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TC7 Spatial controls over major ion facies of Southland’s 
ground- and surface waters 

TC7.1 Introduction 
In this chapter, we will show that the spatial distribution of major ion facies of Southland’s surface 
waters and shallow groundwaters (<15m depth) are primarily controlled by threshold relationships1 
between marine aerosolic load/flux, soil BS and pH; meaning that major ion facies change in a 
predictable manner with marine aerosolic load/flux and both soil BS and pH. 

As noted in TC 3 and 4, soil BS and pH are governed primarily by landform age and the chemical 
composition of the rock and/or sediments the soil has formed in. The main output of this chapter is 
the demonstration that variance in the hydrochemical facies of Southland’s ground and surface 
waters is predictable if there is a strong understanding of regional variance in marine aerosolic load 
(TCs 1 and 2), recharge domain and mechanism (TC 2) and the underlying controls over soil chemical 
variation (TCs 3 and 4).  

TC7.2 Overview of major ion facies 
In this section, we explore general trends in major ion facies of regional freshwater and their 
relationships to altitude and soil zone characteristics. Spatial patterns are further explored in section 
TC 7.3. 

The majority of Southland’s ground- and surface waters are Na-Cl, Na-HCO3, Ca-Cl, Ca-HCO3 and Mg-
HCO3 type waters2. Other facies, such as Fe-Cl, Mg-Cl, Ca-SO4, Na-SO4 occur in less than 1% of 
Southland’s groundwaters (Daughney et al., 2015). The occurrence of the latter water types is often 
associated with direct contamination or groundwaters associated with very strongly reduced lignite 
aquifers. Accordingly, only Na-Cl, Na-HCO3, Ca-HCO3, Mg-HCO3 and Ca-Cl types are considered and 
discussed in this section. 

Southland’s ground- and surface waters evolve from low Ca/Cl mass ratios and more positive δ18O-
H2O chemical composition in the southern coast to high Ca/Cl mass ratios and most negative δ18O-
H2O in northern waters derived from high altitude inland catchments (Figure 7-1).  

This evolution reflects the control of altitude over the rainout of marine aerosols causing an increase 
in the Ca/Cl ratio from the south coast to the most inland high altitude sites. As the Ca/Cl ratio 
increases, major ion facies show a general shift from Na-Cl > Na-HCO3 > Ca-Cl > Ca-HCO3 and Mg-HCO3 

types (Figure 7-1).  

The shift in hydrochemical facies occurs in response to an exponential decay in marine aerosolic Na 
and Cl with altitude and secondly with distance from the southern coast (see TC 1 and 2). Under these 
controls, the influence of soil zone chemistry characteristics becomes increasingly important with 
altitude. Specifically, at high altitudes, marine aerosolic loads of Na and Cl are negligible relative to 
exchangeable Ca or Mg and alkalinity generation within the soil zone (Figure 7-2), as detailed 
subsequently. 

                                                           
1 Maximum or minimum loads of aerosols, pH and soil BS 
2 Note that the water type considered here only includes the major cation and anion (e.g. Ca-HCO3 type). We are not 
considering secondary major cations and anions (e.g. Ca-Na-HCO3-Cl type). 
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Figure 7-1: Ca/Cl mass ratio versus δ18O-H2O for Southland ground- and surface waters (n = 610 cases). 
The arrows and the grey ellipsoid denote Ca-HCO3 type waters from carbonate catchments that are 
saturated with respects to calcite. There is a clear progression from Na-Cl>Na-HCO3>Ca-Cl>Ca-HCO3 
and Mg-HCO3 types from the southern coast to the northern mountains reflecting the effect on recharge 
water of exponential rainout of marine aerosolic Cl  and the occurrence of  more weathered, acidic soils 
towards the coast.  VSMOW stands for Vienna Standard Mean Ocean Water. 

 
Figure 7-2: Ca/Cl mass ratio versus δ18O-H2O for all Southland ground- and surface waters (n = 610 cases) 
by locality.The arrows and the grey ellipsoid denoted Ca-HCO3 type waters from carbonate catchments that 
are saturated with respects to calcite. Waters occurring north of the Southland Syncline (i.e. Upper 
Catchment and Alpine) are predominantly of the Ca-HCO3 and to a lesser degree Mg-HCO3 type waters 
(Figure 7-23 and Figure 7-25). VSMOW stands for Vienna Standard Mean Ocean Water. 



335 Physiographics of Southland Part 1: Delineation of key drivers of regional hydrochemistry and water quality 

 

TC7.2.1 Altitude and major ion facies 
A greater incidence of Ca-HCO3 or Mg-HCO3 type waters occur within or are derived from high altitude 
areas, whereas Na-Cl and Na-HCO3 type waters occur in lower altitude coastally influenced areas 
(Figure 7-3). Accordingly, for high altitude sites where soil BS and pH are elevated relative to marine 
aerosolic load we would not expect to see much variation in major ion facies through time – mainly 
dilute Ca-HCO3 or Mg-HCO3 type waters depending on the parent material of the soil (Figure 7-4). 
Little temporal variation in Na-Cl major ion facies is also a feature of low altitude coastal regions of 
Southland where soil pH and BS are low (Figure 7-4).  

