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ABSTRACT 

Soil CO2 flux measurements could be used in geothermal 

areas to constrain surface CO2 emissions and to monitor 

degassing anomalies from volcanic, tectonic, or 

anthropogenic activities. However spatial and temporal 

variations in a utilised geothermal field are difficult to assess 

at a large scale due to the prerequisite of a lengthy CO2 flux 

survey and lack of monitoring data outside the power 

stations.  

In this study, we analyse the temporal and spatial variations 

of soil CO2 flux and soil temperature in the Taupo region. 

Fortnightly monitoring between 2019 to 2022 at 8 stations 

across the Tauhara and Wairakei geothermal fields provide 

insight into changes of seasonal variations and geothermal 

activities. Carbon dioxide flux at 2 stations at Karapiti and 1 

background site in the Wairakei geothermal field remain 

constant over the 2.5-year interval of monitoring. In contrast, 

CO2 flux at the 5 stations at Crown Park in the Tauhara 

geothermal field fluctuated synchronously. 

To understand the broader distribution of natural degassing 

and to compare the CO2 flux over decades, we mapped the 

CO2 at Karapiti, Wairakei geothermal field (2021, 2003, 

2018) (n=123), “Ring of Fire”, Tauhara geothermal field 

(2006, 2022) (n=646), and Rotokawa geothermal field 

(2003, 2011, 2022) (n=380). Differences in the CO2 flux 

distribution and total emission over a decade suggest 

possible changes to fluid pathways, permeability zones 

and/or reservoir conditions. The result gives important 

statistical insight into time constraints for future surface CO2 

surveys and monitoring strategy in the geothermal field. 

1. INTRODUCTION  

Geothermal power stations in the Taupo town region 

(Figure 1) accounts for 58% of the geothermal power 

generation nationwide (McLean and Richardson, 2021) and 

play an important role in decarbonizing New Zealand. 

Greenhouse gas emission as CO2 equivalent from 6 power 

stations of Wairakei (Wairakei, Te Mihi, and Poihipi), 

Tauhara (Te Huka), and Rotokawa (Rotokawa and Nga Awa 

Purua) geothermal field in the Taupo add up to 497 to 566 

ton per day (t d-1) (McLean and Richardson, 2019; McLean 

et al., 2020; McLean and Richardson, 2021). However, little 

is known about seasonal and annual variations in CO2 

emissions from natural geothermal features (fumaroles, 

steaming ground, hot pools, and flux through soil). The 

emission of the power station is measured at a single point at 

the same location, whereas the natural flux is over an area 

with different spatial and time scales of fluctuation. 

Therefore, mapping and monitoring CO2 flux and soil 

temperature at natural features will potentially help 

understand the spatial distribution and changes in reservoir 

condition after years of geothermal utilization. 

 

Figure 1: Regional map of Wairakei, Tauhara, and 

Rotokawa geothermal field. Geothermal field 

boundaries based on DC resistivity are marked by 

orange outline, power stations are marked by 

black squares, and the monitoring/mapping sites 

of natural geothermal features studied here are 

marked by open circles. 

2. PROCESSES AFFECTING THE VARIABILITY OF 

SURFACE CO2 FLUX 

Surface CO2 flux is driven by the concentration gradient 

between soil and air (diffusion) or fluid flow (advection), and 

therefore is influenced by the following processes that have 

been tested as part of this work: 

1. Soil temperature. Fluids and heat are transported to the 

surface through hydrothermal convection (Henley and Ellis, 

1983). Steaming ground with high CO2 flux and high soil 

temperature is a common hydrothermal surface 

manifestation (Werner and Cardellini, 2006; Bloomberg et 

al., 2014; Harvey et al., 2018; Hughes et al., 2019).  

2. Permeability due to anthropological and natural 

processes. Natural CO2 in a geothermal field can originate 

from both magmatic degassing and biogenic sources. Fluids 

prefer a high permeability zone (Boseley et al., 2010; 
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Rissmann et al., 2012; Heap et al., 2017; Rosenberg et al., 

2020) impacting where the CO2 flux is distributed and how 

much CO2 is emitted at the surface (Camarda et al., 2009; 

Ganot et al., 2014). Faults and lithologies control the 

permeability in a geothermal reservoir. Hydrothermal 

alteration and tectonic events can change the permeability 

pathway over time. Roads or construction may alter the 

surface permeability or result in lateral CO2 flow.  

