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ABSTRACT 

A steady-state groundwater flow model of the Poukawa basin (Poukawa Stream catchment) 
has been developed using FEFLOW software.  The model was primarily developed to 
simulate the cumulative effects of groundwater pumping from wells in the south-eastern area 
of the basin on groundwater levels, spring-fed stream flow and groundwater discharge into 
Lake Poukawa, under mean monthly low-flow conditions.  A pseudo-transient model was 
constructed from the calibrated steady-state model.  In the pseudo-transient model all 
boundary conditions are steady-state with the exception of groundwater pumping.  Inclusion 
of transient groundwater pumping allowed for the assessment of a more realistic worst-case 
groundwater pumping duration (90 days) on the catchment water budget, compared to 
steady-state pumping. 

The model was calibrated to observed groundwater levels, sub-catchment flow rates in the 
southern area of the basin, flow in the Poukawa Stream at Stock Rd and mean monthly 
minimum low-flow in the Poukawa Stream at Douglas Rd (45 L/s or 3,888 m3/d).  The model 
was also calibrated to observed drawdown in Brownrigg Agriculture (BA) irrigation wells and 
to observed stream depletion effects due to the pumping (1–2 days) of these wells.   

The pseudo-transient model indicated that worst-case, simultaneous, 90-day pumping from 
four wells (12,879 m3/d) in the south-eastern area of the model will cause negligible (5 m3/d) 
reduction in groundwater discharge to Lake Poukawa, but will cause surface water flow into 
the lake to decrease by about 13% (1055 m3/d) under low flow conditions.  While the model 
was not calibrated to flow in tributaries of the Poukawa Stream downstream of Douglas Rd, 
modelling results indicate that worst-case scenario pumping will reduce Poukawa Stream 
flow at Stock Rd by about 10% (1215 m3/day) under low flow conditions. 

The pseudo-transient model has been significantly revised from an earlier steady-state 
model of the Poukawa basin reported by Minni et al. (2010).  This latest model has also been 
used to assess the effect of all consented groundwater pumping in the basin at the request of 
Hawke’s Bay Regional Council.  The results of these model simulations are reported 
separately in Cameron and Gusyev (2011).   
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1.0 INTRODUCTION 

A steady-state FEFLOW groundwater flow model of the Poukawa basin has been developed 
to simulate the effect of groundwater pumping on surface- and ground- water flow in the 
south-eastern area of the basin.  A pseudo-transient model was constructed from the steady-
state model.  The model is pseudo-transient as all boundary conditions in the model are 
steady-state with the exception of pumping from groundwater abstraction wells.  The model 
does not simulate transient hydrological conditions.   

Stream flow in the basin is supported by spring discharge from a limestone aquifer that 
underlies the basin.  Groundwater abstraction from the limestone aquifer in the south-eastern 
area of the basin by Brownrigg Agriculture (BA) is known to affect stream flow rates 
(Cameron and White 1999, 2001; Cameron and Reeves 2004).   

The model was primarily developed for the purpose of supporting application for renewal of 
resource consents held by BA to abstract groundwater from wells for irrigation.  The intent is 
also to use the model to support future additional resource consent application(s) for 
groundwater abstraction by BA.  For this purpose, the model has been developed to assess 
the impact of pumping from BA wells on groundwater levels, spring fed stream flow and 
discharge into Lake Poukawa, under mean monthly low-flow conditions.  This includes 
estimate of the magnitude and radius of groundwater level drawdown due to pumping.   

Hawke’s Bay Regional Council (HBRC) also contracted GNS Science to use the model to 
assess the effect of other consented groundwater abstractions in the basin on water 
resources.  The results of these simulations are reported separately in Cameron and Gusyev 
(2011).  While the model domain includes the entire Poukawa basin and the model can be 
used to assess the effects of groundwater pumping throughout the basin, calibration of the 
model is less robust outside of the area of BA impact.  For example, the model was 
calibrated to field measurements of flow rate at individual streams that discharge into Lake 
Poukawa and tributaries of the Poukawa Stream upstream of Douglas Rd.  In contrast, 
downstream of Douglas Rd, modelled stream flow was calibrated to flow rate in the Poukawa 
Stream at Stock Rd only.    

A FEFLOW model was considered to be an appropriate method for assessing these effects 
due to the ability of such a model to simulate cumulative effects of pumping from multiple 
wells on groundwater level and groundwater discharge into the lake; as well as being able to 
simulate stream flow; and stream depletion due to groundwater pumping.  A pseudo-
transient model allowed realistic duration of well pumping to be assessed.  The following 
three scenarios were modelled: 

1) Steady-state low flow hydrological conditions during a period of minimal groundwater 
abstraction prior to the start of irrigation season in November 2008, when field 
measurements of groundwater level and stream flow were collected.  The target low flow 
conditions for model calibration were 45 L/s (3,888 m3/d) flow rate in the Poukawa 
Stream at Douglas Rd, which corresponds to the mean monthly minimum flow rate. 

2) Individual pumping at three of the existing BA wells, for which pump tests and stream 
depletion measurements had previously been undertaken, at pump tested rate and 
duration.  These pseudo-transient simulations were superimposed on the steady-state 
hydrological conditions from scenario 1. 
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3) A worst case scenario of simultaneous, continuous pumping for 3 months duration from 
four of the existing BA wells at pump tested rates.  This pseudo-transient simulation was 
superimposed on the steady-state low flow hydrological conditions from scenario 1. 

This report describes the FEFLOW model of the Poukawa basin developed by GNS Science.  
The report includes general description of: the geology and hydrogeology of the modelled 
area; the conceptual hydrogeological model upon which the FEFLOW model was based; and 
the FEFLOW model structure, calibration, water budget, modelled scenario results and 
sensitivity analysis.  The report does not provide an assessment of the effects of pumping 
from BA wells for the purpose of resource consent application.  The assessment of effects 
will be covered in a later report for the purpose of supporting resource consent application(s) 
by BA.  

1.1 Background 

A previous GNS Science report (Minni et al. 2010) described an earlier version of the 
Poukawa basin FEFLOW groundwater flow model.  Modification to the previous model were 
made following external review comments by SKM (SKM 2010; SKM 2011) and discussion 
with HBRC groundwater staff (Gordon 2010; Baalousha 2010, 2011).  This report on the 
revised model replaces the previous report and model of Minni et al. (2010) in its entirety.  
No new field work or data has been obtained for the purpose of updating the model or report.  
Nor has the supermesh of the original FEFLOW model been modified.  However, numerous 
modifications to the model have been undertaken to address the SKM and HBRC review 
comments.  These include: removal of 1 m thick layer 1, increase porosity and storativity 
values, improved calibration of the model to observed groundwater level drawdown and 
stream depletion values, and simulation of mean monthly low-flow conditions.   

2.0 GEOLOGY  

The Poukawa basin, Central Hawke’s Bay, is a synclinal basin located within a northeast-
southwest trending tectonic depression (Figures 2.1 and 2.2). Pliocene – Pleistocene age 
limestone, siltstone and sandstone form the adjacent hills and underlie the Poukawa Basin to 
form an asymmetrical syncline flanked by two rising anticlines (Kingma 1971). The 
sandstone and siltstone sediments underlie the limestone. An isopach map of limestone 
indicates limestone thickness varies between about 150 to 250 m in the Poukawa basin with 
thickness decreasing to the southeast and increasing to the northeast (Figure 2.3).   

The basin is in-filled with Quaternary age sediments washed from the surrounding hills and 
by sediments and organic material associated with the lake and fringing swamps. The 
Quaternary sediments are more than 234 m thick in test bore LPDP5 located about 500 m 
south of Lake Poukawa. The test bore penetrated alternating layers of peats, lake silts and 
fine silty sands (Fellows 1984). Only a few gravel layers were encountered in the test bore 
and these were limestone and mudstone of local origin. The sediments contained a high 
proportion of reworked shell fragments derived from the adjacent limestone hills. The 
absence of greywacke gravel clasts is significant as it is evidence that the valley has not 
been occupied by a river (e.g. Waipawa River) with a greywacke rock catchment for at least 
the last 300,000 years. Greywacke gravel deposits could be present overlying the Pliocene – 
Pleistocene sediments in the deepest part of the basin. 

Northeast trending faults (Poukawa Fault Zone - Kelsey et al. 1998) disrupt the strata and 
infilling sediments of the Poukawa Basin (Hull 1990).  
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3.0 HYDROGEOLOGY  

In the Poukawa basin aquifers are present in the Pliocene – Pleistocene limestone, 
sandstone and siltstone sediments which underlie the basin and outcrop on the hills 
surrounding the basin, and also in the infilling late Quaternary sediments. 

The synclinal structure of the Poukawa basin suggests the limestone strata and associated 
aquifers underlies the Quaternary sediments over the whole basin.  The limestone aquifer is 
confined in the centre of the basin by the overlying low permeability lake and fluvial 
sediments.  The deeper limestone aquifer in the hills that surround the basin is also 
considered to be confined based on aquifer storativity values (~5.0 x 10-4) derived from 
aquifer tests undertaken on BA irrigation wells (Cameron and Reeves 2004).  However, the 
shallow limestone aquifer in the hills is likely to be unconfined in areas where the water table 
is close to the ground surface and where fractures within the limestone provide direct flow 
pathways from the surface to the water table.  Static water levels in the limestone aquifer are 
variable with both flowing artesian wells and sub-artesian wells depending on site 
level.Hydrostatic pressure of the groundwater in the centre of the basin is high because of 
the head imposed by groundwater recharge into the limestone strata on the adjacent hills. 
Fault dislocation of limestone strata might also affect groundwater pressure and aquifer 
distribution.  Recharge to the limestone aquifer is considered to be from the infiltration of 
rainfall over the unconfined areas of the aquifer. 

Dravid (1993) interprets groundwater in wells 1410, 1828 and 2023 in the northern area of 
the Poukawa Basin between Douglas Road and Pekapeka wetland, as derived from 
sandstone aquifers (Figure 2.4). This is the Pliocene – Pleistocene siltstone mapped by 
Kingma (1971) as overlying the limestone (Figure 2.1). Static water levels range from 7.6 m 
above ground level to 6.4 m below ground level suggesting complex groundwater flow in this 
area, possibly influenced by the Poukawa Fault Zone.  The limestone aquifer underlies the 
siltstone in the northern sector of the basin.  The drillers bore log for well 4470 reports 
limestone from 105 m to 270 m depth, which is the terminal depth of the bore. 

A confined aquifer within the infilling Quaternary sediments of the Poukawa basin was 
identified by Dravid (1993). This aquifer is composed of sand and silty sand deposits below a 
depth of about 38.5 m with groundwater pressure sufficient to produce a flowing artesian 
well. Artesian heads up to 9 m above ground level have been measured (Dravid, 1993).  
Groundwater pressures and pockets of gas caused the dilution of drilling mud and infilling of 
the casing with heaving sand during drilling of test bores LPDP5 and 97-1 (Figure 2.4).  
Fellows (1984) recorded problems with drilling LPDP5 due to groundwater and gas pressure 
at 107 m, 144 m, 159 m and 214 m depth.  Shulmeister et al. (1998) records problems at 
38.5 m, 54.9 m, 75.1 m, 91.4 m, 106.0 m and 138.4 m depth, during the drilling of test bore 
97-1, which was drilled in approximately the same location as LPDP5.  The variation in 
reported depths at which drilling problems were encountered in these two bores supports 
Dravid's (1993) observation that the fluvial and lake sediment aquifer "appears to be patchy 
with wide variation in static water levels". Quaternary greywacke-derived gravel clasts of a 
paleo-Waipawa River channel may be present in the deepest part of the basin but was not 
encountered during the drilling of the test bores.  Recharge to the confined aquifers within 
the lake and fluvial sediments is likely from the lateral flow of groundwater from the adjacent 
limestone aquifer (Figure 2.2). 

Groundwater in a shallow unconfined aquifer within the fluvial and lake sediments and peat 
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swamp surrounding the lake is the result of infiltration of local rain and hydraulic interaction 
with streams and drains. The unconfined aquifer occurs within the depth range of about 2 - 
10 m and Lake Poukawa is considered to be in good hydraulic connection with this aquifer.    