 
Figure 7-3: Ca/Cl mass ratio vs. pH for Southland ground- and surface waters that demonstrate a 
progression from acidic coastal Na-Cl waters through to dilute, alkaline, inland, high altitude Ca-HCO3 and 
Mg-HCO3 type waters. 

TC7.2.2 Soil zone characteristics 
At low altitudes (both southern and northern plains) where aerosolic loadings of Na and Cl are much 
greater, the spatial variation in soil BS and pH is a very important determinant over the major ion 
facies of Southland waters. For example, some inland surface waters show temporal variation in 
major ion facies due to a variable coastal load relative to soil contributing processes (Figure 7-4).  

The spatial pattern of major ion facies is expected to vary according to threshold relationships 
between soil pH and exchangeable Ca and the concentration of marine aerosolic Na and Cl within the 
soil zone due to evapotranspiration. The exact threshold relationship will vary according to the 
relative Na and Cl loading rate, the degree of concentration due to evapotranspiration, the BS of the 
soil and the pH of the soil, aquifer or surface water body.  
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Figure 7-4: Temporal change in major ion facies for selected coastal, alpine and inland streams (coastal 
stream = Carran Creek at Waituna Lagoon Road; alpine stream = Waiau River at Duncraigen Road; inland 
Hill/Bedrock stream = Dunsdale Stream at Dunsdale Reserve). 

TC7.2.3 Soil zone characteristics vs. marine aerosolic load 
Threshold relationships may not be simple with either marine aerosolic load or soil zone 
characteristics determining the dominant facies. For example:  

(i) Na-Cl type waters may develop in areas of moderate to high exchangeable Ca if the loading 
of marine aerosols is large and soil pH low, or;  

(ii) Na-Cl type waters may develop where soils are highly weathered and exchangeable Ca is 
low relative to a moderate or even low marine aerosolic load.  

As such, different facies will form according to spatial patterns in soil zone characteristics relative to 
marine aerosolic load.  

Major ion mass ratios provide some indication towards threshold relationships between marine 
aerosol load and major cations (Figure 7-5 and Figure 7-6). For example the small Ca/Na ratios for Na-
Cl and Na-HCO3 type waters indicate a larger marine aerosolic Na input relative to that of 
exchangeable Ca.  Conversely, Ca or Mg dominated waters have a much larger Ca/Na ratios reflecting 
high exchangeable Ca relative to marine Na.  

Within the Ca dominated facies, high Ca/Na ratio reflects varying threshold relationships between 
exchangeable Ca and marine aerosolic Na, specifically:  

(i) concentrated waters across areas of elevated exchangeable Ca and moderate - high marine 
Na loading across lowland areas;  

(ii) dilute waters (alpine derived) with a very low marine Na loading  relative to exchangeable 
soil zone Ca; 

(iii) carbonate influenced waters where Ca concentrations are very high and overwhelm the 
marine aerosolic Na load even when very high.  

Threshold relationships for anion facies are controlled by marine aerosolic Cl load relative to pH. Due 
to high pCO2 within the soil zone, alkalinity generating capacity is large. However, pH is the ultimate 
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control over the speciation of inorganic carbon and as such, determines the concentration of HCO3 in 
natural waters in an open system (TC 5.4).  

 
Figure 7-5: Box-Whisker and Dot plot and summary table of Ca/Cl mass ratios by major ion facies for 

Southland ground and surface waters. Note the larger range for Ca-HCO3 and Mg-HCO3 waters reflecting 
multiple evolutionary trajectories for these waters. Min., Max. and IQR denotes the minimum, the 
maximum and the interquartile range, respectively.  

The same applies to reducing geological materials (aquifers, vadose zone, and hyporeic zone) where 
pCO2 pressures are normally elevated and if the pH is favourable, HCO3 concentrations may be large 
(see TC5.5 for further detail on carbonate equilibrium and the relationship between pH and 
carbonate species).  Hence, whether the dominant major anion is Cl or HCO3 will depend on both the 
relative marine aerosolic load and the pH of the soil or geological material through which the water 
travels. In most instances, pCO2 pressures either within the soil zone or reducing geological materials 
is more than sufficient for HCO3 to dominate but only if pH is favourable (TC 5.4). Figure 7-7 shows 
the pH of major ion facies for both surface and ground waters. Readily apparent is that waters for 
which HCO3 dominates have higher pH values.  

Figure 7-8 displays the mass ratio of Total Alkalinity to Cl for major ion facies. Waters with low Alk/Cl 
ratios tend to be acidic, whereas those with larger Alk/Cl ratios are more alkaline. Obviously, for areas 
where the marine aerosolic load of Cl is low, bicarbonate alkalinity need not be very high for HCO3 to 
be the major anion – i.e., most high altitude waters. Conversely, where marine Cl load is high 
alkalinity must be high to be the dominant anion – i.e. most coastal waters.  

N 739
Ca/Cl mass 

ratio Min. 1st 
Quartile Median 95% CI 3rd 

Quartile Max. IQR

Ca-Cl 0.35 0.60 0.78 0.72 0.82 0.92 2.44 0.31
Ca-HCO3 0.48 1.06 1.38 1.30 1.52 2.03 6.80 0.97
Mg-HCO3 0.71 1.22 1.91 1.23 2.91 2.94 5.23 1.71
Na-Cl 0.02 0.25 0.36 0.34 0.39 0.48 1.21 0.23
Na-HCO3 0.03 0.49 0.59 0.54 0.65 0.72 1.55 0.24
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Figure 7-6: Box-Whisker and Dot plot and summary table of Ca/Na mass ratio by major ion facies for 
Southland ground and surface waters.  A similar pattern is apparent for Ca/Cl ratio. Min., Max. and IQR 
denotes the minimum, the maximum and the interquartile range, respectively. 

