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Abstract
Silica (SiO2) concentration of water increases
with contact time between the water and
subsurface silica-bearing minerals. SiO2 can
thus be used as a natural tracer to investigate
the different water flow paths (and their
associated reservoirs) that generate stream
flow. This approach was applied to the
Pukemanga stream, discharging from a
small (3 ha) steep catchment near Hamilton
in the North Island of New Zealand. By
measuring flow and SiO2 concentration in
the stream, and relating these data to the
stream concentrations originating entirely
from ‘near-surface’ flow (2.8  mg  l-1 SiO2) and
groundwater discharge (23.0  mg  l-1 SiO2),
the contributions that each reservoir made
per rain event, on a monthly and annual
basis, to stream flow were estimated.
Analysis of 23 rain events revealed that an
increase in stream flow from 0.07 to 0.42  l  s-1
can be explained by increase in groundwater
discharge alone, without a contribution from
near-surface water. A regression equation that
relates SiO2 concentrations to stream flow
was used with a mixing model to determine
the groundwater discharge to stream flow.
On a monthly basis, the discharge from
groundwater to stream flow was described
by a logarithmic relationship, with a
maximum contribution of 1700 m3 month-1.

This groundwater contribution to the stream
flow varied between 31% and 100% of the
monthly stream flow. Near-surface flow
followed a quadratic relationship and reached
up to 4000 m3 month-1. On an annual basis
the contributions from both reservoirs are
best described by linear models. Groundwater
accounted for a minimum of 52% of stream
flow during the wettest of the nine years and a
maximum of 74% during the driest year, with
an average of 66%. Concurrent measurements
suggested that in this catchment SiO 2 is
better suited for separation of the stream flow
generating flow paths than 18O.
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Introduction
New Zealand’s pastoral agriculture is the
primary source of diffuse nitrate pollution
contributing to excessive nitrogen (N) in
surface waters (Smith et al., 1993). The
grazing of sheep and cattle on hill country
pastures in New Zealand results in nitrate
concentrations five-fold higher than those
from equivalent forested catchments (Quinn
et al., 1997; Quinn and Stroud, 2002). Under
pastoral land use, nitrate is predominantly
generated within the soil zone. Most of the
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nitrate that contaminates surface waters
reaches these along the groundwater flow
path, i.e., by being leached through the vadose
zone into the underlying groundwater zone,
and from there being discharged into streams
(Bidwell et al., 2008). However, like organic
N and phosphorus, some nitrate can also be
transferred to surface waters more quickly via
‘near-surface’ flow paths. These flow paths
include surface run-off, interflow, interflow
re-emerging along a hill slope, and artificial
drainage, and are more relevant during
and soon after rain events. Understanding
the contributions that groundwater and
near-surface water makes to stream flow is
critical when considering degraded stream
water quality. The two pathways differ
significantly in terms of where they occur
within the landscape, the likely nutrient
loadings they carry, and their temporal
dynamics. Moreover, the potential for natural
attenuation and available mitigation options
differ substantially between these two water
flow paths.
The contribution of groundwater to
stream flow has long been recognised. Field
studies by many authors have established that
groundwater is the major source of base flow
in humid climates. However, groundwater can
also be responsible for rising limbs of stream
flow hydrographs, particularly during initial
stages of a rain event. For example, Torres
et al. (1998), studying a steep catchment
in Oregon USA, suggested that once the
vadose zone attained pressure heads close to
saturation, the vadose and saturated zones
become delicately linked, and any increase
in rainfall intensity leads to a rapid response
from the saturated zone, increasing discharge
to the stream.
Various methods have been used to
determine groundwater contribution to
stream flow. Oxygen-18 (18O) and deuterium
have been used to separate hydrograph events
into event and pre-event water contributions
(e.g., Sklash and Farvolden, 1979). The use
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of additional chemical tracers (chloride,
and acid neutralising capacity) has allowed
three-component hydrograph separation
methods to be successfully implemented
(Ogunkoya and Jenkins, 1993; Hoeg et al.,
2000). Hooper and Shoemaker (1986) and
Wels et al. (1991) compared isotopic and
chemical methods for hydrograph separation
in snowmelt situations and concluded that
SiO 2 was a useful alternative to isotopic
methods. However, they cautioned that
the conservative nature of the SiO2 needed
to be ascertained at a field site, before it
could be used universally as an alternative
hydrological tracer. The SiO2 concentrations
in rainfall in humid regions are generally
very low, but concentrations increase in
soil water as it infiltrates deeper into the
soil and passes through the underlying
subsurface materials, due to dissolution of
silicate minerals (White, 1995; Sommer
et al., 2006). The longer the water resides in
a zone with silicate minerals, the higher the
SiO2 concentration becomes. Groundwater
concentrations in New Zealand can range
up to 90  mg  l-1 SiO2 (Rosen, 2001), which
is due to the dissolution of volcanic glass in
areas affected by volcanic activity.
Stream water SiO 2 concentrations
correlated to stream flow rate have been
found in some studies (e.g., Morgenstern
et al., 2010). However, Caissie et al. (1996)
made measurements of stream chemical
concentrations at high and low flows, during
both snow melt and summer flow, and
found no relationship of flow with SiO2
concentrations. Godsey et al. (2009) examined
the concentration discharge relationship for
solutes primarily produced by weathering in
59 geochemically diverse catchments in the
United States, and concluded that SiO2 was
relatively stable over a wide range of flow
conditions in the majority of catchments
investigated. Therefore, they concluded
SiO2 was not a tracer that could be used to
discriminate the origins of waters contributing
to stream discharge.

