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EXECUTIVE SUMMARY 

This report provides a review of a numerical reservoir model of the Tauranga Geothermal 
Field as requested by Bay of Plenty Regional Council (BOPRC). The model was initially 
developed as part of GNS Science's Core Research Funded Geothermal Resources of 
New Zealand Programme, and was then applied to data from BOPRC. 

The model was calibrated to match measured temperature profiles from 17 wells. Inferred 
model permeabilities were 2.5 x 1014  m2  in the shallow sediments and 1 x 1016  m2  in the 
deeper volcanic rocks, and thermal conductivities were 1.25 and 1.8 W/m °C respectively. 
These inferred values provided a good match to the measured temperature profiles. 

Although calibration of the model using temperature data alone resulted in a model that is 
consistent with the temperature data, use of it to test the reservoir response to consented 
production rates suggests larger pressure declines than are observed. 

It is recommended that further calibration of the model permeabilities is undertaken using 
historical production and pressure data as well as any other permeability data that is 
available. This will result in a model that is suitable for assessing the future response of the 
reservoir to production from it. 

Data collated from well logs, a conceptual hydrological model, and a groundwater flow model 
suggest permeability of between 	1 x 10 10  and 1 x 1018  m2. While the modelled 
permeabilities inferred from well temperatures fell within this range, the modal permeability 
values of 1 x 1012  m2  and 1 x 1013  m2  suggest that permeability was underestimated in the 
Tauranga Geothermal Field model. 

GNS Science Consultancy Report 2016/44 
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1.0 	INTRODUCTION 

This report provides a review of a numerical model of the Tauranga Geothermal Field 
(Pearson and Alcaraz, 2013), hereafter referred to as the PA2013 model. This model was 
initially developed to provide a better understanding of heat flow through low-temperature 
geothermal fields (Pearson et al., 2014) as part of GNS Science's Geothermal Resources of 
New Zealand Research Programme. From 2011 to 2013, a TOUGH2 numerical model was 
created and then calibrated using well temperatures provided by Bay of Plenty Regional 
Council (BOPRC). The consented extraction and reinjection rates as known at the time were 
modelled to investigate the possible effects of use on the geothermal reservoir. 

The review described in this report discusses issues with the PA2013 model, along with 
suggested improvements for future work. It also describes new and existing permeability 
data from well tests and groundwater studies. 

GNS Science Consultancy Report 2016/44 
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2.0 	NUMERICAL MODEL DETAILS 

The PA2013 model was developed using the TOUGH2 simulation software and the Petrasim 
pre-processor. These are standard tools for developing geothermal models. A detailed 
description of the model can be found in Pearson and Alcaraz (2013), with a brief summary 
presented in this report. 

The PA2013 model covers an area of 70 km by 130 km and extends to a depth of 2 km. The 
model grid comprises 39,945 elements with grid elements of 1 km by 1 km over the central 
portion of the model domain (Figure 2.1). 
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Figure 2.1 	Model grid. Blue square highlights the area within which warm-water springs are found, which was 
the focus of the 2013 model. Red lines represent active faults. 
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The 2013 model represents a simplified geology, with two lithological sequences identified in 
a study by White et al. (2009). These are composed of a layer of sediments that is several 
hundred metres thick overlying a layer that represents a number of volcanic units including 
ignimbrite, tuff, breccia and lava. 

Properties of the two lithological layers were applied to all the elements in the model. The 
permeabilities and thermal conductivity of the two layers were adjusted during the calibration 
of the model to match the measured temperatures. The final values of these parameters are 
shown in Table 2.1. 

Table 2.1 	Properties of model lithological sequences. Lateral permeabilities (x,y) were allowed to vary from 
vertical permeability (z). 

Properties Sediments 

(x,y,z) 

Volcanics 

(x,y,z) 

Permeability (m) 2.5 x 10.14,  2.5 x 10.14,  5 x 10.15 1 x 1016,  1 x 10.16,  1 x 1016 

Thermal Conductivity (W/m°C) 1.25 1.8 

The side boundaries of the model were set as no-flow, and the top boundaries were set to 
represent air blocks over land, and water blocks over the sea. 

Heat and mass sources were applied to the top and bottom of the model, with rainfall applied 
to the top of the model with infiltration rates set to 5%. At the bottom of the model, a heat 
source was applied with the heat flux varied to match the model temperatures. 