For those areas where soil zone pH and exchangeable Ca are proportionate to marine aerosolic 
loading, there may be considerable temporal variation in the major ion facies (Figure 7-4). For 
example, concentration of Na and Cl within the soil zone by evapotranspiration over the summer 
months may result in a build-up of Na and Cl sufficient to overwhelm that of exchangeable Ca and/or 
alkalinity generation within the soil zone. Accordingly, the first recharge pulse may produce Na-Ca-Cl-
HCO3 type waters with subsequent drainage events transitioning to Ca-Na-HCO3-Cl type waters in 
response to the flushing of accumulated Na and Cl from the soil zone. Although, in the remainder of 
this work we only discuss median major ion facies, we hope that future work will further assess 
temporal variation in major ion facies. 

N 741
Ca/Na 
mass 
ratio Min. 1st Quartile Median 95% CI 3rd Quartile Max. IQR
Ca-Cl 0.88 1.05 1.22 1.14 1.27 1.39 4.48 0.34
Ca-HCO3 0.90 1.23 1.50 1.43 1.58 1.84 7.74 0.61
Mg-HCO3 0.68 1.12 1.45 1.12 2.33 2.33 2.77 1.21
Na-Cl 0.04 0.36 0.52 0.47 0.56 0.69 0.87 0.33
Na-HCO3 0.01 0.51 0.65 0.60 0.70 0.76 0.87 0.26

Ca-Cl Ca-HCO3 Mg-HCO3 Na-Cl Na-HCO3
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Figure 7-7: Box-Whisker and Dot plot and summary table of pH by major ion facies for Southland ground 
and surface waters.  Waters for which HCO3 is the dominant major anion have higher pH values; Cl 
dominated waters have lower pH values. Min., Max. and IQR denotes the minimum, the maximum and the 
interquartile range, respectively. 

TC7.2.4 Summary 
Four major ion facies occur in Southland waters, which can be further split into ten categories: Na-Cl; 
Na-HCO3 (general or hill-country); Ca-Cl; Ca-HCO3 (alpine, mafic or carbonate) and Mg-HCO3 (alpine, 
mafic or carbonate). Precipitation source, water origin, marine aerosol load, the occurrence of 
exchangeable Ca, pH, and carbonate content influence the spatial variations observed in these facies 
(Table 7-1). 

Cation facies are controlled by the threshold relationship between marine aerosolic Na and soil zone 
Ca except in areas of carbonate rock where post-infiltration water rock interaction is the dominant 
control. Magnesium cation facies predominate where soils have a high Mg/Ca ratio due to parent 
materials of ultra-mafic origin such as soils of the Whitestone area formed in sediments from the Dun 
Mountain Ophiolite Belt. Anion facies are controlled by threshold relationships between marine 
aerosolic Cl and pH which controls the concentration of HCO3 ions in solution. Again, a threshold 

N 741

pH Min. 1st 
Quartile Median 3rd 

Quartile Max. IQR

Ca-Cl 3.8 5.7 6.0 6.3 7.5 0.6
Ca-HCO3 5.3 6.3 6.7 7.1 9.3 0.8
Mg-HCO3 6.1 6.7 7.0 7.2 7.8 0.6
Na-Cl 3.8 5.7 6.0 6.3 7.8 0.6
Na-HCO3 5.5 6.3 6.6 6.9 8.9 0.6
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relationship will exist between marine aerosolic Cl load and alkalinity generation potential. Obviously, 
in areas of carbonate rock where waters are at or close to saturation with respects to calcite, Ca-HCO3 
waters dominate. Further details on spatial controls over major ion facies in Southland is given 
subsequently. 

 
Figure 7-8: Box-Whisker and Dot plot and summary table of total alkalinity to Cl mass (Alk/Cl) ratio for 
Southland ground and surface waters by major ion facies.  Waters with low Alk/Cl ratios tend to be acidic 
whereas those with larger Alk/Cl ratios are more alkaline. Min., Max. and IQR denotes the minimum, the 
maximum and the interquartile range, respectively.  

N 741

Alk/Cl 
mass ratio Min.

1st 
Quartile Median 3rd Quartile Max. IQR

Ca-Cl 0.26 0.88 1.24 1.12 1.41 1.64 2.44 0.76
Ca-HCO3 1.96 3.24 4.76 4.32 5.08 6.92 22.58 3.69
Mg-HCO3 2.92 5.76 10.33 5.77 12.89 13.19 27.28 7.43
Na-Cl 0.01 0.60 0.94 0.86 1.04 1.55 2.75 0.94
Na-HCO3 2.10 2.54 3.01 2.78 3.42 3.78 8.57 1.24

95% CI
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Table 7-1: Physiochemical controls over major ion facies for Southland ground- (GW) and surface (SW) waters. ‘Relative’ refers to other influences (i.e., aerosolic 
load, alkalinity, soil BS); ‘mixed’ refers to the mixing of facies to produce intergrade facies and appears most relevant for surface waters. Specific thresholds for 
precipitation source, i.e. marine aerosolic load, are given in TC2. The facies column details major ion facies and water origin or geological nature as the latter two 
will have a significant impact on major secondary ion composition (i.e. long water type). 