We conducted research between 2003
and 2006 in the small, steep headwater
Pukemanga catchment located near
Hamilton in the North Island of New
Zealand (Fig. 1) to investigate the con
tributions of groundwater and near-surface
water to the stream draining from this
catchment, which is grazed by sheep and
cattle. The various contributions to the
Pukemanga stream flow have been the focus
of previous studies. The first of these, by
Elliot and Ibbit (2000), used the hydrograph
flow separation methods of Hewlett and
Hibbert (1967) to separate the Pukemanga
stream flow into 74% base flow derived from
groundwater, and 26% quick flow. Stewart
et al. (2007) subsequently measured the
water-balance components and determined
that the annual flow exiting the catchment
in the Pukemanga stream represented only
approximately 50% of the rainfall occurring
on the topographical catchment. Using this
new information, they estimated that for the
Pukemanga stream flow, 13% of the drainage
from the catchment is quick flow, with base
flow corresponding to 36% of the catchment
drainage; while 51% is deep groundwater,
which does not discharge into the stream
within the surface water catchment boundary.
Stewart et al. (2007) also used variation in
weekly samplings of 18O concentrations,
tritium and sulfur hexaflouride in stream
flow, rainfall, groundwater, seeps and runoff to estimate that the mean residence time
of the base flow in the Pukemanga stream
is of the order of nine years. Using this
additional information, they produced a
conceptual flow model of the contributing
flow to the relevant catchment discharges.
Bidwell et al. (2008) subsequently calibrated
the hydrodynamic responses of the ground
water and Pukemanga stream flow using
measured water table dynamics at various
locations within the catchment. The best
fit to the measured Pukemanga stream flow
was achieved when the proportion of the

groundwater catchment contributing flow to
the Pukemanga stream was between 56 and
64% of the topographical catchment area,
with the remaining groundwater bypassing
the stream discharge from the catchment.
This modelling analysis was based on seven
years of flow data, and estimated that
groundwater contributed between 58 and
83% of the annual Pukemanga stream flow
from the topographical catchment area. The
groundwater contribution increased to 78 to
93% when related to only the catchment area
that contributes groundwater to the stream.
This current work builds on these
previous studies by quantifying the flow
paths of water to the Pukemanga stream,
and analysing their temporal dynamics
on event, monthly and annual bases using
measured concentrations of the naturally
occurring tracer SiO 2. This approach is
built on two underlying premises. Firstly,
the continuum of water that contributes to
stream flow generation can pragmatically
be approximated by two distinctly
different reservoirs, namely ‘groundwater’
and ‘near-surface water’. Secondly, while
acknowledging that SiO 2 concentrations
steadily increase with contact time, a
representative concentration can be assigned
to each of these two reservoirs. Using
concentrations measured in stream water,
in conjunction with these representative
concentrations, allows the estimation of the
flow contribution from the two reservoirs at
the time of sampling. Analysing the stream
water SiO2 concentration for a large number
of event hydrographs that covers the range
of stream flows allows a relationship between
stream flow and SiO2 concentration to be
determined. As the stream flow is recorded
continuously, this relationship can be
used to produce estimates of stream SiO 2
concentration. This allows the contributions
to stream flow generation by near-surface
water and groundwater to be estimated for
monthly and annual periods.
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Figure 1 – Location and topographical map of Pukemanga catchment, showing shallow well
transect above wetland, wetland, outlet weir and deep well locations.
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Supplementary measurements of the
SiO2 concentrations in other hydrological
components within the catchment, i.e.,
groundwater, rainfall and surface run-off, were
undertaken to demonstrate the soundness of
the method’s underlying premises. Concurrent
measurements of concentrations of SiO2 and
18O in both stream flow and rainfall were
undertaken to investigate whether SiO2
measurements could be used as proxy for the
more expensive 18O measurements.