2.1 	MODEL CALIBRATION 

The model parameters were adjusted to match the temperatures in 17 wells shown in 
Figure 2.2. The chosen wells were those considered to have reliable downhole temperature 
profiles. Another 20 well profiles were available for checking the model match. These 
20 wells were not used for the model calibration as their locations were considered to be 
poorly constrained or the data was not uncovered until later in the project. 

The final parameters for model PA2013 are given in Table 2.1, and the match of the model to 
the temperature profiles is shown in Figure 2.3. The model temperatures are also reported as 
being consistent with the other measured temperatures, with the average overall error being 
-1 °C. The match of the model to the measured data is considered to be good. 
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Figure 2.2 	a) Wells used for model calibration. b) Temperature profiles measured in the 17 wells. 
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Figure 2.3 	Comparison of model temperature profiles with measured temperatures in the 17 calibration wells. 
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3.0 	COMMENTS ON THE MODEL PA2013 

The PA2013 model was tested for the effects of producing at the consented extraction rates. 
For some of these scenarios, wells showed large pressure drawdowns. In these wells the 
pressures dropped below 2000 Pa (0.1 atmosphere), and fluid started boiling away. This 
gives the impression that the wells are cooling. A more likely process that is occurring is 
dewatering. 

The PA2013 model was developed as a research project to explain the observed 
temperature environment that exists at Tauranga. The model was then refined and a number 
of production scenarios were run (Pearson and Alcaraz, 2013). The calibration of the model 
using just temperature data has resulted in a model that is consistent with the temperature 
data, but is unlikely to be physically representative of the system. 

The scenarios show unphysically large pressure drawdowns after 3.8 years using the 
consented production rates. In particular, some high flow-rate wells boil dry. There is some 
uncertainty about the actual usage compared to consented rates, but it appears that the 
results of this scenario do not match the known response of the reservoir. For example, the 
largest users of fluid from the reservoir have been producing for more than four years, which 
is inconsistent with the large pressure decline predicted by the model. 

These results suggest that the model permeability is too low in areas around the production 
wells. This situation has arisen as the model permeabilities are only very weakly dependent 
on (or insensitive to) the temperature data. For the PA2013 model, low permeabilities were 
set in the deeper volcanic rocks to prevent convection flows developing in the reservoir. This 
allowed the model to reproduce the linear conductive profiles that are observed. 

The model permeabilities need to be adjusted so that a scenario comparable to the historical 
production rates results in pressure changes that are similar to the historical pressure 
changes. 

3.1 	DATA REQUIRED FOR RECALIBRATION 

To undertake this recalibration estimates are required of: 

. 	Historical production rates. 

Historical pressure changes. 

Some estimates of historical production are held by BOPRC. For example, pumping rates 
from the Bay Wave site are available from 2011. 

Obtaining data that show historical pressure changes may be more challenging. Collating all 
the historical pressure and water-level changes may provide an indication of the pressure 
changes in the reservoir. 

If this data cannot be obtained from the historical records then the pressure draw-down data 
that has been used in a groundwater model of the area (Zemansky et al., 2011) may be used 
to assist the model calibration. In addition qualitative data as described above (for example 
high production rates for at least four years with finite' drawdown) can be used. 
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4.0 	PERMEABILITY ESTIMATES FOR FUTURE MODELLING 

Permeability is a measure of the ability of rock to allow fluids to pass through it. It is one of 
the key parameters when looking at pressure changes in a well. If permeability is low, 
extracted warm water will not be recharged by incoming fluid and the pressure will decline to 
the point that the well will fail (i.e., no longer produce warm water). This could be true even if 
there is reinjection nearby. If permeability is high, cold groundwater recharge may flow into 
the well causing cooling. It is therefore very important that the permeability is as close as 
possible to reality to be able to use a reservoir model to look at future scenarios. 

	

4.1 	CHALLENGES 

Permeability in a geothermal reservoir model is traditionally estimated through calibration 
against well pressures. History plots are particularly useful as pressure decline can be used 
to estimate bulk permeability. In Tauranga, there is very little historical pressure data. 
Therefore, it is difficult to estimate permeability from well pressure data. 

