig. 11). Thesdeeper groundwaters.
groundwater sites show a greater average well depth relative The lower Wairarapa valley is largely dominated by clus-
to Al and A2 groundwaters, and elevated concentrations ofers B3—B5 which consist entirely of groundwater monitor-
Mn, Fe and NH, which suggest anoxic conditions. Values ing sites. This suggests significant hydrochemical differ-
of 180 and excess air indicate that B1-type groundwatersences between groundwater and surface water in the lower
may be sourced from river recharge, rainfall recharge or aWairarapa valley and indicates that there is little interaction
mixture of the two (Fig. 10). Hence the similarity of hy- between the two. Groundwater wells in the lower valley
drochemistry between groundwaters and rivers assigned tare typically relatively deep and are located in the substan-
cluster B1 does not necessarily indicate groundwater-surfactéal marine, estuarine and lacustrine depositional layers that
water interaction. In some locations, groundwaters may beoccupy the lower 25 km of the valley under permeable Q1
recharged from neighbouring B1 surface waters, and/or iralluvial gravels. These groundwaters generally display a Na-
other locations these aquifers may be hosted by chemicallCl water type relatively high in TDS and electrical conductiv-
reactive aquifer materials, including alluvium derived from ity. This suggests these groundwaters are older (Figs. 5 and
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unlikely to occur in older chemically evolved groundwaters.

Saltwater intrusion is the likely cause of high Na, Cl, SO

and subsequent conductivity at sites located by Lake Onoke.

Other relatively shallow B5 groundwaters further inland may

be influenced by some degree of groundwater-surface wa-

ter interaction. For example, leaching from fertilizer inputs
may have caused elevated S€&xhibited in these groundwa-

, A ters. The hydrochemistry of these groundwaters might also
P e : 5 0 & . be affected by interaction with localised volcanic deposits
uAr:;s&o.fn;o\sﬁ:r:;Z a ‘ X ) ; (McLaren and Cameron, 1996; Stanton, 1972). There are no

| surface water interaction g ot o S 8180 or excess air measurements that can constrain recharge

| (Clstes At A2and B1 v B source for these B5-type groundwaters.

5 Conclusions and implications

Identifying areas of groundwater-surface water interaction is
crucial for effective environmental management because this
pomer Waltaraos |, interaction is known to influence the quant.ity and qu_e}lity
surface water interaction of both groundwater and surface water. This study utilised
o e Y e o f well-established multivariate statistical methods in a novel
SR : manner, to uniquely group surface water and groundwater
monitoring sites from the Wairarapa valley of New Zealand
into seven hydrochemical clusters, and identify potential ar-

Hydrochemical Cluster  River interaction properties

On @83 ~ Gaining reach ++ Geologic Basins eas and mechanisms of interaction based on hydrochemical

QA2 @B4 ~ Losing reach P — similarities.

o o e bariers A two-stage HCA linkage approach was employed to
Surface water sites N firstly identify sites with unusual hydrochemistry (Nearest
denoted by triangle 0 5 10 Kilometers A . . ..

[ Neighbour Linkage rule) and group the remaining 268 sur-

face water and groundwater sites into seven clusters, based
Fig. 11. Spatial distribution of groundwater and surface water On similarities in their hydrochemistry (Ward’s Linkage
monitoring sites assigned to seven hydrochemical clusters in thenethod). Surface water and groundwater monitoring sites
Wairarapa Valley, New Zealand. Distribution is shown in regards were grouped together in three (A1, A2 and B1) of the seven
to pre-determined river interacting properties; losing, gaining andclusters with the inference made that similarities in hydro-
neutral (Jones and Gyopari, 2006). chemistry may indicate potential interaction. PCA and Box

and Whisker plots were used to determine the hydrochemical

differences between the seven clusters. Clusters were largely
6) (Daughney et al. 2010), consistent with the results of Mor-ditferentiated by their concentrations of TDS, redox condi-
genstern (2005) (Fig. 10). This is further supported by clus-tion and ratio of major ions. PCA revealed two components,
ter B3-B5 monitoring sites showing high loadings for Com- which explained a combined 73.3 % of the variability in the
ponent 1 (Fig. 9). Concentrations of all analytes are higherdataset. Component 1, characterized by high loadings for the
in B4-type waters, and the increased concentrations of Mnmajor ions, was related to natural mineral dissolution and the
NH4 and Fe coupled with reduced N@nd SQ indicate @  degree of water evolution or concentration of TDS. Compo-
heavily reduced anoxic environment with little connection to nent 2 had high loadings for NjiFe and Mn and negative
the atmosphere or overlying surface water systems (Taylor ébadings for N@Q and SQ, indicating the importance of re-
al., 1989). This is likely due to the deep confining layers of dox reactions and the presence of both aerobic and anaerobic
marine and estuarine sediment. ValuessBiO and excess  waters in the Wairarapa valley.
air suggest that recharge to these groundwater sites is pro- Clusters were spatially distributed into geochemical zones
vided rainfall recharge that has percolated through overlyinghat reflect aquifer confinement, regional lithology and the
groundwater units. degree of groundwater-surface water interaction. Shallow

Five groundwater sites located at the outlet and east oferobic aquifers, located in close proximity to losing reaches