Methods
Catchment description

The Pukemanga stream discharges from a
small (3 ha) steep catchment through a springfed wetland (60 m2) in the hill country near
Hamilton in the North Island of New Zealand
(37.787° S, 175.068° E). The catchment
is used for grazing sheep and cattle. The
elevation is approximately 70 m above mean
sea level (amsl) at the wetland that forms
the headwater for the perennial Pukemanga
stream, and rises to approximately 150 m amsl
at the top of the catchment. Figure 1 shows
the ground elevations and the location of
a shallow well transect above the wetland.
Surface flow above this wetland area (Fig. 1)
only occurs for short times in ephemeral
channels when surface run-off is generated
by high-intensity rain storms. The mean
annual discharge of the Pukemanga stream is
0.44  l  s-1.
The lithology of the catchment is described
as inter-bedded fine sandstone and siltstone,
with some fossilised shell beds (Kear and
Schofield, 1978). The sandstone and siltstone
are indurated and well jointed, and these
rocks are deeply weathered. Yellow Ultic
Soils and Orthic Granular Soils dominate the
catchment. While differing in their parent
materials, both groups have clay-enriched B
horizons in common that typically result in
imperfect drainage (Bruce, 1978; Hewitt,
1998). Mottled Yellow Ultic Soils with silt

loam texture in the A-horizon and loamy
clay or silty clay below were described at four
excavated soil pits (Müller et al., 2006).
Pukemanga stream and rain sampling

Pukemanga stream flow was monitored in a
dual flume system: a V-notch weir for low
flows less than 6.4  l  s-1 and an H-flume for
higher stream flows. The stage resolution
was 1 mm, and typically measurements were
made at a 5-minute resolution.
To determine the SiO2 concentration in
the Pukemanga stream when groundwater
discharge was considered to be the only source
of water generating stream flow, the stream
flow was sampled 15 times at very low flows
from November 2004 to December 2005.
This involved manually collecting a grab
sample from the weir following an extended
dry period.
To collect samples from the stream during
flow events, a stage-based sampling regime
was used. The stage data from the logger at
the weir was used as an input into a Campbell
Scientific CR10X data logger (Campbell
Scientific, North Logan, Utah, USA), which
triggered two stream flow samplers (Manning
Environmental Inc. Georgetown, Texas,
USA) located at the weir site in series (to
increase the number of samples that could
be automatically collected). Stream sampling
continued at a variable rate throughout a flow
event, dependent on the rate of increase in
the discharge until either the event was over,
or all available 48 one-litre sample bottles
were filled. Flow samples for determination
of SiO2 concentrations were collected in this
manner during 18 intensively monitored
periods, which comprised 23 individual
events (Table 1). Peak flows in these events
ranged from 0.23 to 104  l  s-1. Cumulative
monthly rainfall samples were collected from
January to June 2003 for SiO2 analysis.
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Table 1 – Dates of monitoring periods, number of events, flow information and number of SiO2
samples analysed in each period.
Discharge (l  s-1)
Start date
Monitoring
of monitored
period
period
number

Number of
events in
monitored
period

Instantaneous discharge at:

First
sample

Highest
flow
sampled

1

12-Oct-03

2

1.50

12.90

26.20

26.19

24

2

28-Feb-04

1

1.51

81.70

81.70

103.90

29

3

5-May-04

1

1.50

1.50

1.50

   1.55

2

4

4-Jun-04

2

1.51

1.51

7.13

   7.22

20

5

18-Jun-04

1

1.50

9.14

17.71

19.01

13

6

1-Dec-04

1

0.56

0.56

0.86

   0.90

11

7

15-Dec-04

1

0.26

0.26

0.46

   2.26

6

8

17-Dec-04

1

0.26

0.56

0.66

   0.71

5

9

26-Apr-05

1

0.15

0.15

0.86

   0.86

11

10

17-May-05

2

0.15

0.15

0.46

   0.42

9

11

18-May-05

1

0.15

0.26

0.46

   0.53

6

12

18-May-05

1

0.36

1.46

2.26

54.72

14

13

18-Jun-05

1

0.46

0.46

2.15

   2.09

19

14

31-Jul-05

1

0.89

1.51

2.38

   2.37

14

15

1-Aug-05

1

1.79

1.51

6.03

   6.97

26

16

10-Oct-05

1

2.68

2.38

6.03

23.66

10

17
18

24-Jan-06
25-Jan-06

2
2

0.29
0.61

0.29
5.73

2.38
6.03

   2.61
21.63

15
20

Groundwater sampling

Thirty-two shallow wells (< 7 m deep)
screened at various lengths and depths were
installed using a direct push–probe system
(Geoprobe, Kansas, USA.). These were
installed along a transect from the wetland
up to the highest part of the catchment, as
shown in Figure 1. Eight of these wells had
capacitance probes (WT-HR Water Height
Data logger by Tru Track, Christchurch,
NZ) installed to measure the water level at
15-minute intervals. Groundwater levels
were measured manually nineteen times from
June 2002 to July 2003. Sixteen of these
shallow wells were sampled for 18O and SiO2
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Last
sample