Well temperature data can only give a threshold for the bulk permeability of the rock. Above 
this permeability threshold, fluids are transported convectively. Below it, they are transported 
conductively. Therefore whether an area is conductive or convective will give an indication of 
the permeability. However, there is a trade-off with other poorly-constrained parameters like 
heat flow. An additional challenge is that in the top few hundred metres conductive and 
convective temperature profiles both have linear gradients (Teng and Koike, 2007), and there 
is minimal data below these depths in the Tauranga area. 

The other dataset that can provide an indication of permeability is well draw-down tests. 
These are typically carried out during drilling, and transmissivity and/or hydraulic conductivity 
are calculated from changes in fluid level in a well during pumping at known rates or while 
stabilising (Boonstra and Kselik, 2001). The hydraulic conductivity can be used to calculate 
the permeability, given assumptions about the fluid, as described in Pearson and 
Alcaraz (2013). Draw-down tests are carried out over a limited period of time during which 
fluids cannot travel far, and therefore it gives more localised information than well pressure 
data collected over time. However, it can still provide indications of bulk rock permeability. 

	

4.2 	2013 MODEL 

The PA2013 model was originally designed to simulate heat flow through the Tauranga area 
and was later adapted to look at extraction and reinjection. Initial observations of well 
temperature profiles suggested that heat flow was primarily conductive, which is more 
dependent on the thermal conductivity of the rock. Therefore, only a threshold permeability 
was estimated as described in Section 4.1. However, there was some suggestion of 
convection, particularly under Tauranga City (a high-use area; Pearson and Alcaraz, 2013). 
Therefore it was recommended that the rock properties be looked at in more detailed and 
possibly refined in the future to include a more heterogeneous distribution (Pearson and 
Alcaraz, 2013). Additional data collated for this purpose is described in the following 
sections. 

	

4.3 	PERMEABILITY DATA FROM PREVIOUS WORK 

Three sources of permeability data from previous work were found for this report: well logs 
from wells drilled post-2000, hydraulic conductivity data collated by White et al. (2009) for a 
conceptual groundwater model, and a hydraulic conductivity model created by 
Zemansky et al. (2011). 
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4.3.1 	Well Logs 

Since 2000, well draw-down tests have been required as part of the consent requirements for 
any new drilling in Tauranga. Although many wells in the region pre-date this, there are 
several where this information is available. From the draw-down tests, transmissivity can be 
calculated and is described in the individual consent reports for each particular well. This 
data was provided by BOPRC. 

The permeability can be estimated from the transmissivity via hydraulic conductivity. 
Hydraulic conductivity is given by transmissivity divided by thickness of the aquifer (Boonstra 
and Kselik, 2001). The thickness of the aquifer in these wells is often not recorded and 
therefore maximum and minimum likely thicknesses (as described in Zemansky et al., 2011) 
were used to put lower and upper bounds on the hydraulic conductivity. The permeability is 
then calculated as a function of this hydraulic conductivity, as well as the fluid density, fluid 
viscosity and gravity as described in Pearson and Alcaraz (2013). 

Trans missivities for wells with draw-down test results can be seen in Table 4.1, along with 
the resultant calculated hydraulic conductivity and permeability. The minimum estimated 
permeability is 8.2 x 1019  m2  and the maximum is 2.4 x 1010  m2. 

Table 4.1 	Permeability values calculated from well logs. Minimum and maximum likely aquifer thicknesses 
(h) are used in the calculations. 

Take 

Permit 

Transmissivity 
2 (m Id) 

h=25m h=1200m 

Hydraulic 

conductivity 

(m/s) 

Permeability 
2
) 

Hydraulic 

conductivity 

 (m/s) 