 
 

Domain Precipitation 
Source

Water Origin Marine Aerosol 
Load

Relative exchangable 
Ca

Relative pH influence Relative Carbonate 
Influence

Facies

GW Low altitude Local High Low  Alkalinity limited by pH Nil Na-Cl
SW Low altitude Local High Low  Alkalinity limited by pH Nil Na-Cl

GW Low altitude Local High Mod-Low Alkalinity less limited by pH Nil Na-HCO3

SW Mid. altitude Distal (Hill) Mod.-low Mod-Low Alkalinity less limited by pH Nil Na-HCO3, Hill Country

GW Low altitude Local High High Alkalinity limited by pH Nil Ca-Cl
SW Low altitude Local High High Alkalinity limited by pH Mixed Ca-Cl

GW/SW High altitude Distal (Alpine) Very Low Very High Alkalinity less limited by pH Nil Ca-HCO3-Alpine
GW/SW Low altitude Local High Very high Alkalinity less limited by pH Mixed? Ca-HCO3-Mafic
GW/SW Low altitude Local High Very High Alkalinity less limited by pH High Ca-HCO3-Carbonate

GW/SW High altitutde Distal (Alpine) Very low Very high Alkalinity less limited by pH Nil Mg-HCO3-Alpine
GW/SW Low altitude Local High Very high Alkalinity less limited by pH Mixed? Mg-HCO3-Mafic
GW/SW Low altitude Local High Very high Alkalinity less limited by pH High Mg-HCO3-Carbonate
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TC7.3 Spatial Pattern in Major Ion Facies 
In this section, we are assessing where in the region dominant major ion facies (Na-Cl, Na-HCO3, Ca-
Cl and Ca-HCO3) occur spatially and in relation to dominant regional geology (type and age), redox 
setting and soil characteristics. 

TC7.3.1 Na-Cl  
Na-Cl waters (244 sites, 32.8%) occur in areas where soil and unsaturated zone exchangeable Ca and 
pH are low relative to the loadings of marine aerosolic Na and Cl (Figure 7-7). Of the 244 sites with 
median Na-Cl facies c. 96% occur in association with old weathered (> Q5) felsic landforms across 
low altitude areas of Southland. In the south, this includes the Kamahi Formation, Otara/Waikiwi 
Terrace Formations, Edendale Terrace and Q5 – Q7 aged marine terraces that fringe the southern 
coast (Figure 7-9). These units are strongly influenced by coastal precipitation. In the north, Na-Cl 
waters are associated with the felsic, Q8/Q10 aged, Luggate Shotover Formation (Figure 7-9), where 
the marine aerosolic load is smaller but still sufficient to overwhelm the strongly weathered soils and 
geological materials of this formation. 

Assessment of soil associated with Na-Cl type groundwaters suggests that these have the lowest BS 
of Southland soils and the highest proportion of organic (brown) soils and a high proportion of acidic 
(Podzol) soils.  

 
Figure 7-9: Location of Na-Cl ground- (red triangle) and surface (green square) water sampling sites in 
association with geological age (soil PC1 defined in TC3), Q refers to Quaternary age. 
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Na-Cl waters are strongly associated with soil cluster 2a1 (defined in TC3) which are primilarly 
comprised of Organic coastal soils or soils with high organic carbon and soil cluster 1a2 on the 
Northern and Southern Plains which are predominantly highly weathered Brown soils with low pH 
and BS (Figure 7-10). Further detail on soil clusters is given in TC3. Principal component 1 (PC1, 
defined in TC3), which is indicative of the degree of soil weathering, shows cluster 2a1 soils as being 
the most weathered (strongest positive weightings for PC1). 

 
Figure 7-10: Spatial distribution of Na-Cl surface (square) and groundwater (triangle) water facies in 
relation to soil hierarchal cluster analysis, parent materials and soil base saturation (insert). 
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Due to the highly weathered and acidic nature of these soils, Na-Cl groundwaters have the lowest pH 
and consequently the lowest alkalinity of all Southland facies (Figure 7-11, Figure 7-13, and Figure 
7-16). These groundwaters also contain the highest Cl concentrations as is consistent with their low 
altitude and predominantly coastal aspect (Figure 7-9 and Figure 7-10). Under this setting, marine 
aerosolic Na and Cl overwhelms what is a weak soil zone influence. However, the majority of Na-Cl 
waters, both surface and ground, have a Na > Ca > Mg cation assemblage reflecting the subordinate 
contribution of Ca and Mg from the soil zone. This makes sense as most Na-Cl waters are located in 
close proximity to the coast, where LSR is the dominant recharge mechanism (see TC 2 for a more 
detailed discussion on the spatial distribution of recharge domains in Southland).  

 
Figure 7-11: Box-Whisker and Dot plot and summary table of pH by major ion facies for Southland 
groundwaters. Waters with HCO3 as the major anion facies are more alkaline than those with Cl. Ca-HCO3 
waters are a mixture of high altitude and low altitude waters including carbonate influenced waters. Min., 
Max. and IQR denotes the minimum, the maximum and the interquartile range, respectively. 