Number
Peak flow
of samples
of event
analysed for
(5-minute
SiO2 conc.
average data)

concentration on 9th July, 2003. As the flow
rate into these shallow wells was slow, purging
of the wells the day prior to the collection of
samples was necessary.
To investigate the depth and dynamics of
the water table in the upper part of the catch
ment, a 50-mm diameter deep well (Fig. 1)
was installed by commercial well drillers. The
bore log described clay down to 9 m, then clay
and weathered rock, which became very hard
at 27 m below ground level (bgl). The well was
subsequently screened at 27 to 30 m depth.
The water level in this well was recorded at a
15-minute resolution using a pressure sensor
with an integrated data logger (DIVER by

Van Essen Instruments) This deep well was
sampled for SiO2 concentrations in June and
December 2004.
Analytical methods for SiO2 and 18O

SiO2 concentrations of stored refrigerated
(4°C) water samples were analysed using
inductively coupled plasma optical emission
spectroscopy by Geological and Nuclear
Sciences Laboratory at Wairakei. This
method has a detection limit of 0.05  mg  l-1
SiO2. Rainwater samples were analysed for
SiO2 concentrations using the Molybdate
colourimetric method (APHA, 3500-SiO2,
1998), which has a detection limit of
0.05  mg  l-1 SiO2.
Isotope measurements of 18O were carried
out by equilibrating the water samples with
CO2, and analysing them using a neutron
activation analysis mass spectrometer (Stewart
et al., 2007).

Results and discussion
SiO2 concentrations in rain

All of the SiO2 concentrations in the monthly
bulked rainfall samples collected from January
to June 2003 were 0.1  mg  l-1 SiO2. This
agrees with the concentrations from 0.050.09  mg  l-1 SiO2 reported for the same site
for the August 1997 to October 1998 period
by Stewart et al. (2007).
SiO2 concentration in Pukemanga stream
when entirely fed by groundwater

Pukemanga stream was sampled 15 times
from November 2004 to December 2005
after extended dry periods, when groundwater
discharge is considered to be the only source
of water generating stream flow (Table 2).
The flow at the time of sampling ranged from
0.06  l  s-1-0.66  l  s-1 (Table 2, Fig. 2a). The
average SiO2 concentration of these 15 samples

Table 2 – Date and stream flow (l  s-1) at time of sampling for SiO2 concentrations in Pukemanga stream
when groundwater only is contributing to the stream flow, flow as % of mean annual flow (0.44  l  s-1)
and measured SiO2 concentrations.
Date

Stream flow at time of
sampling (l  s-1)

Stream flow as % of
mean annual flow

SiO2 concentration
(mg  l-1 SiO2)

30-Nov-04

0.26

62

22.0

20-Dec-04

0.16

39

21.0

12-Jan-05

0.51

121

22.0

11-Feb-05

0.21

51

23.0

15-Feb-05

0.18

42

25.3

28-Feb-05

0.14

34

23.0

21-Mar-05

0.09

20

25.0

29-Mar-05

0.09

20

24.0

14-Apr-05

0.06

15

23.2

17-Jun-05

0.31

73

25.6

28-Jul-05

0.66

157

24.4

5-Aug-05

0.74

177

23.0

15-Aug-05

0.55

132

22.0

27-Oct-05

0.66

157

21.0

12-Dec-05

0.16

39

21.0

Average (stdev)

23.0 (1.6)  mg  l-1 SiO2
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Figure 2 – a) Stream flow and
 SiO2 concentrations used for
determining SiO2 concentration
in Pukemanga stream when
groundwater is considered to
be the only source contributing
flow to the Pukemanga stream,
b) Daily rainfall over sampling
period.

was 23.0  mg  l-1 SiO2 (std. dev. 1.6  mg  l-1
SiO2). This SiO2 concentration is considered
representative of the Pukemanga stream when
groundwater alone is discharging into the
stream. The daily rainfall, shown in Figure 2b,
is reasonably well distributed throughout the
year, i.e., there is no seasonality.
SiO2 concentration in Pukemanga stream
when effectively fed by only near-surface flow

Stewart et al. (2007) reported SiO2 concen
trations of surface run-off water collected in
specially constructed surface run-off collectors
at this site ranged from 2.4-4.5  mg  l-1 SiO2,
with an average of 3.5  mg  l-1 SiO2 (std. dev.
0.9  mg  l-1 SiO2).
The measured SiO 2 concentrations
plotted against the concurrent stream flow
measured at the time of sampling (Fig. 3)
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demonstrated that SiO2 concentrations at
the highest sampled stream flows are in the
range of the surface run-off samples reported
by Stewart et al. (2007). Accordingly, a SiO2
concentration of 2.8  mg  l-1 SiO2 was adopted
to represent concentrations in the stream
when flow is considered to be effectively
generated by near-surface flow.
SiO2 concentrations in groundwater