3. Seismic activity. Both natural seismic events, and induced 

seismicity due to geothermal power station re-injection, 

occurs in the Taupo region (Bryan et al., 1999; Hopp et al., 

2020). Faults and fractures can act as preferred fluid 

pathways for fluid migrating (Taussi et al., 2022) to the 

surface and seismicity can enhance fluid transport (Claesson 

et al., 2004; Yang et al., 2006; Fu et al., 2017).  

4. Seasonal variation. Occurrence of seasonal temperature 

and precipitation cycle can influence the soil CO2 flux 

(Delsarte et al., 2021). A low CO2 flux is often observed 

during or after rain due to blocked or re-directed gas 

migration pathways (Boudoire et al., 2018). Air temperature 

and pressure variation can also significantly influence the 

CO2 flux. The correction of the two parameters is explained 

in the method section.  

5. Soil type and vegetation. The respiration of plant roots or 

biogenic CO2 can alter the soil CO2 flux observed at the 

surface (Wang et al., 2010).  

6. Utilizations of the field. Pressure change in the reservoir 

can influence the surface CO2 emission. The CO2 emission 

from natural features compared with emission from 

geothermal power plants is reported in various studies 

(Hinkle, 1991; Ármannsson et al., 2005; Sbrana et al., 2021). 

7. Sampling and data statistics. The selection of location 

controls the single point CO2 flux monitoring result. CO2 

emission is calculated from combining multiple CO2 flux 

points. Therefore, the gridding of the map and the 

interpolation method used also control the result aside from 

the factors listed above. 

3. METHOD  

3.1 Flux Measurement 

Gas flux measurements of CO2 and H2S were realized using 

an accumulation chamber (Chiodini et al., 1998). We used 

the West System LICOR LI-820 infrared gas analyzer for 

CO2 and TOX05 H2S gas analyzer is used for H2S 

(WestSystems, 2019). Ambient air pressure and temperature 

are measured during the flux survey for correlation of data.  

The flux is calculated following the equation below. 

 

Figure 2: Karapiti monitoring measurements from September 2019 to June 2022, Y axis is (A) the soil temperature compared 

to The National Climate Database, 2022 (B) Accumulated rainfall (blue bar) (48hr rain fall>5mm marks as grey 

dashline) and earthquake counts (pink bar), (C) CO2 flux, and (D) H2S flux. 
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Fc = Fr*(P/10)/(101.3)*((298)/(T+273))* Df 

Df = k*V/A 

(Fc: Calculated Flux (g/m2day), Fr: Raw Flux (ppm/s), P: 

Ambient air pressure (mbar), T: Ambient air temperature 

(°C), Df: Dimension factor, k: Coefficient converting ppm/s 

to g/day, V: Total volume combining the chamber volume 

and the dead volume for the system (m3), A: Area covered 

by the chamber (m2)) 

3.2 CO2 flux Map and CO2 Emissions 

We used a 25m grid-spacing for the CO2 map in the 

geothermally active area and increased this to a 100m 

spacing where the CO2 flux dropped to background levels 

defined by previous studies (Rissmann et al., 2012; 

Bloomberg et al., 2014). Carbon dioxide flux data were 

processed using WinGslib (Deutsch and Journel, 1998). The 

data were first processed with a normal score transformation 

so that the dataset conforms to a normal distribution for 

statistical analysis. A spherical variogram model is run to fit 

the normalized flux data. The data generated from the 

Sequential Gaussian Simulation (sGs) with 100 simulations 

were used for estimating the total CO2 emissions from the 

lake using MATLAB. 

4. RESULTS AND CASE STUDY  

4.1 Short Term Effect: Fortnightly site monitoring at 

Wairakei and Tauhara geothermal fields. 

The 3-year monitoring results from 2019-2022 of Karapiti 

(Wairakei geothermal field) and Crown Park (Tauhara 

geothermal field) are plotted in Figures 2 and 3, respectively. 

A background monitoring site at GNS Wairakei Research 

Centre ranges from 3.1 to 27.9 g m-2 d-1 for CO2 flux and 8.2 

to 19.4 °C for soil temperatures at 15cm. H2S flux from 8 

monitoring stations in Figures 2 and 3 is below 0.2 g m-2 d-1.  