In the central area of the basin soils are naturally fertile and high crop yields can be produced 
with irrigation.  

3.1 Drill logs 

The HBRC consent database has information on 84 groundwater wells and test bores 
located in the Poukawa basin. Seventy-three of these wells and test bores have a lithological 
log (Figure 2.4). Seven of the 73 wells have incomplete lithological descriptions (wells 418, 
1418, 3409, 5277, 5452, 5688, 10996; not shown). 

The reported depth for the 73 wells and test bores with lithological logs range from 7.3 m 
(well 6408) to 270 m (well 4470). Of the 73 wells, 1 (1%) has a depth less than 10 m, 30 
(41%) have depths between 10 and 50 m, 34 (47%) have depths between 50 and 100 m, 6 
(8%) have depths between 100 and 200 m and 2 (3%) have depths between 200 and 300 m 
(Figure 3.1). 

3.2 Aquifer tests 

Aquifer tests have been undertaken at three groundwater wells in the south-eastern area of 
the basin for groundwater abstraction consenting purposes for Brownrigg Agriculture (BA).  
Results of these aquifer tests and assessment of effect of groundwater abstraction on spring-
fed stream flow are summarised in Cameron and Reeves (2004).  BA groundwater wells 
draw water from the limestone aquifer.  Pumping rates used for the constant flow rate aquifer 
testing of BA wells ranged from about 25 to 38 L/s (Table 3.1).  Hydraulic conductivity (K) 
values, calculated from BA aquifer test data, range from 3.8 to 8.8 m/d, for the limestone 
aquifer, providing a mean K value of 5.6 m/d.   

3.3 Groundwater Isotope Analyses  

Three groundwater samples collected in the Poukawa basin were analysed for tritium and 
oxygen 18 in November 1993.  It is not known who collected the samples or for what purpose 
but Brown et al. (1998) provided the following brief interpretation of the results.   

“The groundwater is a mixture of waters of different ages and the tritium analyses and 
resulting tritium ratio (TR) is interpreted in terms of mean residence time (mrt). The 
tritium analyses for well 3134 groundwater (TR 0.596 +/- 0.040, Table 3.2), which is 
screened at a limestone aquifer from 16 - 36 m depth, suggests pre-bomb (40 years 
+) groundwater with a component of recent water and a mrt of 58 years. The 
presence of a recent water component was supported by the occurrence of nitrate 
(3.0 mg/l) in the groundwater suggesting inflow of groundwater affected by land use 
activities.  

The two other wells (HBRC 1368 and 1500) sampled for isotopes were at the 
Wrightson orchard on Mahanga Road about 5 km northeast of Brownrigg Agriculture. 
Well 1368 is 54 m deep (blue sand - screen interval not known) and well 1500 is 
screened 42 - 54 m in a sandy limestone and sand. This may be the same aquifer as 
the wells are about 1 km apart. The TR values indicated pre-bomb groundwater (older 
than 40 years) and a mrt of >70 years.  
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The oxygen-18 analyses (Table 3.2) indicated that the Poukawa basin groundwater is 
probably derived from rain on the Kaokaoroa Range.  The less negative oxygen-18 
analysis for well 3134 suggests mixing of limestone aquifer groundwater with local 
Poukawa basin derived from rain.” 

4.0 HYDROLOGY 

Lake Poukawa occupies the centre of the enclosed basin and is filled by stream flow 
originating from the surrounding hills and by discharge of groundwater from the surrounding 
unconfined aquifer.  Baseflow to the streams is from springs flowing from the limestone 
aquifer.  While there is potential for upward leakage of groundwater from the underlying 
confined aquifer(s) into the unconfined aquifer and lake bed, no information exists on this 
aspect.   

The lake and swamp sediments penetrated by test bores LPDP5 and 97-1 show that a lake 
has occupied the Poukawa basin for at least most of the last 340,000 years. The enclosed 
form of the basin has protected the lake from marine incursion from the sea from the north 
and from major fluvial sediment deposition by rivers from the south.  

At present Lake Poukawa is almost circular, being about 1.5 km in diameter. The lake is 
approximately 20 m above mean sea level and is usually less than 1 m deep. Lake levels 
fluctuate seasonally, and flooding of the surrounding peat swamp often occurs. For example, 
in August 1977, the lake extended to the west as far as State Highway 2 and covered at least 
3 times its normal area. A study of diatoms in the lake sediments to a depth of 6 m show that 
the lake has varied in size but has been shallow for the last 5000 years (Harper et al. 1986).  

The Poukawa basin has drained to the northeast throughout the late Quaternary. The sinter 
deposits in the west (Kingma, 1971) and the extensive peat and lake deposits penetrated by 
test bores and wells suggest that Lake Poukawa was once larger than the present lake. 
Judging from the terraces in the east of the basin mapped by Kingma (1971), the lake and 
possibly the river draining the lake to the north, were capable of eroding the lake and river 
valley deposits when the gradient was steeper.  To the west of the Poukawa Fault Zone 
(Figure 2.2) on the fault scarp between the railway line and State Highway 2 in the vicinity of 
Mahanga Road, there is an incised abandoned channel of the Poukawa Stream immediately 
south of Pekapeka wetland. This change of course by the stream was a result of tectonic 
uplift about 12 - 15 000 years ago (Kelsey, et al. 1998) and demonstrates that tectonic uplift 
would be a major influence on drainage. Pekapeka wetland is a product of the low gradient of 
Poukawa Stream. In 1931 a drain was dug from Lake Poukawa to Poukawa Stream to 
increase drainage and maintain a lower lake level. Today Lake Poukawa is drained via this 
man-made outlet to the northeast to Poukawa Stream and Pekepeka wetland before joining 
the Awanui Stream and the Karamu Stream on the Heretaunga Plains (Howorth et al. 1980). 
The level of the lake is controlled by a radial gate located approximately 3 km downstream of 
the lake outlet.  The primary functions of the radial gate is to (Letica, 2011): 

• reduce winter lake levels to reduce inundation of the land surrounding the lake; and 

• increase summer lake levels to maintain peat soils and maintain lake storage for 
downstream water users. 

HBRC record flow from the lake at a concrete weir in Poukawa Stream at Douglas Road (site 
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#23105; NZMS 260 map ref. V22:298533). Mean monthly flow at this site from 1977 to 2009 
is listed in Table 4.1.  Mean annual flow for the duration of the record for years with complete 
record is 204 L/s or 17,600 m3/d.  Mean monthly flow ranges from 48 L/s (4,147 m3/d) in 
February to 689 L/s (59,529 m3/d) in August.  The mean monthly minimum low flow is 45 L/s.  
The minimum mean monthly flow recorded was 2 L/s (173 m3/d) in February 2003. 

BA farm land around the entire perimeter of Lake Poukawa.  The natural drainage network 
has been extensively modified by BA to lower the water table and make the land surrounding 
the lake farmable.    

4.1  Spring location and proposed mechanism for spring flow 

Cameron and White (1999) mapped location and morphology of springs in the eastern 
central area of the basin in June-July 1999 as part of BA consent application for groundwater 
abstraction from wells 4176 and 4113 (Figure 4.1).  They reported eleven spring-fed streams 
draining the western flanks of the Kaokaoroa Range between NZ map grid northing lines 
6146000 and 6151000.  Stream flow was found to be sourced from three different 
geomorphological spring types:  

Sg: Seepage into the stream from the water table aquifer (in either the limestone aquifer or 
top soil/near surface sediment) intersecting the ground surface (Figure 4.2a). The flow 
mechanism is by gravity drainage.  Flow at the headwaters of some streams begins 
with this mechanism.  Stream flow gradually increases downstream.  Spring flows of 
this type were only mapped at the headwaters of streams where this was observed.  It 
is likely that this type of stream flow contribution occurs over a significant area of the 
drainage system.   

Sf: Spring flow from limestone fracture (Figure 4.2b).  Gravity drainage and/or pressure 
driven flow along fractures in the limestone which intersect with the ground surface.   

Ss: Seepage springs probably occur where flow exits limestone fracture(s) below ground 
surface and beneath topsoil and/or near surface sediments (Figure 4.2c).  This causes 
a peat seepage bog to form at the ground surface.  These most commonly occur near 
or at the base on the Kaokaoroa Range where the limestone aquifer is fully saturated 
and becomes confined to the west by the fluvial and lake sediments.  Seepage spring 
flow is driven by the hydraulic head of the limestone aquifer within the Kaokaoroa 
Range.  These springs possibly act as “over flow valves” for the limestone aquifer.  
Flow rates from these springs vary and are often very low (estimated < 0.1 L/s). The 
seepage springs cause an isolated bog in a paddock that often contributes nil flow to 
drainage channels.  In places, BA have contained the seepage area by excavating a 
drainage trench immediately down gradient of the seepage spring.  This allows the 
down gradient land to be farmed.  The size of seepage spring area ranges from 
approximately 5 m to 100 m in length.   

 Seepage springs also occur at higher elevations where sufficient top soil or surface 
sediment presumably overlies fracture springs. 

 The types of spring are differentiated on Figure 4.1 by the spring reference number.  
Map grid reference and elevation (estimated from 1:50,000 topographic map) for each 
spring is detailed in Table 4.2.  
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5.0 FIELD WORK  

Stream flow rate measurements were performed in 11 streams using v-notch weirs during 
the aquifer testing of BA irrigation wells to measure stream depletion effects due to 
groundwater abstraction.  These results were reported by Cameron and White (1999 and 
2001) and updated by Cameron and Reeves (2004) for a revised groundwater pumping 
regime.  Table 5.1 is reproduced from Cameron and White (2001) and summarises the 
measured stream depletion effects due to groundwater pumping relevant to this modelling 
project.  Location of the streams, wells and stream flow measurement sites are shown in 
Figure 4.1.  The stream depletion data presented in Table 5.1 are used for comparison to 
modelled stream depletion described later in this report.  

Stream flow rate and groundwater level measurements were collected at 13 stream sites and 
15 wells on 25–26 November 2008 (Figure 5.1).  The stream flow measurements were made 
by Andrew Lamerson (AEM) using gauging and volumetric techniques.  Groundwater levels 
were collected by GNS Science staff.  Position and elevation of well heads were obtained by 
differential GPS using a Trimble GeoXH GPS unit.  Data were processed with Pathfinder 
software (Trimble 2007).  These stream flow and groundwater level measurements were 
used for calibration of head and stream flow rates in the model. 

5.1 Data collection error 

The errors associated with the collection of field measurements of stream flow and 
groundwater level are: 

• +/- 2 to 7% for stream flow measurements on tributaries to Lake Poukawa reported by 
Cameron and White (2001).  These measurements were made by v-notch weir.  13 
stream flow measurements were made on tributaries to Lake Poukawa on 25–26 
November 2008.  Four measurements were made by gauging (using a Doppler flow 
tracker device) which have estimated error of +/- 8%.  Six measurements were made by 
time to fill a volumetric container, which have an estimated error of +/- 5%.  Three 
measurements were made by visual observation as flow in these streams (approximately 
0.9 L/s) was either insufficient for gauging or stream channel inappropriate for volumetric 
measurement. The error of these measurements is estimated to be +/- 50%.  However 
the three streams in which visual measurements were made flow directly into the 
Poukawa Stream and do not contribute to the Lake Poukawa.  Streams that do not 
discharge directly into Lake Poukawa were not included in the calibration process of the 
model. Therefore, the errors associated with these measurements do not impact model 
prediction error. 

• +/- 1 m for well position and +/- 3 m for well measuring point elevation, for the fourteen 
wells at which groundwater level measurements were undertaken on 25–26 November 
2008.  These measurements were obtained by differential GPS using a Trimble GeoXH 
GHS unit with base station.  Groundwater level measurements at these wells were made 
by electric tape water level indicators for negative head wells and by pressure transducer 
for positive head wells.   