The SiO 2 concentrations measured in
groundwater in the recharge zone (wells
greater than approximately 7 m away from the
wetland) tended to increase with the depth of
the well screen, reflecting the increasing contact
time of the water with silica-bearing minerals
(Fig. 4). The SiO 2 concentrations in the
shallow wells (screened < 6.5 m bgl) in the
recharge area ranged from 3.5 to 15  mg  l-1

Figure 3 – Measured SiO2
 concentrations with concurrent
stream flow in the Pukemanga
stream. Power relationship
fitted through all data (R2=
0.83).

Figure 4 – Water table elevation,
 well screen locations and
SiO2 concentrations in the
shallow groundwater in the
recharge zone (shown in red)
and discharge zone (shown in
black).

SiO2 (Fig. 4), as compared to 39.6  mg  l-1 SiO2
in the deep well (screened at 27-30 m bgl).
The water table location shown in Figure 4
was manually measured at the time the
samples were collected for SiO2 analysis (9th
July 2003).
The higher SiO2 concentrations measured
at shallow depth in the lower part of the
transect (27.9-38.4  mg  l-1 SiO2) are due
to groundwater upwelling in this discharge
zone near the wetland. The average SiO2
concentration in the discharge area (32  mg  l-1
SiO2) is less than that measured in the deep
well (39.6  mg  l -1 SiO 2), as groundwater
from various locations and water ages
are assumed to converge at this discharge
location (Fig. 4). This average concentration

(32  mg  l-1 SiO2) is, however, higher than the
SiO2 concentration used to represent the
groundwater discharging into Pukemanga
stream (23  mg  l-1 SiO2). Two factors explain
this difference. Firstly, the groundwater
sampled along the well transect is not the only
groundwater discharging into the stream.
Younger groundwater is also discharged from
the steeper slopes that run perpendicular to
the cross section shown in Figure 4. Secondly,
due to typically higher hydraulic conductivity
at shallow depth (Prudic, 1991), groundwater
flow lines with younger water may contribute
a higher volume of the total groundwater
discharge than the deeper flow lines of older
water.
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Contribution to stream flow generation

The relationship derived between Pukemanga stream flow and SiO2 concentrations (Fig. 3 and
Eq. 1) allows the SiO2 concentration in the stream to be estimated for the observed range of
stream flows.
Si02 concentration = 13.717 × Stream flow –0.3648

			

(1)

Using this predicted stream water SiO2 concentration combined with the linear mixing
model (2.8  mg  l-1 SiO2 for near-surface water and 23.0  mg  l-1 SiO2 for groundwater discharge),
the contributions from each of these reservoirs to the Pukemanga stream flow can be estimated
using Eqs. 2 and 3.
!"#$%&'(!!"!!"#
! !"!#$!!"#$%!
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!
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Contributions to stream flow generation:
Individual events

Eighteen monitoring periods, containing 23
individual hydrograph events, were either fully
or partly sampled for SiO2 concentrations
(Table 1). Data from five of these monitoring
periods, covering the range of flows when
groundwater contribution is considered to
be making a significant contribution to the
Pukemanga stream (0.23 up to 26.2  l  s-1),
are presented as examples in Figures 5a-c
and 6a-b. In each of these figures, the
measured SiO 2 concentrations, stream
flow, and the modelled contributions to the
stream flow from groundwater (Eqs. 1-3) are
presented. The conclusions that can be drawn
from these events are summarised at the end
of this section.
As the stream flow rate doubled during
the first flow peak, from approximately
0.1 to 0.2  l  s-1 (Fig. 5a), the concurrently
measured SiO 2 concentrations remained
high, consistent with continued groundwater
discharge. The flow-based model for
prediction of SiO2 concentrations also agrees
with this interpretation. During the second
event in Fig. 5a, stream flow increased from
0.07  l  s -1 and peaked at 0.42  l  s -1. The
measured SiO2 concentrations indicate that
the flow increase can be entirely attributed to
increased groundwater discharge, however the
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(2)
(3)