N 580

pH Min.
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Quartile Median
3rd 

Quartile Max. IQR
Na-Cl 3.8 5.7 5.9 6.3 7.8 0.6
Ca-Cl 3.8 5.7 6.0 6.3 7.5 0.5
Ca-HCO3 5.3 6.3 6.5 6.9 8.1 0.7
Na-HCO3 5.5 6.3 6.5 6.9 7.9 0.6
Mg-HCO3 6.1 6.6 6.9 7.4 7.8 0.8
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Na-Cl facies for both ground- and surface water are absent from the Te Anau Basin and all high 
altitude or upper catchment areas and areas where soil BS and pH are elevated relative to the 
marine aerosolic load (Figure 7-9 and Figure 7-10). However, Na-Cl groundwater facies are common 
along the southern most reach of the lower Waiau, Aparima, Oreti and Mataura catchments 
although none of these waters are hydrologically connected to main stem rivers (Figure 7-9).  

All of the surface water sites of type Na-Cl and 41% of the Na-Cl type groundwaters fall within the 
mixed (oxic-anoxic) category (Figure 7-12) suggesting presence of both reduced and oxidized species 
which may be related to reducing geology and presence of redox transition zones, e.g. where aquifer 
heterogeneities, flowpath complexity, or long-screened wells mix available electron acceptors 
and/or final products (McMahon and Chappelle, 2008; further detail is given in TC 8). 

Of the Na-Cl groundwaters 44% are anoxic indicating a reducing signature associated with soil 
and/or geology (Figure 7-12). Oxic groundwaters are restricted to felsic parent materials of the 
Edendale Tce, and parts of the Luggate Shotover Formation associated with Knapdale, Wendonside 
and Balfour regions. In these regions, well drained but highly weathered Brown soils that have 
formed in felsic parent materials predominate.  

Only 7% of the groundwaters with Na-Cl facies are oxic (Figure 7-12). These oxic sites all occur in 
association with geological materials that have low electron donor abundance (Killick et al., 2015; 
Rissmann, 2011).  

 
Figure 7-12: Redox state by water type in shallow groundwater (LEFT) and surface water (RIGHT)  

TC7.3.2 Na-HCO3  
12.4% of Southland’s surface and groundwaters are of type Na-HCO3. The majority of these waters 
occur as Na-Ca-Mg-HCO3-Cl type waters and are significantly more alkaline (by 0.5 pH units or more) 
than Na-Cl type waters (Figure 7-11, Figure 7-13). The elevated pH within Na-HCO3 type waters 
enables bicarbonate alkalinity to build within soil or geology and overwhelm that of marine aerosolic 
Cl. Na-HCO3 type ground- and surface waters have the highest median alkalinity of all major ion 
facies. Soils with relatively high pH but low BS are relatively common across Southland and tend to 
be strongly evolved (leached), associated with felsic parent materials with high concentrations of 
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organic carbon (Figure 7-14). These water types are typically associated with soils in the 1a2 and 1a3 
soil clusters (defined in TC3). 

 
Figure 7-13: Box-Whisker plot and summary table of pH by major ion facies for surface waters. Waters 
with HCO3 as the major anion facies are more alkaline than those with Cl. Non carbonate Ca-HCO3 
waters are a mixture of high altitude and low altitude waters. Min., Max. and IQR denotes the minimum, 
the maximum and the interquartile range, respectively. 
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Figure 7-14: Spatial distribution of Southland’s Na-HCO3  type ground and surface waters in relation to 
soil hierarchal cluster analysis, parent materials and base saturation (insert).  

TC7.3.2.1 Na-HCO3 (groundwaters) 
Na-HCO3 groundwaters occur at lower altitudes when contrasted with their surface water 
equivalents (Figure 7-14). The greatest concentration of Na-HCO3 groundwaters occur across the 
southern plains of lowland Southland between the Coastal Longwoods and the Mataura River. 
Across these areas, marine aerosolic Na and Cl loadings are high, and yet due to relatively alkaline 
pH values, alkalinity overwhelms Cl. Alkalinity generation is not limiting if pH is favourable. 
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Figure 7-15: Box-Whisker and Dot plot and summary table of Cl concentration by major ion facies for 
Southland groundwaters. Min., Max. and IQR denotes the minimum, the maximum and the interquartile 
range, respectively. 

Na-HCO3 groundwaters have the lowest median D.O. concentration, highest dissolved Mn and Fe 
and lowest NO3-N concentrations suggesting higher rates of reduction within soil and geological 
materials play an important role in alkalinity generation.  

All of the Na-HCO3 surface waters and 40% of Na-HCO3 groundwaters are classified as mixed (oxic-
anoxic) (Figure 7-12). The remaining Na-HCO3 groundwaters are classified as anoxic. Importantly, Na-
HCO3 groundwaters show a strong association with redoximorphic soils that have features such as 
mottling and gleying and yet are of moderate pH with low reserves of exchangeable Ca and often 
felsic parent materials (Soil cluster 1a2 and 1a3). These soils can be identified by a negative 
weighting for Principal Component 2 which is indicative of acid vs. base parent material (PC2, 
defined in TC 3). Na-HCO3 groundwaters occurring outside areas of reducing soils tend to be 
associated with reducing aquifers including lignite measures. Na-HCO3 type groundwaters do not 
occur in areas where unsaturated zone and aquifer acidity is low or where exchangeable Ca is high.  