Measurements of the combined stream flow rate of sub-catchments 1–7 without pumping is 
considered to have a margin of error of 32.5 +/- 1.52 L/s.   The mean error of these stream 
flow measurements is about 7%, which implies that calibration of the model for stream flow 
will have similar error additional to calibration error.   
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The error associated with the groundwater level measurements (+/- 3 m) may cause up to at 
least +/-3 m error in the potentiometric surface used to calibrate groundwater head in the 
model.  This error is likely to be less than +/- 3 m in the unconfined fluvial and lake sediment 
aquifer as the water table in this aquifer was constrained by Lake Poukawa water level.  
Therefore the calibration of the model for hydraulic head may have +/- 3 m error additional to 
calibration error. 

6.0 CONCEPTUAL HYDROGEOLOGICAL MODEL 

The conceptual hydrogeological model of the Poukawa basin, on which the FEFLOW 
groundwater flow model was based, was developed using the following data: 

1) Geological map and simplified stratigraphy (Figure 2.1). 

2) Published journal articles and reports on geology of the area (Bea 1995, Brown et al. 
1998, Fellows 1984, Howorth et al 1980, Hull 1990, Kelsey et al. 1998, Kingma 1971). 

3) Bore log data obtained from HBRC and for test bores LPDP5 (Fellow 1984) and 97-1 
(Shulmeister et al. 1998). 

4) Cross-sections constructed from bore log and geological map data (Figure 6.1). 

5) Groundwater level and stream flow measurements collected during this study and by 
Cameron and White (1999, 2001) and aquifer hydraulic properties reported by Cameron 
and Reeves (2004). 

Figure 6.2 is a schematic cross-section of the conceptual hydrogeological model. The 
structure of the conceptual hydrogeological model generally follows the geological structure 
of the basin as described in Sections 2 and 3 of this report.  The conceptual model 
represents a NE-SW trending asymmetrical syncline with the lake located near the syncline 
axis.  The top surface of the sandstone unit that underlies the basin is a no-flow boundary 
with the implication that no water exits the basin via the sandstone unit.  A limestone aquifer 
overlies the sandstone unit and is present within the rising anticlines to the southwest and 
northeast of Lake Poukawa.  Thickness of the limestone aquifer in the model is about 200 m, 
which is about the average thickness of the limestone unit in the basin as estimated by 
Kingma (1971) (Figure 2.3).   

The limestone aquifer is confined in the centre of the basin by the overlying low permeability 
lake and fluvial sediment.  The limestone aquifer in the hills surrounding the basin is 
considered to be confined at depth, with localised areas of unconfinement where the 
groundwater level is shallow and/or fractures provide adequate pathway from the ground 
surface to the water table.   

Groundwater recharge to the limestone aquifer is considered to be from the infiltration of 
rainfall in the hill country where fractures within the limestone intersect the ground surface 
and/or where the potentiometric surface is near ground level.  However, for modelling 
purposes rainfall recharge to the limestone aquifer was applied as an even distribution over 
the entire limestone hill area due to the absence of information on the spatial distribution of 
groundwater recharge.   

The basin is in-filled with groundwater-bearing lake and fluvial sediments.  Aquifers within 
these sediments are confined at depth and have artesian pressures (Fellows 1984; 
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Shulmeister et al. 1998).  In the conceptual model, all confined lake and fluvial sediment 
aquifers are represented by a single layer from about 50 m to 250 m depth.  However, in 
reality, the fluvial and lake sediments contain multiple confined aquifers from about 38 to 215 
m bgl, although the vertical and lateral extent and continuity of these aquifers are unknown.  
The confined lake and fluvial sediment aquifer and the limestone aquifer are not 
differentiated in the model by a variation in hydraulic conductivity (K), as no hydraulic 
information is available for the confined fluvial and lake sediment aquifers.  Using the same K 
value for the two units was considered reasonable as both aquifer materials (silty sand with 
minor gravel and fractured limestone) are reported in the literature to have overlapping range 
of K (silty sand/gravel is ~0.01–100 m/d and fractured rock is ~0.001–10 m/d; Freeze and 
Cherry 1979).  Furthermore, using the same K value provided a reasonable calibration 
between the observed and modelled groundwater levels.  The confined lake and fluvial 
sediment aquifer is overlain by up to 40 m of confining layer.  In reality, the thickness of the 
confined lake and fluvial sediment aquifer and the confining layer decreases towards the 
margins of the basin.  The reduction in thickness of these units towards the margin of the 
basin was not incorporated in the conceptual model due to simplification of the system for 
modelling purposes.  Recharge to the confined fluvial and lake sediment aquifer(s) is from 
lateral discharge of groundwater from the limestone aquifer.   

Groundwater flow in the basin, as inferred from the potentiometric surface map (Figure 6.3), 
is from the limestone hills towards the centre of the basin and to the northeast following the 
Poukawa Stream.  Groundwater discharges from the basin into the Heretaunga Plains 
system in the northeastern area of the model at Pakipaki.  It is also possible that 
groundwater enters and discharges from the basin at depth via the underlying sandstone or 
limestone units.  While outflow of groundwater from the Poukawa basin into the Heretaunga 
Plains groundwater system has been incorporated into the model, other deep inflow and 
outflow of groundwater has not due to absence of data.  The omission from the model of 
other movement of deep groundwater into and out of the basin is unlikely to have significant 
effect on the simulation of the impact of groundwater abstraction on shallow groundwater 
level (<50 m) and spring-fed stream flow that are of interest to this project.  However, the 
omission possibly affects the reliability of the models catchment water budget.    

An unconfined aquifer occurs within the lake and fluvial sediment that overlies the confining 
layer.  The unconfined aquifer is in hydraulic connection with Lake Poukawa.  The 
unconfined aquifer is approximately 10 m thick and it does not extend laterally to contact the 
limestone. The unconfined lake and fluvial sediment aquifer is separated from the limestone 
aquifer by a 100–200 m wide band of lower K sediments in which many springs occur.  
Groundwater recharge to the unconfined aquifer is considered to be from the infiltration of 
rainfall and from the lateral flow of groundwater from the limestone aquifer within the 
surrounding low permeability sediments.   
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7.0 NUMERICAL MODEL 

7.1 Model platform 

The two major types of numerical groundwater modelling software commercially available at 
this time are based on finite difference and finite element.  The finite difference approach 
uses a discretized domain of rectilinear grid cells to solve differential equations at the center 
of the cells.  MODFLOW, developed by the U.S. Geological Survey (USGS), is the industry 
code for the finite difference approach.  The finite element approach uses a triangular mesh 
to disritize the domain and obtains solution at the nodes of the mesh.  FEFLOW is the 
industry code for finite element approach. The use of a finite element mesh allows refinement 
and derefinement of model structure only in the local area of interest.  This is advantageous 
in areas where surface and groundwater interactions play an important role. 

The Poukawa groundwater model was constructed using FEFLOW computer software v. 6.0 
(finite element subsurface flow system).  FEFLOW was developed by the Institute of 
Mechanics of the German Academy of Sciences Berlin and first introduced in 1979.  It was 
subsequently developed further by the Institute for Water Resources Planning and Systems 
Research (WASY GmbH) of Berlin, Germany.  WASY GmbH was purchased by the Danish 
DHI Group in 2007 (Wikipedia, 2010).  

7.2 Model framework and extent 

A summary of the framework of the Poukawa basin FEFLOW model is provided in Table 7.1. 
The boundary of the model is the surface water catchment boundary of Poukawa Stream 
(Figure 7.1).   

7.3 Element size and type 

The finite element mesh for the model domain is shown in Figure 7.2.  The model is 
composed of 495,000 triangular (Delaunay) elements.  The mesh was refined in the vicinity 
of stream channels and BA abstraction wells.  Typical side length for the mesh elements in 
general areas of the model was 90 to 250 m.  Near BA abstraction wells the mesh was 
refined to element width of about 10 m (Figure 7.3). The model mesh was refined to about   
1–2 m element width at streams in south-eastern area of the model (Figures 7.3 and 7.4).  
Elsewhere in the model element width near streams was about 50 m.   

7.4 Layers 

The model comprises three layers (four slices) that incorporate the following three aquifer 
units and one confining unit (Figure 6.2): 

• Fluvial and lake sediment unconfined aquifer – Layer 1  

• Fluvial and lake sediment confining unit – Layer 2 

• Fluvial and lake sediment confined aquifer – Layer 3 

• Limestone aquifer – Layers 1, 2 and 3. 

The model is defined as unconfined with slice 1 designated as phreatic, slices 2 and 3 as 
unspecified, and slice 4 as fixed.  The model was defined as unconfined at the 
recommendation of DHI-WASY (Mayer 2010) after reviewing the model code.  Mayer (2010) 
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recommended that “an unconfined approach is more correct for this setup as the water table 
is far below the surface” in the limestone hills. 

Layer structure is based on simplified surface hydrogeology (Figure 7.5).  Figure 7.6 shows 
three cross sections through the model domain, with locations of the cross sections included 
in Figure 7.5.  Description and physical properties of the four layers are described below.  

The top slice of layer 1 is the surface topography for the model.  This was obtained by 
interpolation of 1 m resolution Lidar data provided to GNS Science by HBRC.  The Lidar data 
was converted to a 10 m grid using Earth Vision Ver. 8 software (Alamenda, CA., USA).  
Ground surface elevation in the model ranges from 10 m asl in the north-eastern area, where 
the Poukawa Stream flows into the Heretaunga Plains; up to 420 m asl in the south-eastern 
area at Kaokaoroa Range.   

The fluvial and lake sediment unconfined aquifer is represented by layer 1 (10 m thick) in the 
central area of the basin (Figure 6.2).  Layer 1 also incorporates a 100–200 m wide lower 
permeability zone that separates the unconfined fluvial and lake sediment aquifer from the 
surrounding limestone aquifer. 

The confining layer of fine-grained fluvial and lake sediments in the central area of the basin 
is represented by layer 2.  The 40 m thick confining layer underlies, and is of similar lateral 
extent, as the fluvial and lake silt/sand/peat sediments located in the central area of the basin 
(Figure 2.1).   

The limestone aquifer in the hill country surrounding the basin is represented by layers 1 to 
3.  Thickness of the combined layers is 250 m in the hill country. The limestone aquifer and 
the confined fluvial and lake sediment aquifer in the central area of the basin are both 
represented by layer 3.  These two aquifer units are not differentiated in the model by 
variation in hydraulic properties.  The combined thickness of these two aquifers in the centre 
of the basin is 200 m. 

7.5 Boundary conditions  

FEFLOW provides for four types of model boundary conditions (Diersch, 2009).  These are: 

1) First type – Constant head (Dirichlet).  A fixed hydraulic head is assigned at a node (units 
of m).  It can be assigned on any boundary. 

2) Second type – Flux (Neumann).  A flux is assigned to a node (units of m/d).  This value is 
applied over the width of the cell and depth of the layer.   It can be assigned on any 
boundary. 

3) Third type – Transfer (head-dependent flux or Cauchy boundary).  Stream and lake cells 
can be designated as transfer boundaries.  It is applied as a rate of transfer into or out of 
the boundary (e.g., from the stream to the aquifer or vice versa).  Leakance values are 
assigned in units of days-1. 

4) Fourth type – Wells (injection or extraction) in units of m3/d. 

In addition, where explicit boundary conditions at the edge of the model are not assigned, the 
boundary is automatically a no flow boundary at which groundwater head is free to move as 
determined by other features of the model. 
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Boundary conditions in the model were established as outlined in Sections 7.5.1 to 7.5.4. 

7.5.1 Inflow boundary condition 

Lateral inflow and outflow of deep groundwater across the model boundary has not been 
considered due to absence of reliable information, with the exception of groundwater outflow 
in the north-eastern area of the model.   

Inflow to the model is via the inflow/outflow boundary condition implemented on slice 1, 
which simulates rainfall recharge to groundwater. 

7.5.2 Lake Poukawa and Pekapeka wetland 

Lake Poukawa water level is controlled by a radial gate upstream of Douglas Rd, which 
maintains lake level at about 20 masl.  The spring-fed streams discharge into the lake.  In the 
model, Lake Poukawa is represented by constant head boundary condition. The perimeter of 
the lake is modelled as a fixed hydraulic head of 20 m asl on layer 1, with the lake and 
aquifer able to exchange water in either direction depending on head difference (Figure 7.7). 
The lake perimeter for layers 2 and 3 are no flow boundaries. The lake does not exchange 
water with the confined fluvial and lake sediment aquifer due to the intervening 40 m 
thickness of low permeability confining layer (Figure 6.2).   