flow-based model predicts that groundwater
discharge equates to 80% of the peak flow.
This discrepancy between modelled and
measured contributions is attributed to the
variability in the data used for the derivation
of the flow versus SiO 2 concentration
relationship in Figure 3.
In Figure 5b, stream flow increased up to a
peak of 0.86  l  s-1 from the initial 0.1  l  s-1.
Concurrently, the measured SiO 2 con
centration declined from 21  mg  l-1 SiO2 to
17.3  mg  l-1 SiO2. This decline in SiO2 con
centration suggests that groundwater con
tributed approximately 72% to the peak
stream flow. The flow-based model predicts
the groundwater contribution would be
approximately 14% lower at the peak flow.
In Figure 5c, stream flow increased from
approximately 0.4  l  s-1, entirely derived from
groundwater discharge, up to a maximum of
just over 2  l  s-1. Concurrent with this increase
in stream flow, measured SiO2 concentrations
declined to a minimum of 13.3  mg  l-1 SiO2
at the peak flow rate. This SiO2 concentration
corresponds to a reduction to 52% of the
stream flow coming from groundwater
contribution. The flow-based model is in
reasonable agreement, with the contribution
from groundwater to the peak flow, being
estimated at 64%.

Figure 5 – Flow
 separation into
contributing groundwater
and near-surface water
based on measured stream
flow and the derived SiO2
vs. flow relationship
(Eq. 1) for hydrographs
with peak flows,
5a) 0.23 and 0.42  l  s-1,
5b) 0.86  l  s-1, and
5c ) 2.09  l  s-1.
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The hydrograph from a rain event
during winter is shown in Figure 6a: the
first peak reached a flow of 6.0  l  s-1 and the
second 7.2  l  s-1. The stream flow prior to
the rain event was approximately 0.8  l  s-1.
The measured SiO2 concentrations halved
from initially 11   m g  l -1 SiO 2 as stream
flow increased, and then recovered as flow
receded. The groundwater contribution to
the stream flow in this event is estimated
to be 19%, based on measured SiO 2
concentration at the stream flow of 7.2 l  s-1.
This is in reasonable agreement with the
flow-based model, which predicted 11% of
flow was contributed from groundwater.
There are two flow peaks presented in
Figure 6b: the first event has a peak flow of
10.5  l  s-1, with the second one having a peak

flow rate of 26.2  l  s-1. In the first event the
flow rate at the initial stream sampling point
was already at 2  l  s-1: at this time; 63% of the
stream flow was already being contributed
by near-surface water. This is very good
agreement with the SiO2 concentration being
lowered from 23.0  mg  l-1 SiO2, when all
stream contribution is from groundwater, to
15.1  mg  l-1 SiO2, which predicts that 61%
of the stream flow is from near-surface water.
The groundwater contribution continued to
decrease down to a minimum of 15% of the
stream flow at the peak stream flow. At this
flow, the SiO2 concentration measured was at
a minimum of 4.9  mg  l-1 SiO2, correspond
ing to 10% of the stream flow being generated
by groundwater contribution, which again is
in reasonable agreement with the flow-based

Figure 6 –Flow separation of
 hydrographs with peak flows in
6a) 6.03 and 7.22  l  s-1 and
6b) 10.5 and 26.2  l  s-1 into
contributing groundwater
and near-surface water based
on measured stream flow and
the derived SiO2 vs. flow
relationship (Eq. 1).
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model. As the stream flow receded, SiO2
concentration in the stream concomitantly
increased up to 6.3  mg  l-1 SiO2 at the end of
this sampling period.
The first sample of the second event
was taken at a flow of 4.4  l  s-1, i.e., a flow
already significantly greater than base flow.
Accordingly, SiO 2 concentrations were
already reduced to 8.8  mg  l-1 SiO2. The SiO2
concentrations continued to drop rapidly to
2.2  mg  l-1 SiO2 with the steep increase in
stream flow. As stream flow decreased, the
SiO2 concentrations in the stream maintained
a relatively constant range between 3.8 and
4.3  mg  l-1 SiO2. The minimum groundwater
contribution to stream flow in this event was
7.5%, at peak flow. The minimum measured
SiO 2 concentration was approximately
the concentration used to represent nearsurface contributions. Consequently, at this
concentration all the stream water would be
predicted to be coming from near-surface
water.
From the data collected during the
monitored events, and shown in the previous
figures, a consistent picture regarding the
stream flow contributions emerges. The
measured SiO2 concentrations demonstrate
that flows up to approx. 0.4 l  s-1 (Fig. 5a)
can be entirely generated by increased
groundwater discharge without any nearsurface water contribution. As the stream
flow increases, the two-pool model inherently
assumes that groundwater discharge will
increase concomitantly, up to a maximum
at a predicted stream flow of 21.3 l  s-1. At
this flow rate, the predicted groundwater
discharge is 1.72 l  s -1, which equates to
8.1% of the stream flow. The groundwater
discharge (in l  s-1) reaches its maximum
at the peak flow of the event hydrograph,
however, the relative contribution of
groundwater discharge to stream flow is at its
minimum at this point, as the measured SiO2
concentrations demonstrate. In contrast to a
maximal possible groundwater contribution

assumed by this two-pool model with
constant SiO2 concentrations, the nearsurface water contribution continues to
increase with increasing stream flow, and is
largely determined by the rainfall intensity.
Contributions to stream flow generation:
Monthly flow analysis