Permeability 

(m) 2  

60999 1.OE-03 4.8E-10 3.9E-17 iDE-il 8.2E-19 

61792 5.1E+00 2.4E-06 1.9E-13 4.9E-08 4.OE-15 

62515 4.8E+02 2.2E-04 1.8E-11 4.7E-06 3.8E-13 

62751 6.5E+01 3.OE-05 2.4E-12 6.2E-07 5.1E-14 

63007 7.5E+01 3.5E-05 2.8E-12 7.2E-07 5.9E-14 

63039 4.OE+00 1.9E-06 1.5E-13 3.9E-08 3.1E-15 

63077 9.OE+02 4.2E-04 3.4E-11 8.7E-06 7.1E-13 

63227 5.OE+03 2.3E-03 1.9E-10 4.8E-05 3.9E-12 

63228 5.5E+02 2.5E-04 2.1E-11 5.3E-06 4.3E-13 

63228 9.OE+01 4.2E-05 3.4E-12 8.7E-07 7.1E-14 

65279 2.6E+00 1.2E-06 9.8E-14 2.5E-08 2.OE-15 

66380 1.5E+02 7.OE-05 5.7E-12 1.5E-06 1.2E-13 

66382 9.5E+02 4.4E-04 3.6E-11 9.2E-06 7.5E-13 

66382 8.OE+02 3.7E-04 3.DE-11 7.8E-06 6.3E-13 

66382 1.3E+03 6.OE-04 4.9E-11 1.2E-05 1.OE-12 

66757 2.OE+01 9.3E-06 7.5E-13 1.9E-07 1.6E-14 

66826 7.3E+01 3.4E-05 2.8E-12 7.1E-07 5.7E-14 

66858 3.OE-03 2.4E-10 3.OE-03 2.4E-10 

67268 3.OE+01 1.4E-05 1.1E-12 2.9E-07 2.4E-14 
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4.3.2 Conceptual Groundwater Model 

White et al. (2009) collated hydraulic conductivity data from well reports from the early 2000s 
to create a conceptual hydrological model that focused on groundwater flow (and did not 
incorporate heat flow). The hydraulic conductivity values were from a mixture of falling head, 
constant rate and stepped rate pump tests. The maximum and minimum hydraulic 
conductivity recorded for each well, along with the resultant calculated permeability, can be 
seen in Table 4.2. The maximum permeability was 1.5 x 1011  m2  and the minimum was 
6.5 x 1015  m2  for all wells. 

Table 4.2 	Hydraulic conductivity with resultant calculated permeability from White et al. (2009). 

Rock Hydraulic conductivity Permeability 
Well Reference 

type (m/s) (m2) 

Athenree quarry CH2M Beca Ltd, 
rhyolite 1.00E-06 9.00E-06 8.1E-14 7.3E-13  

production well January2003 

Wharawhara road CH2M Beca Ltd, 
ignimbrite 6.00E-07 4.9E-14 

production wells December 2004 

Wharawhara road CH2M Beca Ltd, 
andesite 1.40E05 1.90E-04 1.1E-12 1.5E-11  

production wells December2004 

Tahawai CH2M Beca Ltd, 
ignimbrite 2.50E-06 1.00E-05 2.OE-13 8.1E-13  

production well November 2003 

Central supply zone 
CH2M Beca Ltd, 

production wells rhyolite 6.00E-07 8.20E-06 4.9E-14 6.7E-13 
July 2003 

(Matakana_Island)  

CH2M Beca Ltd, 
Rea Road ignimbrite 1.03E-06 4.93E-06 8.4E-14 4.OE-13 

November 2002 

CH2M Beca Ltd, 
Rea Road andesite 3.85E-07 4.16E-06 3.1E-14 3.4E-13 

November 2003 

Pongakawa 
CH2M Beca Ltd, 

Production Well alluvium 1.00E-05 3.00E-05 8.IE-13 2.4E-12 
March 2005a 

(Te_Puke)  

Mutton's CH2M Beca Ltd, 
ignimbrite 8.00E-08 2.00E-05 6.5E-15 1.6E-12  

production well March 2005b 

4.3.3 	Groundwater Flow Model 

In the Western Bay of Plenty groundwater flow model (Zemansky et al., 2011), the hydraulic 
conductivity of different zones within lithological layers was estimated. Groundwater head 
and stream flows were used to calibrate the model. Three lithological units were identified; 
the Tauranga group sediments, underlying ignimbrites, and bedrock (Table 4.3). The 
sediments ran from east to west along the coast with thicknesses of -200-300 m respectively 
(Figure 4.1). The bedrock only occurred in the western side of the model area. 

It was assumed that vertical hydraulic conductivity was 10% of the horizontal hydraulic 
conductivities quoted in Table 4.3. The maximum depth of the model was 1.2 km, although 
this varied according to the depth to bedrock (Zemansky et ai., 2011). 

The highest estimated permeability was 1.6 x 1010  m2, in the Tauranga group sediments, 
while the lowest permeability of 5.0 x 1014  m2  was in the ignimbrites. 
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I 

Table 4.3 	Permeability calculated from the Western Bay of Plenty groundwater flow model 
(Zemansky et al., 2011). The layers and zones are indicated in Figure 4.1. 