Pekapeka wetland is modelled as a fixed hydraulic head boundary of 13 m asl on slice 1 with 
the wetland able to exchange water laterally and vertically depending on head difference 
(Figure 7.7). 

7.5.3 Streams and springs 

The locations of streams in the model were taken from Cameron and White (1999, 2001), 
1:50,000 topographic map sheet V22 and from field investigations by GNS Science staff 
undertaken on 25 and 26 November 2008.  The flow rates of these streams, as gauged on 
25 and 26 November 208, are shown in Figure 5.1.  Courses of streams were simplified for 
modelling purposes.  

Variation in spring morphology, as mapped by Cameron and White (1999) and described in 
Section 4.1, was not differentiated in the model.  Rather, springs were represented by a 
stream, with streams represented as transfer boundaries implemented on slice 1.  The model 
mesh was refined at the streams to about 1–2 m element width for the streams in the south-
eastern area of the model, and to about 50 m elsewhere in the model.  Transfer boundaries 
(i.e., streams) are shown as circles in Figure 7.8. 

Flow across the transfer boundary varies spatially and temporally in response to change in 
groundwater level.  Flow from groundwater into the stream occurs where the groundwater 
level is higher than stream bed elevation (transfer boundary reference elevation) and vice- 
versa where stream bed elevation is higher than groundwater level.  The reference hydraulic 
head for the transfer boundaries was the elevation of the corresponding slice 1 node that 
was obtained from the Lidar DTM for the geographic position involved.  Flow from the stream 
to the aquifer was restricted by constraints imposed on the transfer boundaries.  A minimum 
hydraulic head constraint of slice 1 node elevation was implemented on all transfer 
boundaries to minimise additional water input to the model via the transfer boundaries when 
groundwater level is below ground surface. 
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In the model, stream sections (transfer boundaries) located above about 60–70 m asl do not 
contribute to stream flow, although in reality springs are known to occur above this elevation 
(Figure 4.1, Table 4.2).  Modelled groundwater level in the Kaokaoroa Range was not able to 
be maintained above about 60–70 m asl in stream sections without significantly lowering the 
K of the limestone aquifer.  Lowering the K of the limestone aquifer caused hydraulic head 
calibration problems elsewhere in the model.  This indicates that springs in the Kaokaoroa 
Range located above about 60–70 m asl may discharge from perched aquifers that are not 
hydraulically connected to the lower limestone aquifer system from which BA wells draw 
water (Figure 2.2).  

7.5.3.1 Leakance 

The flow of water entering or leaving a stream (via the transfer boundary) depends on a 
streambed leakance (units of days-1).  Streambed leakance is defined as streambed vertical 
hydraulic conductivity divided by streambed thickness.  For each stream, FEFLOW allows 
assignment of leakance IN (from the stream into the aquifer) and leakance OUT (from the 
aquifer into the stream).  There are no field measurements of streambed leakance for 
streams within the model domain.  Therefore, typical values of stream bed leakance obtained 
from the literature (Watson 2003) were used initially, and were subsequently adjusted during 
the calibration process.  

For modelling purposes, streams were grouped into seven sub-catchments (Figure 7.9).  
Leakance values were adjusted within these sub-catchments to calibrate modelled stream 
flow to observed values (Figure 5.1).   

7.5.4 Wells 

The wells are modelled as single point extraction boundaries (Figure 7.10; Table 7.2).  
Pumping from all wells was assigned to layer 2 (slice 3) in the limestone aquifer, on the basis 
that average depth of the wells is about 50 m and the wells draw water from the 40 m 
thickness of layer 2.  To limit pumping to layer 2 pumping rates of 0 m3/d were assigned at 
the well boundary condition for other layers in the model.  The model matches reality in that 
all of the wells draw water from the limestone aquifer over a depth range of about 10 to 50 m 
below ground level (bgl).   

7.5.5 Outflow from the model 

Outflow from the model domain is via a constant head boundary applied in the north-eastern 
area of the model near Pakipaki, where the Poukawa basin surface and groundwater 
systems flows into the Heretaunga Plains (Figure 7.7).  A constant head boundary condition 
of 10 m was applied in all slices.  This boundary condition was based on piezometric 
contours of similar elevation in the Pakipaki area reported by Dravid and Brown (1997).   
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8.0 CALIBRATION 

8.1 General Background 

Calibration of a groundwater flow model means “a demonstration that the model is capable of 
producing” simulated heads and fluxes that “match field-measured values within a... range of 
error” (Anderson and Woessner, 1992).  As noted by the U.S. Army Corps of Engineers 
(USACE, 1999): 

A flow model is considered calibrated when it can reproduce, to an acceptable 
degree, the hydraulic heads and groundwater fluxes of the natural system being 
modelled.  This is accomplished by finding a set of values for the boundary 
conditions, aquifer properties, and stresses that result in computed heads and fluxes 
matching their natural counterparts at target locations... Multiple calibrations of the 
same system are possible using different boundary conditions and aquifer properties. 

There are two calibration methods available:  (1) manual trial and error adjustment of 
parameters; and (2) automated parameter estimation (PEST).  Of these, manual trial and 
error is most commonly used (Anderson and Woessner, 1992; Kresic, 1997; and USACE, 
1999). 

Field measured heads and fluxes are used as calibration targets.  However, it must be 
understood that these values themselves involve measurement errors and statistical 
assumptions, particularly when a large catchment study is concerned (see Section 7.8 for 
estimation of data collection error).  Head values may also be affected by scaling effects due 
to the use of screens having variable and sometimes quite large lengths instead of the point 
values reported by model calculations.  Fluxes include stream baseflows and spring flows 
and may often have much larger associated error than is the case for head values, but the 
use of fluxes in combination with heads can “increase the likelihood of achieving a unique 
calibration” (Anderson and Woessner, 1992). 

Evaluation of how well a model is calibrated may be accomplished by several different 
approaches.  A visual comparison of measured and simulated heads on a plan view of 
contoured values can give a good “idea of the spatial distribution of error in the calibration”; 
however, contour maps may also include “errors introduced by contouring” itself.  A widely 
used method is making a scatterplot of measured against simulated heads and looking for 
bias in the deviation of points from the straight line.  Any deviation should be randomly 
distributed.  “A listing of measured and simulated heads together with their differences and 
some type of average of the differences is a common way of reporting calibration results.  
The average of the differences is then used to quantify the average error in the calibration.”  
One such measure is known as mean error, the average of the difference between observed 
and simulated heads (Anderson and Woessner, 1992). 

8.2 Calibration of the FEFLOW model 

Initial calibration of the flow model was undertaken on the steady-state model for hydraulic 
head by adjusting K and for model water budget by adjusting rainfall recharge.  The steady-
state model was then calibrated to stream flow for sub-catchments 1 to 7 by adjusting 
leakance OUT.  Subsequent refinement of the hydraulic head and stream flow calibration 
was then completed as an iterative process.  Generally, calibration of the model focused on 
the southern and central areas of the model where streams that discharge into Lake 
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Poukawa are located and where the majority of field observation data were collected.  The 
model was also calibrated to flow in the Poukawa Stream at Douglas Rd.  In the northern 
area of the model, calibration was restricted three groundwater level observation sites and 
several flow gauging measurements of Poukawa Stream flow at Stock Rd.   

The calibrated steady-state model was then converted to a pseudo-transient model for 
inclusion of groundwater pumping from wells.  Calibration of groundwater level drawdown 
and stream depletion due to pumping was then undertaken by minor adjustment of hydraulic 
parameters including K, SY, SS, streambed leakance and rainfall recharge.  All calibrations 
were undertaken by trial and error.   

8.2.1 Groundwater head 

K values were adjusted within a plausible range, consistent with Section 7.4, until modelled 
groundwater levels provided best match with measured values (Figure 8.1).   

An important limitation with regard to observed groundwater head data is the error 
associated with the datum used for making the water level measurements.  The best datum 
is one that has been obtained by survey.  In this study, the position and elevation of the 
measuring point on the well heads at which measurements were taken were obtained by 
differential GPS with base station (see section 5.1).  The error associated with the 
measurements are +/- 1 m for well position and +/- 3 m for elevation. 

A scatter plot of observed against simulated heads for the calibrated area of the model 
without abstraction wells in operation is presented in Figure 8.2.  Linear regression indicates 
a reasonable correlation between observed and simulated heads (slope of line of best fit of 
1.17 and coefficient of determination of 0.97).  The distribution appears to be random to 
either side of the linear line of best fit with a mean error of 2.5 m.  The slope of the line 
suggests that simulated heads are generally lower than observed. 

Potentiometric surface output from the steady-state model for both the unconfined fluvial and 
lake sediment aquifer (layer 1) and the confined limestone and fluvial and lake sediment 
aquifers (layer 3) without groundwater pumping are shown in Figures 8.3 and 8.4. 

8.2.2 Hydraulic conductivity and storage 

Vertical anisotropy of K for the lake and fluvial sediment has been included in the model.  
Generally, lateral K values (Kxx and Kyy) are 10:1 greater than vertical K values (Kzz).  No 
vertical anisotropy of K for the limestone has been included in the model as there is no 
information on the orientation of fractures in the limestone.  The distribution of K values in the 
calibrated model are displayed in cross sections lines 1, 2 and 3 on Figure 7.6 and in plan-
view on Figures 8.5, 8.6 and 8.7.   

In the calibrated model, K of the upper limestone aquifer, from which BA wells draw water, 
ranges from 1 to 5 m/d in layers 1 and 2 in the south-eastern area of the model and 
decreases with depth to 0.05 m/d in Layer 3 (Table 8.1; Figure 8.8).  K values of the 
limestone aquifer are the same in layers 1 and 2 within zones shown in Figure 8.8 .  K of the 
limestone aquifer is lower in the north-eastern area of the model (0.1 m/d in layer 1), which is 
consistent with aquifer test K values from BA wells that indicated lower transmissivity 
towards the north-east.  K values for the limestone aquifer in the southern area of the 
calibrated model are similar to K values derived from aquifer testing of BA wells (Table 3.1).   
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FEFLOW uses specific yield (SY) and specific storage (SS) to characterise aquifer storage 
properties for unconfined and confined aquifers, respectively.  In the calibrated model, SS for 
the confined limestone aquifer was generally 5 x 10-5, decreasing to 5 x 10-6 in the central 
eastern area of the model in the vicinity of well 4176 (Table 8.2).  A lower storativity was 
indicated during aquifer testing of this well (Cameron and White 1999).  Drawdown in well 
4176 (22.08 m) was significantly greater than in other BA wells (4.9 to 9.4 m) during aquifer 
testing.   

Initial hydraulic property values for other aquifers and confining units in the model, were 
taken from literature values for the similar sediments and were subsequently adjusted during 
calibration if necessary as follows: 

• The fluvial and lake sediment unconfined aquifer is composed of peat, silt and sand 
sediment as reported in the log of test bore 97/1 (Shulmeister et al 1998).  The initial K 
value for this aquifer was obtained from reported literature values for these sediments 
which range from about 0.1 to 100 m/d (Freeze and Cherry 1979).  A value of 10 m/d for 
Kxx and Kyy and 1 m/d for Kzz were used in the calibrated model (Figure 8.5).  A uniform 
SY of 0.2 was used for this aquifer in the calibrated model. 

• The fluvial and lake sediment confining layer is composed of clay and silt sediment as 
reported in the log of test bore 97/1 (Shulmeister et al. 1998).  Literature values of K for 
these sediments range from 0.0001 to 0.01 m/d (Freeze and Cherry 1979).  A value of 
0.005 m/d for Kxx and Kyy and 0.001 for Kzz was used in the calibrated model (Figure 
8.6).   