The relationship between contributions
from the two reservoirs to stream flow
can be investigated on a monthly basis, as
shown in Figure 7a. Using this temporal
resolution reveals that the contribution of
near-surface water increases in a quadratic
response with increasing monthly stream
flow. The monthly groundwater contribution
asymptotically approaches a maximum
monthly contribution to Pukemanga stream
flow of 1700 m3 month-1, or an average flow
rate of 0.66  l  s-1.
The monthly Pukemanga stream flow
contributions from groundwater and nearsurface water as a fraction of the Pukemanga
stream flow for the nearly ten years of flow
data available are presented in Figure 8.
This figure illustrates that near-surface water
makes a substantially larger contribution
to the stream flow during the winter (JunAug) than the summer (Dec-Feb). The lower
evapotranspiration, with resulting higher
soil water content, and higher water tables
all promote generation of more near-surface
flows during winter.
Contributions to stream flow generation:
Annual flow analysis

Over the nine years when relatively complete
data were available, the groundwater
contributed between 52 and 74% of the
annual stream flow leaving the catchment,
with the remainder coming from near-surface
water (Table 3 and Fig. 7b). On average
over the nine years, 66% of the measured
stream flow leaving the catchment came
from groundwater and 34% from nearsurface water. This long-term average agrees
well with the estimates of the groundwater
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Figure 7 – Groundwater and
 near-surface water
contributions to Pukemanga
stream flow 7a) monthly
data and 7b) annual data
for complete years with
increasing stream flow.

Figure 8 – Near-surface water
 and groundwater
contributions to
Pukemanga stream flow as
% of monthly stream flow
volume.
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Table 3 – Annual volume of stream flow measured in Pukemanga stream, estimated annual groundwater
and near-surface water contributions on volumetric basis (m3) and as percentage of total annual
stream flow.

Year

Data
days in
period

Total
Pukemanga
stream flow
(m3)

Ground
water
contribution
(m3)

Near-surface
water
contribution
(m3)

Groundwater
contribution
(%)

Near-surface
water
contribution
(%)

1995

165

9,700

5,510

4,190

1996

366

20,764

10,832

9,932

52

48

1997

348

8,800

6,527

2,273

74

26

1998

331

13,644

7,791

5,853

57

43

1999

345

8,963

6,143

2,820

69

31

2000

366

10,495

7,412

3,084

71

29

2001

319

11,289

8,099

3,189

72

28

2002

365

14,933

9,226

5,707

62

38

2003

365

11,867

8,005

3,862

67

33

2004

366

13,255

9,035

4,219

68

32

2005

98

1,663

1,536

   127

Totals*

3171

114,009

73,070

40,939
66

34

Average*

* not including part years 1995 and 2005

contribution by Elliot and Ibbitt (2000)
using hydrograph separation methods, and of
Bidwell et al. (2008) using a hydrodynamic
response method.
The relative contribution of groundwater
discharge to annual stream flow decreases
with increasing annual flow. While
groundwater discharge accounted for 74%
of stream flow generation in the year with
the lowest annual flow, its contribution was
only 52% in the year with the highest flow
(Fig. 7b). With increasing annual stream
flow, the near-surface water contribution
increases at a rate approximately 50%
greater than the groundwater contribution.
This is evident from the slopes of the linear
regression equations (0.63 vs. 0.37) relating
contribution of flow to increasing stream
flow, shown in Figure 7b. The reason that the
annual contributions to stream flow (Fig. 7b)
can be described by linear models as opposed

to the quadratic and logarithmic monthly
models (Fig. 7a) is that, when the analysis
period is increased to a year, it is not feasible
to have extreme situations where the flow is
generated from only ground or near-surface
water, as it can be over the monthly time
period.
SiO2 and 18O concentrations

In addition to the SiO2 concentrations, 18O
concentrations were also determined for the
groundwater sampled along the well transect
shown in Figure 4. These data confirm
the presence of two distinct groupings of
groundwater (Fig. 9). The older groundwater,
with SiO2 concentrations above 25  mg  l-1
SiO2, had 18O concentrations of less than
–4.99‰. The younger groundwater, with
SiO2 concentrations below 15.3  mg  l-1 SiO2,
had 18O concentrations above –4.95‰.
Within either the older or younger ground
water grouping, there was no relationship
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Figure 9 – SiO2 and 18O
 concentrations in shallow
groundwater collected in
discharge area (old) and
upslope in recharge area
(younger).