The ground temperature variation for the GNS site is within 

the range of weather stations from both 20cm-ground-

temperature (4.1 to 25.0°C) and air temperature (-5.6 to 

32.5°C) during the three-year interval. 

Two monitoring sites are located at Karapiti, both having an 

altered ground surface. Standard deviations are calculated to 

1σ (Fig 2). CM1 has a mean CO2 flux of 72.9 ± 22.8 g m-2 d-

1. The mean soil temperature of CM1 is 89.3 ± 8.7 °C. CM2 

has a mean CO2 of flux 11.9 ± 7.1 g m-2 d-1. The mean soil 

temperature of CM2 is 59.6 ± 8.0 °C.  

Five monitoring sites located at Crown Park, where CP1, 

CP2, CP3, CP4 are sitting on altered ground, and CP5 on 

short grass, were added to the monitoring suite in 2021 due 

to the observed surface anomalies from satellite image 

(Bromley et al., 2019). The highest CO2 flux is observed at 

CP2 with a mean flux of 1405, σ=2315 g m-2 d-1 and a 

moderate to low soil temperature (mean 20.3, σ=4.4°C) 

(Figure 3). CP1 and CP4 have a similar mean CO2 flux (998 

and 1049 g m-2 d-1) and mean soil temperature (80.8 and 

84.8°C). CP3 and CP5 have a moderate to low CO2 flux 

(75.5 and 66.5 g m-2 d-1). CP3 has a soil temperature (mean 

16.0, σ=5.2°C) within the range of air temperature variation 

whereas CP5 has soil temperature (mean 20.2, σ=4.9°C) 

similar to CP2, 5-10°C higher than the soil temperature at 

nearby the weather station.

 

Figure 3: Crown Park monitoring measurements from September 2019 to June 2022, Y axis is (A) the soil temperature 

compared to The National Climate Database, (B) Accumulated rainfall (48hr rain fall>5mm marked as grey dashed 

line) and earthquake counts, (C) CO2 flux, and (D) H2S flux.
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4.2 Long term effect: Comparing the CO2 map across a 

decade. 

Our CO2 flux survey at Karapiti, Wairakei geothermal field 

(n=124) covers an area of 0.35 km2 (Figure 4). High CO2 

flux is distributed at the southern part of the survey. Previous 

CO2 flux surveys at Karapiti utilised the same equipment 

(West Systems flux meter) at the same area (Werner et al. 

2004; Harvey et al., 2018). Diffusive emission was 6 t d-1 

(tons per day) in 2004, 7.4 ± 0.6 t d-1 in 2018, and 19.9 ± 1.4 

t d-1 in 2021 in this study.  

 

Figure 4: Gas flux survey at Karapiti between the 19 

November 2020 and the 18 January 2021. The 

color scale ranges from 0 to 145 g m-2 d-1. The 

white line marks the walking trail and the brown 

line marks the forestry road. 

In 2006, a CO2 flux survey (n=519) was completed at the 

Ring of Fire in the Tauhara geothermal field (Fig 5A). We 

mapped the same area and expanded the survey to cover 1.7 

km2 of area in 2021(n=646) (Fig 5B). In both maps, high CO2 

flux is observed mainly along the ring structure. The total 

CO2 emission in 2021 is 109 ± 4.8 t d-1. Among the 

overlapping areas between the 2021 and 2006 CO2 flux maps 

(s.t. σ=8.5 g m-2 d-1) 69% of the area (1.48km2) has minor 

changes in CO2 flux at less than1 σ, 17% of the area 

(0.36km2) has an increasing CO2 flux at more than 1 σ, and 

14% of the area (0.31km2) has a decreasing CO2 flux by more 

than 1 σ. The total CO2 emission of the overlapping area is 

47.3 t d-1 in 2006, similar to the value of 48.5 t d-1 in 2021. 