• The fluvial and lake sediment confined aquifers are composed predominantly of silty sand 
and minor gravel sediment.  Literature values for these sediments range from 0.01 to 100 
m/d (Freeze and Cherry 1979).  A value of 0.05 was used in the calibrated model (Figure 
8.7). The same SS value as the limestone (5 x 10-5) was used for this formation in the 
calibrated model. 

8.2.3 Rainfall recharge 

Mean annual rainfall for the period 1985 to 2010 at HBRC Keirunga rainfall station, located 
approximately 3 km northwest of Lake Poukawa, is 740 mm/year.  Field measurement of 
rainfall recharge to groundwater has not been undertaken in the model area.  Poukawa 
Stream flow at Douglas Rd on 27–28 November 2008, when groundwater level and stream 
flow rates were measured as part of this study, was about 30 L/s, which is less than the 
minimum mean monthly follow rate (48 L/s) for this site (Table 4.1).  This indicates that the 
hydrological conditions on 27–28 November 2008 were representative of low flow conditions.  
Total rainfall measured at Keirunga for the 4 months (August to November 2008) prior to   
27– 28 November 2008 was about 90 mm.   

Rainfall recharge was adjusted during calibration of the model, primarily for obtaining 
calibration of the model water budget to low flow conditions.  In the calibrated model, rainfall 
recharge to the limestone aquifer was 60–65 mm/yr and 5 mm/yr for the unconfined lake and 
fluvial sediment aquifer.  This equates to a mean rainfall recharge rate of about 41 mm/yr or 
5% of the mean annual rainfall (740 mm) at Keirunga.  The lower recharge rate for the 
unconfined lake and fluvial sediment aquifer reflects the extensive tile-drainage and 
significantly modified drainage systems that occurs over much of the unconfined aquifer 
area, which quickly removes infiltrated rainfall from the groundwater system. 
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8.2.4 Stream flow 

Calibration of the steady-state model was also evaluated against stream flow data by trial 
and error for sub-catchments 1 to 7 (Figure 7.9).  This was undertaken by adjustment of 
streambed leakance values, after calibration of groundwater heads was achieved (Section 
8.2.1).  FEFLOW provides for IN and OUT streambed leakance values to control the flow of 
water from the stream into the aquifer and out of the aquifer into the stream, respectively.  
Stream bed leakage was not measured in the field, but the values were adjusted within a 
plausible range, consistent with literature values, until modelled stream flow provided best 
match with measured values at stream flow measurement sites.   

Stream flow data collected during this study (Figure 5.1, Table 8.2) are representative of low 
flow conditions and were used for comparison with model results without groundwater 
pumping.  The comparison was done on a sub-catchment basis.   

The spatial distribution and values of leakance OUT (from the aquifer into the stream) 
applied in the model are shown in Figure 8.9.  The model leakance values need to be 
multiplied by the ratio of modelled stream width to assumed actual stream width to obtain the 
corrected leakance value (Table 8.3).  The corrected leakance OUT values range from 
0.0003 to 2.1 d-1 which is at the lower end of the range of measured streambed leakance 
(0.0003 to 800 d-1) reported by Walton (2003). A constant value of 0.0005 d-1 (0.0075 d-1 
corrected) was assigned for streambed leakance IN in all sub catchments streams 
throughout the model.  

A scatter plot of observed against simulated stream flow without abstraction wells in 
operation is presented in Figure 8.10.  The plot shows a good match between observed and 
simulated for sub-catchments 1–7.  The distribution is close to the target line of slope of 1.  
Linear regression indicates reasonable correlation when all seven sub-catchments are 
considered, with slope of line of best fit of 1.1 and coefficient of determination of 0.94.  The 
mean error for all seven sub-catchments was 0.05 L/s.  The slope of the line suggests that 
simulated flow rate will generally be more than observed. 

The combined stream flow rates for sub-catchments 1–5 reported by Cameron and Reeves 
(2004) was about 21 L/s, which corresponds closely to combined stream flow rate of 22.7 L/s 
measured during this current study on 25–26 November 2008.  This indicates that 
hydrological conditions on 25–26 November 2008 were similar to the conditions when aquifer 
test and stream depletion measurements were previously made by Cameron and White 
(1999, 2001).   

9.0  MODEL RESULTS 

The pseudo-transient model was used to access the effect of pumping from BA’s irrigation 
wells at the aquifer tested rate on stream flow rate and groundwater level.  Steady-state 
groundwater levels were used as the initial hydraulic head conditions in the pseudo-transient 
model runs.  The pseudo-transient model was run for 5 days before pumping was initiated at 
the abstraction wells.  Comparison of observed and modelled pumping on groundwater level 
and stream flow was accessed after 1 or 2 days pumping (depending on the duration of the 
aquifer test and stream depletion monitoring) and after 90 days pumping.  The 1 and 2 days 
model runs simulated the aquifer test conditions.  The 90-day pumping duration was used to  
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assess “worst-case scenario”.  Time steps of 0.1 to 0.25 day were used for the 1 and 2 day 
pumping scenarios and time steps of 15 days were used for the 90 day pumping scenarios.   

9.1 Simulated drawdown at BA wells due to pumping 

Table 9.1 summarises the observed and modelled groundwater levels at the five BA 
reference wells using the pseudo-transient model, for the following scenarios: 

• Static groundwater level at the reference wells. 

• Groundwater level drawdown at the reference well at the end of the aquifer test. 

• Groundwater level drawdown at the reference wells after pumping individual wells for 90 
days (modelled values only). 

• Groundwater level drawdown at reference wells after simultaneous pumping of BA wells 
for 90 days (modelled values only) 

Aquifer tests have been undertaken at three BA wells (4176, 4667, 4113).  Figure 9.1 shows 
the observed and modelled groundwater level drawdown at these three wells during the 
actual and simulated aquifer tests.  The observed and simulated drawdown at all three wells 
were similar.   

The simulated drawdowns after the pumping of individual wells for 90 days range from 13.0 
m (well 4667) to 72.6 m (well 3134) (Table 9.1).  The larger simulated drawdown at wells 
4176 and 3134, compared to the other three wells, is due to the lower K of the limestone 
aquifer in the vicinity of these wells (Figures 8.5–8.7).  The modelling results suggest that 
well 3134 may not be able to be pumped for 90 days at 3456 m3/d due to excessive 
drawdown.  This should be verified by field measurements. 

9.2 Simulated stream depletion in sub-catchments due to pumping 

Table 9.2 summarises observed and modelled stream flow rates at sub-catchments 1–7 with 
and without pumping from BA wells using the pseudo-transient model, for the following 
scenarios: 

• Stream flow with no groundwater pumping. 

• Stream flow at the end of the aquifer test. 

• Stream flow after 90 days pumping (modelled values only).  

Simulated flow in sub-catchments 1–6 with no pumping were similar to observed values 
(Table 9.2).  Simulated flow in sub-catchment 7 was 2.2 L/s higher than the observed value. 

Simulated stream depletion in the sub-catchments 1–5 at the end of the aquifer test periods 
for wells 4176, 4667 and 4113 were also similar to observed values.  Total simulated stream 
depletion at the end of the aquifer test periods was 90% of observed stream depletion 
values, when margin of errors in stream flow measurements were considered.  This indicates 
that the model simulated stream depletion effects reasonably well for pumping durations of 1 
to 2 days.   

Simulated stream depletion in sub-catchments 1–7 due to individual pumping of wells 4176, 
4667 and 4113 for 90 days duration ranged from 1.25 to 5.8 L/s.  Pumping from any one of 
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the three wells for 90 days is predicted have stream depletion effects on sub-catchments 1, 
2, and 5, but not on sub-catchments 4, 6 and 7.  It is possible that the simulated 90 day 
pumping scenarios may have underestimated reality by about 10%.   

9.3 Cumulative effects of pumping - worst-case scenario  

A worst-case scenario of four BA wells (4176, 4667, 3134, and 4113) pumping 
simultaneously for 90 days was simulated.  The fifth well (3409) was not included in the 
simulation because in reality well 3409 is only used as a back-up well and is not pumped at 
the same time as the other four wells.  The modelling indicated that simultaneous pumping of 
four wells would have very minimal (< 0.001 m) effect on groundwater levels in the 
unconfined lake and fluvial sediment aquifer.  This is due to the occurrence of low 
permeability sediments between the limestone aquifer and the unconfined aquifer providing a 
hydraulic barrier to the effects of pumping.  

Figure 9.2 shows the simulated extent of worst-case pumping on groundwater levels in the 
limestone aquifer.  The position of the 0.001 m contour indicates the potential area within 
which groundwater levels and spring-fed stream flow may be affected by pumping from BA 
wells under-worst case scenario.   

Worst-case scenario pumping is predicted to reduce stream flow in sub-catchments 1–5 
(Table 9.2).  The total reduction in flow is in these sub-catchments is estimated to be 10.44 
L/s or 29.5% of the modelled total flow in all 7 sub-catchments (35.3 L/s). 

The effect of worst-case scenario pumping on ground- and surface - water discharge into 
Lake Poukawa and surface water flow downstream of the lake has been estimated using the 
pseudo-transient model (Table 9.3).  The estimated decrease in groundwater discharge into 
the lake from the unconfined aquifer is negligible (5 m3/d).  Surface water discharge into the 
lake is estimated to decease by 1055 m3/d or 13.4%.  Worst-case scenario pumping is 
estimated to cause total groundwater discharge to surface water in the Poukawa basin to 
decrease by 1215 m3/d or 9.9%.  1215 m3/d is about 10.6% of the worst-case scenario 
pumping rate (11,515 m3/d) from BA wells and about 9% of the modelled rainfall recharge 
rate (13,565 m3/d) to the basin.    

10.0 MODEL WATER BUDGET 

The water budget for the pseudo-transient Poukawa catchment model with no groundwater 
pumping is summarised in Table 10.1 and graphically displayed in Figure 10.1.   

Water input to the model from rainfall recharge to groundwater is 13,565 m3/d.  Total 
discharge of groundwater and surface water into Lake Poukawa is 8,909 m3/d.  This is 
comprised of 7,739 m3/d of groundwater contribution to the stream flow that discharges into 
Lake Poukawa; and 1,170 m3/d of groundwater that discharges into Lake Poukawa via the 
unconfined fluvial and lake sediment aquifer.  Evaporation from Lake Poukawa is estimated 
to be 6000 m3/d (2 km2 x 0.003 m)1.  Although, evaporation form the lake is not included in 
the flow model it is incorporated in the water budget.  Therefore, surface water flow from the 
lake into the Poukawa Stream is calculated to be 2,909 m3/d (Groundwater inflow + surface 
                                                
1 NIWA measure raised pan evaporation at Nelson Park (site 2997), Napier located about 36 km northeast of Lake Poukawa.  
Mean daily evaporation at Nelson Park for the one month period prior to 25-26 November 2008 was 0.0043 m/d.  The 
evaporation pan method tends to overestimate evaporation from a reservoir or lake by about 30% (Jensen 2010).  The 
evaporation from Lake Poukawa for the one month period is therefore estimated to be about 0.003 m/d.   
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water inflow – evaporation).  Rainfall falling directly onto the lake is not included in the budget 
as this would not be a significant component of baseflow.   

Groundwater contribution to the Poukawa Stream and tributaries upstream of Douglas Road 
is 896 m3/d.  Therefore, flow in the Poukawa Stream at Douglas Road is calculated to be 
3,805 m3/d (51 L/s).  

Groundwater contribution to the Poukawa Stream and tributaries downstream of Douglas 
Road is 2204 m3/d. Groundwater contribution to the Pekapeka wetland is 1352 m3/day and 
evaporation from the wetland is calculated to be 2450 m3/d (98 ha x 0.0025 m).  Although, 
evaporation form the wetland is not included in the flow model it is incorporated in the water 
budget.  Therefore, surface water outflow from the Poukawa catchment via the Poukawa 
Stream at Stock Rd is 4,713 m3/d (55 L/s).   

Groundwater outflow from the model across the constant head boundary in the north-eastern 
area of the model is 448 m3/d.  