between the 18O and SiO2 concentrations. If
the two data sets are combined, however, a
linear relationship does exist between the two
groupings of SiO2 and 18O concentrations
(R2 = 0.69). This indicates that, in this
catchment, the older groundwater with the
higher SiO2 concentration has a less enriched
18O concentration than the younger water.
Nevertheless, for a specific value of SiO2, a
relatively wide range of 18O concentrations
was measured.
The differences in 18O and SiO2 dynamics
in stream water were evaluated for three
storm hydrographs with peak flows of 1.5,
7.2 and 104  l  s-1, where both 18O and SiO2
were measured in stream flow and rainfall. In
the largest event (peak flow of 104  l  s-1), ten
rainfall samples collected during the rising
limb of the stream flow were analysed for 18O
concentrations. The 18O concentrations of
the rainfall demonstrated a very wide range
and decreasing trend during the rain storm;
from –1.44‰ in the first sample to –9.9‰
in the last sample collected 17 hours later.
In comparison to rainfall, the variation in
18O concentrations in the rising limb of the
stream flow are severely dampened, ranging
only over 1.6‰, from –4.73‰ at the initial
flow of 1.5  l  s-1 to a high value of –3.09‰ at
a flow of 27.0  l  s-1. The 18O concentrations in
the sample taken at the highest flow sampled
(82  l  s-1), which was at 80% of the peak flow
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(104  l  s-1), was –4.31‰. The average 18O
concentration in the stream flow measured
over the rising limb of the flow hydrograph
was –3.64‰, with a standard deviation
of 0.41‰, and resulting coefficient of
variation of only 11%. In contrast, the SiO2
concentrations measured for the same samples
ranged over 15.7  mg  l-1 SiO2, resulting in
a high coefficient of variation of 63%. This
demonstrates that the 18O variation in the
stream flow was considerably smaller than
that of the SiO2 and that the stream discharge
did not mirror the large variation of the 18O
in the rainfall. A possible explanation for
this observation is that the temporal 18O
variability in the rainfall was masked by the
spatially variable travel time of the nearsurface water across the catchment.
The data from the other two events
sampled for both 18O and SiO2 confirm the
findings from the event described above. The
greater variation in the SiO2 concentrations,
and their consistent decrease with increasing
flow, suggests that SiO2 is a more responsive
and sensitive parameter in this catchment for
use as a tracer to determine the contributions
from groundwater and near-surface water to
the stream flow than 18O.

Conclusions
Following extended dry periods, when
the stream flow is low (< ≈ 0.5  l  s-1) and

groundwater is the sole contributor to stream
flow, SiO2 concentrations are approximately
23.0  mg  l -1 SiO 2. During extreme flow
events (> ≈80  l  s-1) caused by large rain
storms, the two-pool model assumes that
the groundwater contribution is negligible
and the SiO2 concentration of stream flow
(2.8  mg  l-1 SiO2) can entirely be attributed to
near-surface flow. Between these two extremes
the concentration of SiO2 in the stream is
strongly related to the measured stream flow.
Based on the relationship between SiO2
concentration and stream flow, groundwater
discharge accounts for 52% to 74% of the
annual flow in Pukemanga stream. The mean
groundwater contribution over nine years
was 66% of the stream flow. While nearsurface flow contributed only 26% of the flow
during the year with the lowest annual flow,
this percentage rose to 48% during the year
with the highest flow. On a monthly basis,
the groundwater contribution to stream flow
will asymptotically tend towards a maximum
of 1700 m3 month-1 (equating to an average
of 0.66  l  s-1). Conversely, the monthly con
tribution from near-surface water to the
stream flow increases at a quadratic rate with
increasing total monthly stream flow.
Measured SiO2 concentrations of rain
fall, surface run-off, and the various ground
water components are consistent with the
catchment flow paths, and hence ages as
presented by Stewart et al. (2007). Based on
SiO2 concentrations measured during events,
increases in Pukemanga stream flow up to
approximately 0.4  l  s-1 are entirely generated
by increased groundwater discharge. As
the flow increases beyond this threshold,
the contribution from groundwater will
still increase but asymptotically towards
a maximum groundwater contribution,
with the near-surface water contribution
increasing at a significantly greater rate. The
highest groundwater discharge into the
stream is coincidental with the peak flow in
an event. The near-surface water contribution

continues to increase with increasing stream
flow, with this component being driven by
the rainfall intensity.
The variation in the SiO2 concentration
with increasing stream flow was demonstrably
greater than that of 18O. As a result of the
greater consistency in behaviour and greater
variation in the SiO2 concentrations with
variation in flow, we suggest that SiO2 in this
catchment is a more responsive and sensitive
parameter than 18O to use for separation of
the contributions by groundwater and nearsurface water to stream flow.
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