N 613
Cl (mg/L) Min. 1st Quartile Median 3rd Quartile Max. IQR

Ca-Cl 11.5 21.3 26.8 35.6 94.0 14.3
Ca-HCO3 1.0 6.5 16.0 23.0 60.0 16.5
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Figure 7-16: Box-Whisker and Dot plot and summary table of Total Alkalinity by major ion facies for 
Southland surface waters.  Na-Cl and Ca-Cl waters have the lowest median alkalinity due to low pH within 
soil and geological domains. Waters of higher pH have HCO3 as the major anion facies. The large range 
for Ca-HCO3 waters reflects a wide range of pH values for soils and geological domains. The zero 
alkalinity of some Na-Cl waters is associated with acidic peat wetlands. Min., Max. and IQR denotes the 
minimum, the maximum and the interquartile range, respectively. 

TC7.3.2.2 Hill-country Na-HCO3 (surface waters) 
Na-HCO3 type surface waters have lower Cl concentrations due to an association with hill country 
areas that receive relatively dilute mid-altitude precipitation (Figure 7-17). Of the nine surface water 
sites with Na-HCO3 facies, all are associated hill country derived streams that include the Makarewa, 
Dunsdale, Waimea, North Peak, Otamita, Waikaka and Otapiri. Na-HCO3 facies dominate in the 
headwater of these catchments but change downstream in response to contributions of waters of 
varying facies at low altitudes.  
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Figure 7-17: Box-Whisker and Dot plot and summary table of Cl concentration by major ion facies for 
Southland surface waters.  Na-Cl and Ca-Cl waters have the highest median Cl concentrations and Mg-
HCO3 the lowest. The large Cl range for Ca-HCO3 waters reflects both high altitude (alpine) and low 
altitude (coastal) source waters.  Na-HCO3 surface waters are predominantly associated with hill country 
areas where marine aerosolic loading in low. Min., Max. and IQR denotes the minimum, the maximum 
and the interquartile range, respectively. 

Na-HCO3 type surface waters develop in response to lower Cl loadings, low BS soils and strong 
reduction within the soil profile associated with high organic carbon contents (Figure 7-14 and Figure 
7-17). Dissolved Fe concentrations within soil waters of the Dunsdale reserve increase from 0.26 to 
4.4 mg/L with depth (from 0.1 – 1.4 m), pH (>0.8 pH units) and alkalinity (three-fold increase), which 
drives a shift from Na-Cl to Na-HCO3 facies with depth. The median pH of hill country Na-HCO3 

surface waters is 0.5 pH units higher (Figure 7-13) and Cl concentrations are 2.5 times lower (Figure 
7-17) than Na-Cl surface waters. 

TC7.3.3 Ca-Cl  
Ca-Cl facies (18.1% of Southland samples) occur across low altitude areas of Southland in association 
with soil and geological materials of moderate to high Ca but low pH (Figure 7-18). Ca-Cl facies also 
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occur in association with soils characterised by thick loess deposits (i.e., non-carbonate parent 
materials; Figure 7-18). Soils with these properties are dominated by deep silty often felsic Orthic or 
Firm Brown soils adjacent to main stem rivers and poorly drained Gley/Perched Gley and lesser 
Melanic soils. These soils are characterised by large stores of exchangeable Ca either due to high BS 
or because of their depth and volume (i.e., deep loessial soils) and yet are of low pH.  

The greatest density of Ca-Cl groundwaters occur between the Aparima and Oreti Rivers (Figure 
7-18). These groundwaters also parallel the Mataura River from Waituna, across Edendale, south of 
Gore and northwest to Riversdale south of the Mataura and inland along the Waimea Plains in 
association with acid gley soils with high reserves of exchangeable Ca (Figure 7-18). Ca-Cl 
groundwaters are largely absent from the Te Anau Basin nor do they occur in high altitude areas.  



Technical Chapter 7: Spatial Control over Major Ion Facies of Southland’s ground- and surface water 352 

 

 
Figure 7-18: Spatial distribution of Southland’s Ca-Cl type ground (triangle) and surface (square) waters in 
relation to soil hierarchal cluster analysis, parent materials and soil base saturation (insert). 

Groundwaters with Ca-Cl facies have the lowest median pH (Figure 7-11) and highest median Ca of 
all Southland waters (Figure 7-19). The Cl concentration of these waters is second only to Na-Cl 
(Figure 7-15) waters which is consistent with their low altitude and predominantly coastal aspect 
(Figure 7-18). 
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Figure 7-19: Box-Whisker and Dot plot and summary table of Ca by major ion facies for Southland 
groundwaters.  

The majority (84%) of Ca-Cl groundwaters exhibit a mixed (oxic-anoxic) or mixed (anoxic) redox 
signature (Figure 7-12). These groundwaters are more often associated with reduced soil profile 
forms, i.e. mottled acidic and gleyed soils. The majority of Ca-Cl surface waters are oxic and show a 
strong association with well drained felsic loess soils (e.g. Edendale soils).  