The model estimates flow in the Poukawa Stream at Douglas Road to be 3,805 m3/d, or 44 
L/s.  For comparison, mean monthly flow in the Poukawa Stream measured at Douglas Rd 
by HBRC varies between 48 L/s and 482 L/s, with a mean of 204 L/s (Table 4.1).  The mean 
minimum monthly flow is 45 l/s.  This suggests that the flow model provides a good 
simulation of low flow conditions.   

10.1 Change in groundwater storage volume due to pumping 

For the purposes of this report aggregated aquifer storage is defined as the total volume of 
groundwater stored in aquifer units that were delineated in the FEFLOW model, under 
steady-state low-flow non-pumping conditions.  The three aquifers considered were: the 
unconfined fluvial and lake sediment aquifer, the confined fluvial and lake sediment aquifer 
and the limestone aquifer.  Storage in the confining layer was not considered.  Aggregated 
aquifer storage was estimated from the physical aquifer structure of the FEFLOW model 
using the following methodology.  

Area extent and saturated thickness of the aquifer units in the model were measured 
using ArcMap.  Individual aquifer storage was then calculated by: 

Storage = saturated aquifer volume x storage co-efficient (or storativity). 

Saturated aquifer volumes were estimated using ArcMap by calculating the volume of 
aquifer between the water table and the base of the aquifer for the unconfined 
aquifers.  Saturated aquifer volume of the confined aquifer was estimated using 
ArcMap by calculating the volume between the top and bottom of the aquifer, as the 
confined aquifer was fully saturated.    

Aggregated aquifer storage in the basin was estimated by summing individual aquifer 
storage values.  

Reduction in aquifer storage due to groundwater pumping was then calculated by subtracting 
cumulative daily pumping volume from the aggregated aquifer storage volume. 

Aquifer storage during non-pumping steady-state low-flow conditions is estimated to be ca. 
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9.36 x 107 m3.  Worst-case scenario pumping from four BA wells (11,515 m3/d; Table 7.2) is 
estimated to cause aquifer storage to decline by about 1.04 x 106 m3 or 1.1% after 90 days 
continuous pumping (Figure 10.2).  Aquifer storage is estimated to recover to steady-state 
low-flow conditions 75 days after pumping ceased, assuming steady-state groundwater 
recharge.  This suggests that groundwater storage in Poukawa basin will fully recover during 
270 days period between the end of a summer irrigation season and the start of the following 
summer irrigation season, even when total consented groundwater pumping in the basin 
(28,171 m3/d; see Section 10.2) is considered. 

10.2 Model water budget in context of water use in the basin 

The location and rate (in m3/d) of consented groundwater and surface water abstractions in 
the Poukawa Stream catchment are shown in Figure 10.3. The combined total consented 
maximum weekly take is 219,758 m3 (31,394 m3/d), of which 22,558 m3/week (3223 m3/d) is 
surface water and 197,200 m3/week (28,171 m3/d) is groundwater.  All of the consented 
surface water abstraction occur downstream of Lake Poukawa (i.e., from streams that do not 
flow into Lake Poukawa). 

HBRC have record of 18 wells in the catchment that are used for stock or domestic purposes 
from which baseline abstraction (20 m3/d/property) is permitted (HBRC 2006). The total daily 
volume of water abstracted from wells in the catchment for domestic and stock purposes is 
estimated to be 360 m3, or 1.3% of consented groundwater abstraction. 

The consented maximum weekly groundwater abstraction from six BA wells is 157,850 m3 
(22,550 m3/d), which is 80% of the total catchment groundwater abstraction and 72% of the 
total catchment combined surface water and groundwater abstraction, on a maximum weekly 
basis.  Note that this modelling exercise used aquifer test pumping rates for BA wells rather 
than consented pumping rates.  Aquifer test rates were used because field measurements of 
groundwater level and stream flow rates pertain to aquifer test rates, not consented rates. 

11.0 SENSITIVITY ANALYSIS 

Sensitivity analysis of the calibrated steady-state flow model was undertaken by varying K 
and recharge within a plausible range.  K was varied in the south-eastern area of the model 
only, in the vicinity of BA pumping wells (Figure 11.1).  Recharge was varied over the model 
domain.  K was increased and decreased by 25% compared to calibrated values in layers 1 
and 2 in the south-eastern area of the model, while maintaining calibrated K values 
throughout the rest of the model.  Recharge was increased and decreased by 25%. The 
model was then rerun, resulting hydraulic head at reference wells and flow rates for sub-
catchments recorded, and differences from calibrated model values calculated.  The results 
of the uncertainty analysis are reported as Sum of Squared Residuals in Table11.1.   

The flow model was most sensitive to changes in recharge and flow rate was less sensitive 
to increase in recharge.  The model calibration for hydraulic head improved with increase in 
recharge.  Stream flow was more sensitive to change in recharge than hydraulic head.    
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12.0 THE APPROPRIATENESS OF A PSUEDO-TRANSIENT MODEL TO MEET 
PROJECT OBJECTIVES   

The model was termed pseudo-transient as all boundary conditions were steady-state with 
exception of groundwater pumping.  Transient groundwater pumping was incorporated in the 
model to allow for more realistic simulation of actual groundwater pumping.  The pseudo-
transient model was considered an appropriate first step for estimating the cumulative effect 
of groundwater pumping on stream flow, groundwater level and groundwater discharge into 
Lake Poukawa under low flow conditions for the following reasons:  

• The model can simulate transient pumping from abstraction wells  

• Under base flow conditions Lake Poukawa is maintained at relatively constant water level 
by radial weir gates on the Poukawa Stream providing a constant head water boundary at 
the interface between the lake and the unconfined aquifer.   

• Stream flow rate into Lake Poukawa was likely to be relatively constant over the two day 
time interval when field measurements were collected during low flow conditions.  

• The magnitude of groundwater level drawdown adjacent to a stream due to pumping will 
be the same or similar irrespective of hydrological condition as the volume of abstraction 
is a small percentage of groundwater storage.   

• The pseudo-transient model can provide an estimate of effects of groundwater pumping 
under low flow conditions, in the absence of observational data on the transient 
relationship between stream flow rate and groundwater level.   

However, it is possible that the impact of groundwater abstraction on stream flows (as 
modelled) will change with variation in hydrological (transient) condition.  For example the 
percentage of reduction in stream flow rate due to groundwater pumpage may decrease due 
to increased wetted perimeter of the stream channel during average flow conditions.   

A pseudo-transient model was appropriate to meet the objectives of the project for estimating 
the cumulative effects of groundwater abstraction from BA’s wells on the magnitude and 
radius of effect on groundwater level, stream flow and discharge into Lake Poukawa under 
low-flow hydrological conditions.  The scenarios to be modelled were 1) low-flow hydrological 
conditions prior to the start of the irrigation season; 2) simulation of aquifer tests and stream 
depletion measurements undertaken on three BA wells and 3) impact of worst-case 
cumulative groundwater pumping from four BA wells for 90 days on low-flow conditions.   

The pseudo-transient model simulation of worst-case scenario groundwater pumping can be 
regarded as a slightly conservative method of estimating the effect of pumping on the 
magnitude and radius of groundwater level drawdown, as the model assumes that all four 
wells will be pumping simultaneously and continuously for 90-days.  In reality, not all of the 
wells will be pumped at the same time and they will not be pump continuously.  This will give 
time for groundwater levels to recover, for which the model does not account.  Therefore the 
magnitude and radius of groundwater drawdown will be over-estimated by the model 
compared to reality. Conversely, the steady-state boundary conditions of the model assumes 
that rainfall recharge to groundwater occurs continuously at the defined rate.  In reality it is 
likely that no recharge will occur during the summer, or during periods of significant soil 
moisture deficit, except following periods of considerable rainfall.   Therefore, steady-state 
boundary conditions of the model may potentially underestimate the effect of pumping on 



 2011 

 

GNS Science Report 2011/07  23 

 

groundwater discharge to streams and Lake Poukawa.  A transient model would provide a 
more reliable estimate of effect of pumping on groundwater discharge to surface water during 
drought conditions.   

12.1 Context of steady-state model in hydrological conditions 

The steady-state flow model was constructed and calibrated to groundwater level and stream 
flow measurements collected on 25–26 November 2008.  Groundwater levels measured in 
BA irrigation wells, at generally monthly interval from May 2000 (Figure 12.1), show seasonal 
maximum groundwater level typically occur in about October, after which levels begin to 
decline, presumably in response to the start of the irrigation season and summer decrease in 
rainfall recharge.  The groundwater levels at wells 4176, 3134 and 4113 on 25–26 November 
were slightly above mean groundwater level for these wells.  However the groundwater 
levels in the spring of 2008 were the lowest for the approximately 10 year record for this time 
of year.  This is likely due to the relatively low mean monthly rainfall totals for the proceeding 
four months, as indicated by Table 12.1 showing mean monthly rainfall data from the HBRC 
Keirunga rainfall station, located approximately 3 km to the north-west of Lake Poukawa.  
Mean monthly flow in the Poukawa Stream at Douglas Road in November 2008 (32.6 L/s) 
was also well below the mean November flow rate (157 L/s), for the 32 year period of record 
from 1977 to 2009 (Table 12.1).  These data indicate that the modelled groundwater level 
and stream flow conditions were low for this time of year and representative of low-flow 
conditions. .    

12.2 Seasonal groundwater level recovery 

The use of a pseudo-transient model does allow for estimation of groundwater level recovery 
time frame.  However, transient pumping scenarios that include less than continuous 
pumping have not been included in this report.  Such pumping scenarios would provide for 
more realistic assessment of pumping effects.  As noted above, the steady-state boundary 
conditions of the model assumes constant recharge which may cause groundwater level 
drawdown to be under estimated for dry periods when no recharge occurred.  However, as 
groundwater level records for BA wells and aquifer storage recovers between irrigation 
seasons (Figures 12.1 and 10.2) the use of steady-state boundary conditions model is 
appropriate in this regard.    

13.0 RECOMMENDATIONS FOR ADDITIONAL WORK TO IMPROVE MODEL 
RELIABILITY AND SCOPE 

The pseudo-transient groundwater flow model of the Poukawa basin simulates stream 
depletion effects and effect on Lake Poukawa inflow due to groundwater pumping in the 
south-eastern area of the basin.  Development of a model to reliably define the water budget 
for the basin was not an objective of this project.  However, improving the accuracy of the 
models water budget will allow for more reliable assessment of effects of groundwater 
pumping in the basin.  Incorporating the following additional information in the model would 
improve reliability of model water budget, model calibration and application of the model for 
assessing effects of all groundwater consents in the basin: 

• Incorporation of transient rainfall recharge in the model.  Measurement of rainfall 
recharge (e.g., using lysimeters) is recommended. 
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• Refinement of groundwater inflow and outflow from the model domain. 

• Collection of stream flow rate and groundwater level data during a range of hydrological 
conditions for the purpose of transient model calibration.  Measurement at monthly 
interval for at least 12 months is recommended. 

• Aquifer testing of a well, or wells, in the western area of the basin to provide an estimate 
of aquifer hydraulic properties in this area.  Measurement of flow rate in nearby stream(s) 
could be undertaken at the same time to assess effect of pumping on stream flow rate in 
this area.   

• Concurrent flow rate measurements undertaken on individual streams to provide an 
estimate of stream bed leakage coefficient (λ). 

• Collection of Lake Poukawa water level and groundwater levels in the unconfined aquifer 
adjacent to lake, to provide information on transient flux between the aquifer and lake. 

• Water dating of groundwater and spring-fed stream flow to improve model calibration. 
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Figure 2.1 Simplified geological map of the Poukawa basin (modified from Kingma 1971). See 

Figure 6.1 for cross-sections. 
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Figure 2.2 Schematic west-east hydrogeological cross section through the central area of Poukawa 
 basin with vertical exaggeration. 
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Figure 2.3 Isopach map of Waitotarian Stage and limestone in top part of sequence.  On each 

isopach the figures preceding the hyphen denote total thickness in feet; the second group 
of figures denotes thickness of the limestone in the top part of the sequence along that 
particular isopach. From Kingma (1971). 
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Figure 2.4 Location of wells for which driller’s bore log data were obtained from HBRC.  
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Figure 3.1 Histogram of depths of wells and test bores for which lithological bore log data were 
 obtained. 
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Figure 4.1 Location of springs, stream flow monitoring weirs reported by Cameron and White (1999).  