Lake Wairarapa are assigned to cluster B5 and display a Naef rivers such as the Waiohine and Waipoua, were grouped
Cl water type with high TDS and conductivity. However, with similar Ca-HCQ type surface waters in cluster A1, in-
these wells are shallow to moderate in depth, and low condicating potential recharge to groundwaters from these river
centrations of K, HC@, Mn, Fe, coupled with high N®  systems. Further, these sites were located in permeable Q1
and SQ suggest these sites are oxygen rich, a phenomenoand Q2 alluvial gravels that foster high connectivity between
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groundwater and surface water. Likewise, surface waterdrom the Wairarapa valley, a dataset that encapsulated sig-
such as the Whangaehu and Taueru Rivers that drain thaificant timescales and a variety of water quality parame-
Pleistocene sedimentary geology of the eastern hills werders. It is important to note the limitations of our dataset,
grouped with similar Ca-HC®groundwaters in cluster B1. in particular the variability of parameters collected at each
These surface water sites had slightly elevated concentration®onitoring site, data quality issues surrounding the collec-
of TDS in comparison to other surface waters in the areation and maintenance of the original dataset and the use
a phenomenon that likely reflects the marine sedimentarypf median values to simplify temporal timescales. Despite
lithology of the eastern hills. Bl-type groundwaters were these limitations, HCA was still able to extract meaningful
located in close proximity to losing reaches of these riverrelationships between the site-specific median values of the
systems on the eastern side of the valley and showed in an ireight parameters included in the clustering algorithm. When
crease in concentrations of Mn, Fe and N¢bncentrations, coupled with Box and Whisker plots and PCA, which anal-
suggesting the onset of slightly anoxic conditions. It is pos-ysed a range of additional parameters, HCA results were
sible that recharge is provided to these groundwaters fronsuccessfully able to identify distinct hydrochemical clusters
overlying B1-type surface waters. Groundwater monitoringthat were used to infer potential areas and mechanisms of
sites that displayed a rainfall recharged chemical signaturgroundwater-surface water interaction. This highlights the
with higher Na relative to Ca, higher CI relative to HEO potential of these methodologies as a preliminarily tool to
and an accumulation of N{were grouped with gaining river explore groundwater-surface water interaction at a regional
reaches such as the Mangatarere stream in cluster A2. Thiscale using existing datasets that may be of poor quality or
grouping suggests the provision of groundwater base flow taesolution. However, in order to establish the extent to which
these river systems and the transfer of this chemical signaturthese methodologies are applicable in various hydro-climatic
from underlying A2-type groundwater systems. The driversregimes and watersheds, and with data of various quality lev-
of hydrochemistry inferred from major and minor element els, continued cluster attempts need to be undertaken. Fur-
data are consistent with previous measurements of rechargéer, HCA outputs and interpretations of hydrochemical clus-
source and water age (Morgenstern, 2005). ters and potential areas of groundwater-surface water inter-
The hydrochemical techniques used in this study did notaction should be supplemented with findings from other in-
reveal surface water and groundwater interaction in the lowewestigative techniques such as measuremesit&d, excess
Wairarapa valley. Here, deep anoxic aquifers, high in TDSair, water age, stream temperature and stage quantification.
with a distinct Na-Cl signature, were grouped together inAs noted by Kalbus et al. (2006), in order to reduce the
clusters B3—-B5, but showed no apparent link to surface waiimitations and uncertainties that surround the investigation
ter sites. These groundwaters were largely restricted to thef groundwater-surface water interaction, a multi-scale ap-
lower Wairarapa valley, an area dominated by various mudproach that utilises various methods should be employed.
and estuarine confining layers. Five groundwater sites were This paper does not attempt to investigate temporal vari-
assigned to cluster B5 and showed a similar hydrochemicability in water quality, hence the use of site specific medi-
signature to those sites assigned to clusters B3 and B4. Howans, and therefore encourages those wishing to employ a sim-
ever, B5-type groundwaters were relatively shallow, and highilar methodology to undertake multiple clustering attempts
concentrations of SPsuggest seawater intrusion, anthro- with data from different timescales (e.g. base flow and storm
pogenic contamination and/or a localised volcanic lithology flow). Similar approaches in local scale studies have been
as sources of Na and Cl. executed by Kumar et al. (2009) and Thyne et al. (2004),
The main assumption upon which this study is basedwhich demonstrate that monitoring sites can show temporal
is that similarities in hydrochemistry can be used to infer variability in water quality and shift between cluster group-
groundwater-surface water interaction. Although this as-ings. It is essential for future research to determine the im-
sumption is extensively made in the literature (e.g. Burden pact that this temporal shift in cluster assignment is likely to
1982; Kumar et al., 2009; Taylor et al., 1989), it is possible have on the interpretation of surface water and groundwater
that hydrochemical similarities are due to other phenomenanteraction.
such as similar flow paths, similar regional geology or similar  This study has shown that multivariate statistical meth-
episodes and styles of contamination. It is therefore usefubds can provide insight into areas and mechanisms of
to support findings from this method with other investiga- groundwater-surface water interaction at a regional scale
tive approaches such as the quantification of flow loss/gairusing existing hydrochemical datasets. Although limita-
on river systems, or measurementséfO, excess air, water  tions surround this methodology and highlight the difficulties
age and temperature. In terms of this paper, findings suppomf using a widespread dataset that encapsulates significant
existing classification of river systems determined using contimescales, the use of hydrochemical medians and HCA to
current surface water flow gaugings (e.g. Jones and Gyoparidentify areas of potential interaction in the Wairarapa val-
2006). ley was successful. Furthermore, multivariate statistical tools
This investigation and the grouping of groundwater andconstitute a potential method that could be used to identify
surface water bodies was entirely based on a historic datasetreal zones of groundwater and surface water chemical evo-
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