The number of surface waters with Ca-Cl facies is small (11.4%) and all occur at low elevations and 
low order (4 – 6) streams of the Waimea Basin and Southern Plains between the Aparima and 
Mataura rivers south of the Hokonui Hills in association with acidic mafic hill country soils (Figure 
7-18). All these streams have a significant groundwater component and do not have a high altitude 
headwater source. Some of the streams with median Ca-Cl facies include the low altitude reaches of 
the Waimea, Hedgehope, Makarewa, Waihopai and the upper reaches of Waituna Creek. 33% of Ca-
Cl surface waters have a mixed (oxic-anoxic) redox state (Figure 7-12) and yet median alkalinity is 
low due to pH. Although under-saturated with respects to calcite (log Q/K <-0.5), a few Ca-Cl facies 
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likely reflect mixing between carbonate derived waters and Na-Cl waters (i.e., the Bogburn, Waimea 
and possibly the Longridge Stream at Sandstone).  

TC7.3.4 Ca-HCO3  
Ca-HCO3 facies are the most common water types occurring within Southland (32.7% of Southland’s 
surface water and groundwaters). However, this major ion facies can be sub-divided into three 
categories, as follows (Figure 7-20, Figure 7-21 and Figure 7-22):  

(i) low EC Ca-HCO3 waters derived from high altitude alpine catchments;  
(ii) high EC Ca-HCO3 waters derived from low altitude precipitation percolating through soils of 

high BS and pH developed in mafic to ultra-mafic parent materials that are under-saturated 
with respect to carbonate minerals and of varying redox state, and;  

(iii) low altitude Ca-HCO3 waters in areas of known carbonate rock that are saturated with 
respect to carbonate minerals. 

These groups are further characterized in the following sections. 

  
Figure 7-20: Box-Whisker and Dot plot and summary table of specific conductance (conductivity) of Ca-
HCO3 categories for Southland’s ground- and surface waters.  
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Figure 7-21: Groundwater (triangle) and surface water (square) showing alpine, mafic and carbonate 
derived Ca-HCO3 waters. 
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Groundwater 

 
Surface water

 
Figure 7-22: Calcite saturation index (S.I.calcite) versus Conductivity/Cl mass ratio for the three categories 
of Ca-HCO3 type ground (top) and surface waters (bottom).  
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TC7.3.4.1 Alpine Ca-HCO3 
Alpine Ca-HCO3 waters have the lowest conductivity of Southland waters and high Ca/Cl ratios due 
to the exponential decay in marine aerosolic Na and Cl with altitude and secondly with distance from 
the southern coast (Figure 7-5). Within high altitude catchments, marine aerosolic loads of Na and Cl 
are negligible relative to exchangeable Ca or Mg and alkalinity generation within the soil zone by 
locality (Figure 7-23). Accordingly, the majority of Southland’s alpine streams and rivers are dilute 
Ca-HCO3 waters.  

Alpine Ca-HCO3 surface waters are restricted to areas with head water catchments above 800 m RSL 
and rapidly mix with low altitude land surface recharge where they debouch onto the lowland plains 
(Figure 7-21). These waters can be traced longitudinally down our main stem rivers.  

Alpine Ca-HCO3 groundwaters exhibit similar patterns to those of surface waters with dilute, alpine 
derived groundwaters being restricted to northern Southland (Figure 7-21). However, riverine 
aquifers adjacent to main stem rivers also have a strong alpine Ca-HCO3 signature. Significantly, the 
majority of alpine derived Ca-HCO3 ground- and surface waters are oxic reflecting low abundance of 
organic carbon within alpine areas (Figure 7-12).  

TC7.3.4.2 Mafic Ca-HCO3 
Mafic Ca-HCO3 ground- and surface waters that are under-saturated with respect to carbonate 
minerals are derived from local land surface recharge through soils of relatively high BS and pH 
(Figure 7-21, Figure 7-22 and Figure 7-23). Chloride and Total Alkalinity concentrations for this Ca-
HCO3 category are c. 4.5 times and ca. 2 times that of the alpine Ca-HCO3 type waters (and so is 
Conductivity, Figure 7-20). δ18O-H2O levels of mafic Ca-HCO3 ground- and surface waters are 
significantly more positive than those of alpine Ca-HCO3 waters. Soils within these areas are 
associated with predominantly ‘mafic’ parent materials (i.e., melanic soils derived from lithologies 
with high ferromagnesian mineral contents such as mafic and ultramafic sequences). Marine 
aerosolic Na and Cl that percolates through these soils is overwhelmed by the high BS and alkalinity.  

Mafic Ca-HCO3 type waters (ground- and surface waters) occur where there is a mix of reducing, 
mixed(oxic-anoxic) and oxidising condition. Mafic Ca-HCO3 groundwaters are most common across 
the southern central plains between the Coastal Longwoods and the Oreti River and the terrace 
aquifer systems of the Lower Waiau and smaller Orauea Stream (Figure 7-21). However, they are 
also significant across the Waimea Plain and to a lesser degree in association with parts of the Five 
Rivers Basin, the eastern shoreline of Lake Te Anau and as minor groupings south of Gore and 
southeast of Makarewa in association with high BS soils (Figure 7-21).  