From Cameron and White (1999). 
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a) Sg: Seepage into stream by water table intersecting the ground surface.  The water table is in either 
the top soil, near surface sediment, or limestone aquifer. 

 
b) Sf: Seepage flow from a limestone fracture. 

 
c) Ss: Seepage spring at base of limestone hills. 

Figure 4.2 Schematic of spring morphology. From Cameron and White (1999).  
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Figure 5.1 Stream flow rates and locations of wells at which groundwater level measurements were 

performed on 25–27 November 2008.  * Alternative well reference ID used when well 
could not be reconciled with HBRC well no.   
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Figure 6.1 Geological cross sections constructed from geological map and driller’s bore log data.  

Location of cross sections and wells used in the construction of the cross-sections are 
shown in Figure 2.1.  
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Figure 6.2 Conceptual hydrogeological model. 
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Figure 6.3 Poteniometric map of the limestone aquifer based on groundwater levels measured in 

November 2008.  
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Figure 7.1 Poukawa basin model boundary. 
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Figure 7.2 FEFLOW model finite element mesh.  

 
 

 
Figure 7.3 Refinement of the finite element mesh around well 3134 and nearby stream in the south-
 eastern area of the model. 
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Figure 7.4 3D view of refinement of the finite element mesh at a stream in the south-eastern area of 
 the model. 

 



 2011 

 

GNS Science Report 2011/07  42 

 

 
Figure 7.5  Simplified surface hydrogeology of the model domain showing location of FEFLOW 
 cross section lines (Figure 7.6). 
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Line 1 

 
Line 2 

 
Line 3 

Figure 7.6 FEFLOW cross-section lines showing distribution of hydraulic conductivity.  The location 
 of the lines are shown on Figure 7.5. 
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Figure 7.7 FEFLOW map of slice 1 showing location of fixed head boundaries at Lake Poukawa, 
 Pekapeka wetland and north-eastern boundary of model domain near Pakipaki. 

 
Figure 7.8 FEFLOW map of slice 1 showing location of transfer boundaries with minimum hydraulic 
 head constraints. 
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Figure 7.9 Map showing stream sub-catchments used in the model. 
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Figure 7.10 FEFLOW map of slice 3 showing location of single point extraction (well) boundaries 
 depicting BA abstraction wells.  
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Figure 8.1 Comparison between observed and modelled groundwater levels.  The observed 

groundwater levels were measured in wells on 25–26 November 2008. The modelled 
groundwater levels are form layer 3 of the calibrated steady-state FEFLOW model. 
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Figure 8.2  Scatter plot of observed vs modelled groundwater levels. 
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Figure 8.3  Potentiometric map of the unconfined fluvial and lake sediment aquifer (layer 1) from the 
 calibrated FEFLOW model.  
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Figure 8.4 Potentiometric map of the limestone and confined fluvial and lake sediment aquifer (layer 
 3) from the calibrated FEFLOW model. 
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Figure 8.5 Hydraulic conductivity (Kxx and Kyy; Kzz) of layer 1 for the calibrated model. 
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Figure 8.6 Hydraulic conductivity (Kxx and Kyy; Kzz) of layer 2 for the calibrated model. 
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Figure 8.7 Hydraulic conductivity (Kxx and Kyy; Kzz) of layer 3 for the calibrated model. 
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Figure 8.8 Hydraulic conductivity calibration zones. 
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Figure 8.9 FEFLOW map of slice 1 showing spatial distribution of streambed leakance OUT values 
 in units of day-1 for the calibrated model. 
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Figure 8.10 Scatter plot of observed vs modelled sub-catchment flow rate.  The number beside the 
 symbol is the sub-catchment number.  See Figure 7.9 for sub-catchment locations. 

 

 
Figure 9.1 Observed and modelled groundwater level drawdown at pumping wells during aquifer test 

and aquifer test simulation, respectively. 
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Figure 9.2 Map of groundwater level drawdown (m) in the limestone aquifer due to the simultaneous 
 pumping of 4 BA wells (wells 4176, 4667, 3134, 4113) for 90 days. 
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Figure 10.1 Model water budget. 
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          A – absolute values 

 
         B – percentage change 

Figure 10.2 Change in groundwater storage (A – absolute value; B – percentage change) due to 
 simultaneous pumping of five BA pumping wells for 90 days. 
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Figure 10.3 Location and rate (in m3/d) of consented ground- and surface- water abstractions in the 
 Poukawa Stream catchment. 
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Figure 11.1 Map showing the area in which K was varied for uncertainty analysis of the flow 
 model. 
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Figure 12.1 Hydrographs of groundwater levels in BA wells.  
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Table 3.1 Aquifer test pumping rates and K values for Brownrigg Agriculture wells drawing water 
from the limestone aquifer in the south-eastern area of the Poukawa basin. 

Common Name Well Number Pumping rate during pump test 
(L/s) 

K 
(m/d) 

Ngawhakatatara 4176 25 4.1 

Hicks (Campbell Old) 4667 30 3.8 

Barkers 4113 37.8 8.8 

Mean   5.6 

 
 

Table 3.2 Poukawa Basin groundwater isotope (Tritium and oxygen 18) data. (Brown et al, 1998). 
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Table 4.1 Poukawa Stream at Douglas Rd mean monthly flow (L s-1) for period of record 1977 to 
 2009. Data provided by HBRC. 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean 
1977 ? ? 76 236 210 556 813 678 1198 943 935 ? 625? 

1978 165 131 36 102 134 168 602 657 200 205 60 49 210 

1979 60 35 335 689 454 494 610 973 1044 679 165 225 482 

1980 36 85 226 684 315 530 923 767 171 56 103 402 359 

1981 782 39 118 273 ? 1080 1275 2394 1700 356 329 161 779? 

1982 53 17 46 141 185 389 388 341 107 51 35 24 149 

1983 11 11 10 17 18 95 129 101 45 21 28 54 45 

1984 54 30 46 49 45 58 98 93 251 208 50 46 86 

1985 25 7 18 20 28 704 1219 ? 406 37 29 33 230? 

1986 34 18 17 11 45 78 204 271 546 315 65 32 137 

1987 220 22 94 210 51 63 574 411 176 50 41 37 164 

1988 10 7 30 20 29 184 424 344 798 42 25 23 161 

1989 11 18 7 ? ? 66 432 ? ? 423 37 ? 144? 

1990 25 29 ? 29 26 235 269 1110 657 220 63 47 248? 

1991 23 7 ? ? 1112 671 327 147 50 ? ? 495 358? 

1992 283 112 46 183 105 568 826 1076 565 ? 511 ? 429? 

1993 425 289 380 233 253 260 245 314 272 59 72 33 236 

1994 94 19 15 16 33 132 203 312 18 19 16 7 74 

1995 3 6 6 ? ? 309 675 649 143 31 40 18 189? 

1996 15 ? ? ? ? ? ? 867 ? ? ? 13 298? 

1997 17 15 37 27 47 415 906 781 652 311 261 200 308 

1998 20 11 9 13 22 131 288 257 21 20 14 4 68 

1999 9 13 28 ? 141 239 415 793 389 43 73 324 225? 

2000 75 3 5 52 123 161 658 384 223 114 27 100 162 

2001 ? 7 10 3 66 112 199 389 278 101 38 123 121? 

2002 73 206 124 34 91 153 749 708 387 221 73 26 238 

2003 5 2 17 41 51 179 175 509 1534 505 368 118 292 

2004 133 237 196 208 215 363 941 949 497 ? ? 69 381? 

2005 28 10 15 43 99 271 608 590 ? ? 707 ? 265? 

2006 ? 21 24 68 290 230 2047 1879 766 552 216 154 575? 

2007 86 58 33 68 80 186 763 980 571 209 127 432 302 

2008 73 21 27 48 169 496 1184 1382 510 163 33 ? 376? 

2009 7 6 29 28 16 29 471 459 285 ? ? ? 149? 

Min. 3 2 5 3 16 29 98 93 18 19 14 4 45 

Mean 95 48 69 127 154 300 614 696 482 221 157 120 204 

Max. 782 289 380 689 1112 1080 2047 2394 1700 943 935 495 482 

The Min Mean and Max of Annual values are for complete years only. 

? denotes incomplete data set. 
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Table 4.2 Spring reference number, type, map reference, and estimated ground elevation. 

Spring 
reference 
number 

Stream in 
which spring is 

located 

Spring type Map reference Estimated elevation from 
1:50,000 topo map 

(metres above sea level) 
Sg1 6 Sg V22:306-503 125 

Ss2 6 Ss V22:305-503 119 

Ss3 6 Ss V22:300-503 119 

Sg4 5 Sg V22:304-4925 130 

Ss5 5 Ss V22:303-491 130 

Ss6 5 Ss V22:301-487 138 

Sf7 5 Sf V22:3005-4855 145 

Ss8 5 Ss V22:2945-4925 100 

Ss9 5 Ss V22:292-494 90 

Ss10 4 Ss V22:283-500 40 

Ss11 3 Ss V22:280-4975 40 

Ss12 3 Ss V22:280-497 40 

Ss13 3 Ss V22:279-4965 40 

Ss14 3 Ss V22:278-496 40 

Ss15 3 Ss V22:278-495 39 

Ss16 3 Ss V22:2785-495 39 

Ss17 3 Ss V22:2795-4945 39 

Ss18 3 Ss V22:280-494 40 

Ss19 2 Ss V22:284-485 118 

Ss20 2 Ss V22:2825-486 93 

Ss21 2 Ss V22:276-490 38 

Ss22 2 Ss V22:276-489 39 

Sg23 9 Sg V22:269-457 190 

Sf24 9 Sf V22:2675-457 130 

Ss25 9 Ss V22:2665-4555 130 

Ss26 7 Ss V22:256-4595 58 

Ss27 8 Ss V22:257-458 59 

 

 



 2011 

 

GNS Science Report 2011/07  67 

 

Table 5.1 Summary of effects of pumping Brownrigg Agriculture wells on stream flow (from 
Cameron and White 2001). 

Pumped 
bore 

Sub 
catchment 

Stream number 
used in Cameron 

and White 
(2001) 

Flow rate prior 
to test 
(L/s) 

Reduction in flow due 
to groundwater 

pumping 
(L/s) 

Reduction 
in flow 

(%) 

4667 3 1 3.20 ± 0.14 0 0 

4667 2 2 1.70 ± 0.03 0.10 ± 0.05 6 

4176 1 5 9.8 ± 0.3 1.1 ± 0.5 11 

3409 3 1 3.2 ± 0.1 0 0 

3409 2 2 3.2 ± 0.1 0 0 

3409 1 5 9.8 ± 0.3 0 0 

3134 4 10 (Estimated) 2.5 
±? 0.3 ±? 10 

4113 5 7 0.077 ± 0.004 0.077 ± 0.004 100 

4113 5 8 0.430 ± 0.001 0.430 ± 0.001 100 

4113 5 9 1.23 ± 0.02 0 0 
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Table 7.1 Poukawa Basin groundwater model framework. 

Type of model 3D saturated flow 

Model layers Three layers (4 slices) 

Type of simulation Steady state and pseudo-transient 

Free surface Unconfined 

Type of elements 6-node, triangular prisms 

Number of elements 604,347 

Number of nodes 495,505 

Mesh generator Triangle (Delaunay) 

Maximum model land surface elevation 420 masl 

Minimum model land surface elevation 10 masl 

Area of extent 111 km2  (same as surface water catchment) 

 

 

Table 7.2 Details of the five reference wells included in the model.   

Wells ID X Y Z (masl) Total well depth 
(mbgl) 

Pumping rate 
(m3/d) 

4176 2828838 6150185 50 64 2200 

3409* 2828362 6150160 36 60.96 1382 

4667 2827807 6148992 41 60 2592 

3134 2827057 6147734 37 36.57 3456 

4113 2825600 6145960 50 54.86 3267 

Total 11,515** 

* Well 3409 is only used as a backup and is not pumped at the same time as the other four wells. 
** Total excludes well 3409. 