Geologic Unit Layer Zone Hydraulic conductivity 

(m/s) 

Permeability 
(m) 

Tauranga sediment 1 1 4.4E-04 3.5E-1 1 

Tauranga sediment 1 2 2.OE-03 1.6E-10 

Bedrock 2 1 1.4E-04 1.1E-11 

Ignimbrites 2 2 6.2E-07 5.OE-14 

Ignimbrites 2 3 7.6E-05 6.2E-12 

Ignimbrites 2 4 4.OE-06 3.3E-13 

Ignimbrites 2 5 5.9E-05 4.8E-12 

Ignimbrites 2 6 2.7E-06 2.2E-13 

Ignimbrites 2 7 4.9E-06 4.OE-13 

: 	

3 

6 

S 

Geologic Layer 1 
	

Geologic Layer 2 

Figure 4.1 	Model hydraulic conductivity zones from Zemansky etal. (2011) as used in Table 4.3. Hatched 
lines correspond to Layer 1 of the model, solid colours are used to represent Layer 2 
(Zemansky etal., 2011). 
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4.4 	SUMMARY OF PERMEABILITY DATA 

The data described in the previous sections shows a wide range of permeabilities. The 
maximum estimated permeability was 2.4 x 1010  m2  and the minimum was 8.2 x 10.19  m2. 
Both of these values were estimated from the transmissivity from well logs. Values calculated 
from modelling in Zemansky et al. (2011) are significantly higher than those found in 
White et al. (2009) although both datasets fall within the range calculated from the well logs. 

Well log data appeared to come exclusively from the volcanic layers. Both White et al. (2009) 
and Zemansky et al. (2011) found that in general the sediments were more permeable than 
the underlying ignimbrites and other volcanic rocks (Tables 4.2 and 4.3). 

Plotting a histogram of all of the permeability data described above suggests that an estimate 
of 1 x 10.13  or 1 x 10.12  m2  may be an appropriate starting point for future modelling work 
(Figure 4.2). 
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Figure 4.2 	Histogram of permeability data binned to the nearest power of 10, on a logarithmic scale 

4.5 	COMMENTS ON PERMEABILITY 

While this data provides a good starting point for future modelling efforts, there are some 
other considerations that must be observed. For example, minimal salt-water intrusion has 
been observed into the sediments and ignimbrites, which provides a limit for the horizontal 
permeability along the coast. Similarly, well log data shows that wells are generally not 
affected by pumping nearby during draw-down tests, placing an upper limit on the local 
permeability. 

The temperature profiles described in Pearson and Alcaraz (2013) are linear in most cases. 
While this does not rule out convection at greater depths, it does place a constraint on fluid 
flow and therefore permeability within the measurement depths. This is further constrained 
by measured heat flow in the area; it is only slightly elevated compared to natural heat flow 
(Pearson and Alcaraz, 2013), suggesting lower permeability than in fully convective, 
permeable systems like the conventional high-temperature geothermal systems used for 
geothermal energy production in the Taupo Volcanic Zone. 

Well-test data is collected over shorter timescales than those used for geothermal pressure 
history matching. Therefore, fluid has not travelled as far and the estimated bulk permeability 
is over a more local area. However, the values described above provide a good starting point 
and suggest that the permeability was underestimated in the PA201 3 model. 
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5.0 	RECOMMENDATIONS FOR FUTURE WORK 

The Tauranga Geothermal Model PA2013 provided a good match to well temperatures, but 
only minimally calibrated for permeability. Further calibration using two additional datasets 
(where available) is therefore recommended: 

Incorporating historical production data. 

. 	Incorporating historical pressure data. 

! 	In addition, there are several recommendations for improving the modelled permeability 
distribution. These include: 

Refining the geological model, for example using the permeability distribution 
calculated from the hydraulic conductivity model in Zemansky et al. (2011) as a starting 
point. 

Looking at permeability data in more detail, for example to see if the well data suggest 
higher permeability at some localities and/or depths compared to others. 

Calibrating models using a range of permeabilities, while ensuring that the resultant 
model is consistent with temperature, pressure/head, heat flow and salt water intrusion 
data. 

Doing forward modelling of future scenaros using a range of possible permeabilities. 

Other recommendations include using more, and more recent, downhole temperature data, 
and collecting more data on actual extraction and reinjection in the area. 
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