There are only a limited number of surface waters with mafic Ca-HCO3 facies. These include lower 
order streams such as the Waimatuku, Middle Creek, Orauea, Londridge and Ayr Creek (Figure 7-21). 
All these streams occur in close association with mafic Ca-HCO3 groundwaters and none of them 
have a high altitude headwater source. In some localities, it is likely that mafic Ca-HCO3 type surface 
waters mix with carbonate Ca-HCO3 type waters. One such location includes the Waimatuku stream 
where mafic derived soils overly jointed carbonate rock (Isla Bank). 



Technical Chapter 7: Spatial Control over Major Ion Facies of Southland’s ground- and surface water 358 

 

 
Figure 7-23: Distribution of Ca-HCO3 ground (triangle) and surface (square) water facies in relation to soil 
hierarchal cluster analysis, soil parent material and base saturation (insert). 

TC7.3.4.3 Carbonate Ca-HCO3 
Areas with carbonate rocks produce Ca-HCO3 type waters that are either saturated or close to 
saturation with respects to carbonate minerals (log Q/K calcite >-0.5, Figure 7-22). These are found 
in association with areas of limestone (i.e. Lower Waiau, Isla Bank, Winton Hill and as a fringe 
around the Coastal Longwoods and Takatimu Mountains, and the Waimea Valley, Figure 7-21). 
Overall, carbonate Ca-HCO3 surface waters tend to be less evolved than carbonate Ca-HCO3 
groundwaters, reflecting a strong soil zone influence over water composition (see TC 5 on soil 
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waters). However, surface waters with a dominant carbonate influence include Winton Stream and 
Tussock Creek, both of which have prominent surficial outcrops of limestone (Figure 7-21). Areas for 
which limestone occurs at depth exhibit lesser carbonate signatures, as soils do not contribute. 

TC7.3.5 Mg-HCO3 
Mg-HCO3 facies are the least common water type occurring within Southland (2.2%). As with Ca-
HCO3 type facies, Mg-HCO3 facies represent three distinct water types (Figure 7-24, Figure 7-25):  

(i) dilute groundwaters and minor surface waters derived from high altitude alpine catchments,  
(ii) concentrated low altitude waters associated within soils of high BS, Mg/Ca ratios and pH 

developed in mafic to ultra-mafic parent materials that are under-saturated with respect to 
carbonate minerals and;  

(iii) low altitude groundwaters in areas of high Mg-carbonate rock that are saturated with 
respect to carbonate minerals (Figure 7-24).  

Typically Mg-HCO3 waters can be found in association with soils in the 2a2 cluster (Figure 7-25). 
Alpine Mg-HCO3 ground- and surface waters are rare and restricted to high altitude waters of the Te 
Anau Basin in conjunction with the Upukerora and Whitestone River where soils and unsaturated 
zone materials are formed in the mafic/ultra-mafic parent materials of the Dun Mountain Ophiolite 
(Figure 7-25). Soils derived from the Dun Mountain Group have larger Mg/Ca ratios and lower Ca 
concentrations than equivalent soils types in other regions suggesting higher Mg concentrations in 
recharge waters of the Dun Mountain Group. As with high altitude Ca-HCO3 facies, marine aerosolic 
loads of Na and Cl are negligible relative to exchangeable Mg and alkalinity generation within the soil 
zone (Figure 7-24). High Mg-carbonates appear to fringe the Coastal Longwoods and Taringaturas.  

 
Figure 7-24: Three distinct groups of Mg-HCO3 facies are apparent within this plot of Calcite saturation 
(S.I.calcite) versus Ca/Cl mass ratio. For Mg-HCO3 type ground and surface waters 
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Figure 7-25: Distribution of Mg-HCO3 type surface (square) and groundwater (triangle) water facies in 
relation to soil hierarchal cluster analysis (HCA), parent materials and soil base saturation (insert). 

TC7.4 Summary 
In this chapter, we assessed the spatial relationships of major ion facies (these are Na-Cl, Na-HCO3, 
Ca-HCO3, Mg-HCO3 and Ca-Cl) in Southland’s freshwater. Other facies, such as Fe-Cl, Mg-Cl, Ca-SO4, 
Na-SO4, were not considered as their occurrence in Southland’s ground and surface water is minor 
and in some instances associated with direct contamination (Daughney et al., 2015). 

We showed that cation facies are controlled by threshold relationships between marine aerosolic Na 
and soil zone Ca and to a lesser degree soil zone Mg. Anion facies are controlled by threshold 
relationship between marine aerosolic Cl and the influence of pH over the speciation of inorganic 
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carbon, specifically HCO3 (further discussed in the TC 5.5).  Again, a threshold relationship will exist 
between marine aerosolic Cl load and alkalinity generation potential (Figure 7-7). Obviously, in areas 
of carbonate rock where waters are at or close to saturation with respects to calcite, Ca-HCO3 waters 
dominate. 

Using this conceptual understanding, it is possible to estimate the hydrochemical facies of 
Southland’s ground and surface waters. The ability to predict how and why the chemical 
compositions of Southland’s waters vary spatially provides the basis for readily identifying different 
physiochemical settings across the region. A strong understanding of the controls over 
hydrochemical evolution of Southland’s waters is a critical platform for explaining why and how 
water quality varies in space and time. 
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