 2011 

 

GNS Science Report 2011/07  69 

 

Table 8.1 Summary of hydraulic parameters in calibrated model pseudo-transient model. 

Hydrogeological unit Model layer Zone* Parameter 

Kh 
(m/d) 

Kz 
(m/d) 

SS SY 

Unconfined lake and fluvial aquifer 1 8 10 1 NA 0.2 

Low K perimeter 1 9 0.08 0.008 5 x 10-5 NA 

Confining layer 2 5a, 8 and 9 0.005 0.001 5 x 10-6 NA 

Confined lake and fluvial aquifer 3 8 and 9 0.05 0.005 5 x 10-5 NA 

Limestone aquifer 

1 and 2 1 3 3 5 x 10-5 0.14 

1 and 2 2 1 1 5 x 10-5 0.14 

1 and 2 3 5 5 5 x 10-5 0.14 

1 and 2 4 1.25 1.25 5 x 10-6 0.1 

1 5a 0.1 0.1 5 x 10-6 0.1 

2 and 2 5b 0.1 0.1 5 x 10-5 0.14 

1 and 2 6 0.75 0.75 5 x 10-5 0.14 

1 and 2 7 0.3 0.3 5 x 10-5 0.14 

3 1 to 7 0.05 0.05 5 x 10-5 NA 

* See Figure 8.8 for location of zone. 

 

Table 8.2 Summary of measured and (pseudo-transient) modelled stream flow rate in sub-
 catchments. 

Sub-catchment Observed flow rate 
(L/s) 

in November 2008 

Modelled flow rate 
(m3/d) 

Difference between observed and 
modelled flow rate 

 (L/s) (m3/d) (L/s) (m3/d) % 

1* 6.2 536 5.8 501 -6.6 

2 1.5 130 1.54 133 +2.0 

3** 0.2* 17* 1.56 135  

4 3 259 3.7 320 +23.4 

5 12.4 1071 11.0 950 -12.3 

6 7.1 616 7.6 657 +6.6 

7 2.1 181 4.19 356 +97 

Total 32.5 2810 35.39 3057 +8.7 

* Modelled and observed flow rates for sub-catchment 1 exclude 3.6 L/s that was not incorporated in the model 
 as it flowed from a high elevation and likely originated from a perched aquifer system. 

** Measured flow rate is not reliable as BA have consent to take water from the stream for stock water.  
 Water was likely being taken from the stream when the measurement was taken. 
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Table 8.3 Transfer boundary leakance values (d-1) used in the calibrated model. 

 Model 
leakance 

OUT 

Corrrected 
leakance 

OUT 

Model 
leakance 

IN 

Corrected 
leakance 

IN 
Sub-catchment 1 0.06 0.9 0.0005 0.0075 

Sub-catchment 2 0.004 0.06 0.0005 0.0075 

Sub-catchment 3 0.05 0.75 0.0005 0.0075 

Sub-catchment 4 0.004 0.05 0.0005 0.0075 

Sub-catchment 5 0.023 0.345 0.0005 0.0075 

Sub-catchment 6 0.0002 0.003 0.0005 0.0075 

Sub-catchment 7 0.001 0.015 0.0005 0.0075 

Drained BA farmland 0.7 2.1 0.000005 0.00002 

Other tributaries 0.000003 0.0003 0.000005 0.001 

Poukawa Stream 0.05 0.7 0.005 0.05 
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Table 9.1 Modelled and observed groundwater level (m asl) and drawdown (m) at BA reference wells under pumping scenarios using the pseudo-transient 
 model. 

Well  
ID 

Static GWL* GWL* at end  
of aquifer test 

Drawdown at end  
of aquifer test 

 

Modelled GWL after 90  
days pumping of  
individual wells 

Modelled drawdown  
after 90 days pumping  

of individual wells 

Modelled GWL after  
90 days pumping 

 of four wells 

Modelled drawdown  
after 90 days pumping  

of four wells 

 Observed Modelled Observed Modelled Observed Modelled     

4176 49.3 43.7 27.22 23.9 22.08 19.8 -1.2 45.6** -1.2 45.6** 

3409 39.5 39.4       (36.7)*** (2.6)** 

4667 42.7 43.4 37.78 36.4 4.92 6.5 29.9 13.0 29.4 13.5 

3134 44.5 40.3     -29.4 70.2** -34.6 74.9** 

4113 54.4 53.2 45.03 44.7 9.37 9.0 35.3 18.4 35.2 18.5 

* Groundwater level. 

** Modelling result suggests that the well will not be able to be pumped for 90 days consecutively.  

***  Non-pumping well. 
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Table 9.2 Modelled and observed reduction in sub-catchment flow rate (L/s) due to pumping using the pseudo-transient model. 

Sub-catchment Flow with 
no pumping 

 

Reduction in flow after pumping for pump test period 

 

Reduction in flow after 90 days 
pumping of individual wells 

 

Reduction in flow after 
90 days pumping of four 

wells* 

   Well 4176 (2 days) Well 4667 (1 day) Well 4113 (1 day) Well 4176 Well 4667 Well 4113  

 Observed Modelled Observed Modelled Observed Modelled Observed Modelled Modelled Modelled Modelled Modelled 

             

1** 6.2 5.75 1.1 ± 0.5 0.51 0 0 NM 0 5.72 0.01 0 5.82 

2 1.5 1.54 0 0 0.1 0.13 NM 0 0 1.23 0 1.16 

3*** 0.2* 1.56 0 0 0 0 NM 0 0 0.01 0 0.08 

4 3 3.7 0 0 0 0 NM 0 0 0 0 0.7 

5 12.4 11.0 NM 0 NM 0 0.57 0.76 0 0 2.42 2.68 

6 7.1 7.6 NM 0 NM 0 NM 0 0 0 0 0 

7 2 4.19 NM 0 NM 0 NM 0 0 0 0 0 

TOTAL 32.4 35.34 0.6 – 1.6 0.51 0.1 0.13 0.57 0.76 5.72 1.25 2.42 10.44 
% of modelled total 
flow (37.07 L/s) with 

no pumping 
   1.4  0.4  2.0 16.2 3.5 6.8 29.5 

NM Not monitored and too far away from aquifer tested well too be effected by pumping. 

*  Wells 4176, 4667, 3134, and 4113. 

** Modelled and observed flow rates for sub-catchment 1 exclude 3.6 L/s that was not incorporated in the model as it flowed from a high elevation and likely originated from a 
 perched aquifer system. 

*** Water is abstracted from this stream upstream of the measuring point for stock water supply.  Therefore observed flow rate is not indicative of natural flow conditions. 
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Table 9.3 Summary of effects of 90 days pumping from four BA wells (4176, 4667, 3134, 4113) on groundwater inflow to Lake Poukawa and groundwater 
 discharge to streamflow using the pseudo-transient model. 

 Groundwater discharge to Lake 
Poukawa 

Groundwater discharge to streams 
upstream of Lake Poukawa 

Groundwater discharge to streams 
downstream of Lake Poukawa 

Total 

  m3/d 

No pumping 1137 7848 3238 12223 

Pumping 1132 6793 3083 11008 

Reduction 5 1055 155 1215 

% reduction 0.004 13.4 4.7 9.9 
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Table 10.1 Steady-state model water balance. 

 Water inflow 
to model 

Water outflow 
from model 

Water outflow from catchment not 
incorporated in FEFLOW model 

but included in water budget 

Flow tracking 

  (m3/d)  (m3/d) 

Rainfall recharge to groundwater 13565     

Stream flow into lake (via transfer boundaries)  7554    
Groundwater inflow to lake (via constant head 
boundaries)  1053    

Evaporation from lake   5400 Outflow from Lake 
Poukawa 3207 

Groundwater contribution to Poukawa Stream and 
tributaries (via transfer boundaries) between lake and 
Douglas Rd  

 897  Poukawa Stream at 
Douglas Rd 4104 

Groundwater contribution to Poukawa Stream and 
tributaries (via transfer boundaries) between Douglas 
Rd and Stock Rd 

 1157    

Groundwater inflow to Pekapeka wetland (via 
constant head boundaries)  2430    

Evaporation from Pekapeka wetland   2450 Poukawa Stream at model 
boundary (~Stock Rd) 5241 

Groundwater outflow from model (via constant head 
boundaries)  468    

       

Total 13665 13659 7850   

Difference -6    
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Table 11.1 Steady-state flow model uncertainty analysis.  Reported values are Sum of Squared 
 Residuals (SSR). 

  Calibrated 25% increase 25% decrease 

Parameter Zone Head Flow Head Flow Head Flow 

K Southern 
12.73 2.24 

12.93 2.25 12.37 2.39 

Recharge Model domain 7.40 6.72 23.17 7.04 
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Table 12.1 Rainfall (mm) at Keirunga from 25-Nov-1984 11:30:00 to 1-May-2010 06:00:00. Monthly 
 totals 1984 to 2010.  

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

1984 ? ? ? ? ? ? ? ? ? ? ? ? ? 

1985 33.5 26 183.5 46 81 116 164.5 20 ? 69 55 64 858.5? 

1986 57.5 73 68.5 9 46 18 86.5 65 121.5 83.5 15.5 37 681 

1987 20.5 17 146 62.5 24 32.5 ? 40.5 11 17.5 101 24 496.5? 

1988 9 ? 78 49 ? 36 99 51 111.5 6 16 38 493.5? 

1989 84 17 7 22.5 172 71.5 48 77.5 126 45.5 70 46.5 787.5 

1990 22.5 31 58.5 35.5 29 124.5 111.5 119 38.5 50 46 2.5 668.5 

1991 15 42.5 119 191 98 50.5 24 19.5 57.5 61.5 141 164.5 984 

1992 26 72.5 33 55 68 70.5 173 30.5 77 185 86 95 971.5 

1993 23.5 160.5 88.5 22 31.5 34.5 6.5 52.5 60.5 7.5 71.5 101.5 660.5 

1994 76 ? ? 43 52 54 124.5 12.5 21.5 43.5 17 1.5 445.5? 

1995 45 71.5 36.5 221 ? 65.5 62 66 18 38.5 56.5 39.5 720.0? 

1996 99 101 51.5 60.5 47.5 48.5 164.5 19 37 27.5 20.5 124 800.5 

1997 47.5 73.5 83.5 24 37.5 150.5 91.5 83 63.5 70.5 22.5 12.5 760 

1998 17.5 28.5 7 21 38 22.5 165.5 47 3 25.5 44 42 461.5 

1999 138 36 137.5 100 65 78 58 28.5 51.5 16 118 22 848.5 

2000 66 3 45.5 82 50.5 56 113.5 17.5 65 5 75.5 43.5 623 

2001 43.5 48.5 27.5 70 32.5 34 87.5 68.5 28.5 81 36 181 738.5 

2002 86 83 12 48.5 11.5 96.5 151 45 70 23.5 51 85.5 763.5 

2003 23 67.5 86 49.5 53 48.5 28 172.5 159 34.5 56.5 37 815 

2004 100 130 37 44.5 70 96.5 79.5 76.5 16 65.5 26.5 77 819 

2005 15.5 12.5 131 62 96.5 96.5 88.5 8 21.5 164 40 24 760 

2006 87 27 80 132 36.5 67 148 53 18 37 14.5 ? 700.0? 

2007 41 9.5 20.5 31 0.5 83 179.5 51.5 68.5 30 7 132.5 654.5 

2008 22 21.5 33 84.5 100.5 69 123.5 38 20.5 24.5 8.5 60.5 606 

2009 20.5 70 20 19 44 129.5 83.5 53 58 133 16.5 92.5 739.5 

2010 194 51 8 13.5          
Min. 9 3 7 9 0.5 18 6.5 8 3 5 7 1.5 461.5 

Mean 54.3 53.1 63.9 61.5 55.9 70 102.6 52.6 55.1 53.8 48.5 64.5 744.3 

Max. 194 160.5 183.5 221 172 150.5 179.5 172.5 159 185 141 181 984 

The Min Mean and Max of Annual values are for complete years only. 

? denotes missing data. 
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