 

Figure 5: Gas flux survey at Ring of Fire (Tauhara) for 

2006(A) and 2021(B). The CO2 colour scale for 

both maps ranges from 0 to 2000 g m-2 d-1. The 

grey polygon marks the ring shape of the 

geothermal surface features. The red line marks 

the state highway built after 2006, and the grey 

line marks Broadland Road. 
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Detailed CO2 flux mapping of Rotokawa features (n=2500) 

was done between 2003-2011 (Bloomberg et al., 2014). In 

this study, we select 500 points from four different CO2 flux 

ranges (<30, 30-100, 100-1000, and >1000 g m-2 d-1) of the 

original data to be representative of the distribution and 

emission. The CO2 emission over an area of 2.9 km2 

calculated from all 2500 points by Bloomberg et al., 2014 is 

441±84 t d-1. The CO2 map from the 500 selected data points 

is shown in Figure 6A and the total emission re-calculated is 

425±98 t d-1. The same location is mapped again in March-

July 2022. Among the 500 points, 380 were accessible for 

resampling as the topography and vegetation change, the 

new flux map is shown in Figure 6B. The original CO2 flux 

versus the new CO2 flux at the same location is plotted in 

Figure 6C. Moderate correlation is shown between the two 

time periods (R2 = 0.53). Among the 380 repeated points in 

2022, 130 points (34%) have variations less than an order of 

magnitude, 169 points (44%) decrease in CO2 flux, and 81 

points (21%) increase in CO2 flux. 

5. DISCUSSIONS AND IMPLICATIONS 

Here we review the processes that affect the time variability 

of soil CO2 flux for the short-term and long-term monitoring 

results. 

1. Soil temperature. High CO2 flux is often coupled with 

steaming ground and high soil temperature, but this is not 

always the case. The 8 short term monitoring stations (GNS, 

CM1, CM2, CP1, CP2, CP3, CP4, and CP5) can be divided 

into 4 categories as shown in Figure7:  

(1) high CO2 flux and high soil temperature - CM1, CP1, and 

CP4. CM1 shows very little change over the 3-year 

monitoring time in terms of CO2 flux and soil temperature. 

CP1 and CP4 have a wide range of CO2 flux and soil 

temperature and clear relationship between them (R2= 0.70 

for CP1 and R2=0.56 for CP4; Fig 7).  

(2) low CO2 flux and low soil temperature - GNS, CP3 and 

CP5. The GNS site was design as a background site for the 

Taupo region. Soil temperature at GNS follows the ground 

temperature of the weather station, and the CO2 flux is below 

30 g m-2 d-1 though the 3-year time. CP3 provides a baseline 

for crown park, the soil temperature is 0-5°C higher than the 

normal soil temperature, the CO2 flux is 1-3 order low then 

other monitoring station at Crown Park. Unlike CP1-4, CP5 

is not located at geothermal altered ground. It has similar 

range of CO2 flux and soil temperature as CP3 but has 

reasonably good correlation (R2=0.50) between CO2 flux and 

soil temperature such as CP1 and CP4.  

(3) low CO2 flux and high soil temperature - CM2. This may 

be caused by self-sealing at the geothermal area, resulting in 

low permeability (Facca and Tonani, 1967; Fulignati et al., 

1996; Hochstein and Browne, 2000). Therefore, this may 

result in the blocking of the fluid passing through, while heat 

can still be conducted. This phenomenon is often observed 

in geothermal areas (Canet et al., 2010; Canet et al., 2015; 

Bolós et al., 2022).  

(4) High CO2 flux and low soil temperature - CP2. CP2 has 

the highest CO2 flux measurements among all the monitoring 

stations, especially during August 2020 to October 2021. 

The soil temperature is only 0-10°C higher than the normal 

soil temperature. This can be explained by either 

condensation of vapor during fluid migration (Aubert, 1999) 

or is affected by undeveloped fractures that did not reach the 

surface (Giammanco et al., 2016). 

 

Figure 6: Gas flux survey at Rotokawa for (A)2003-2011 

(n=500) and (B) 2022 (n=380). The light blue 

polygon marks the location of Lake Rotokawa. 

(C) Comparison between the log CO2 flux of the 

two time periods. Colour scale represent four 

different CO2 flux ranges (<30, 30-100, 100-1000, 

and >1000 g m-2 d-1) of the original data (2003-

2011).  
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Figure 7: Log CO2 flux (g m-2 d-1) versus soil temperature 

at 15 cm depth (°C). Monitoring sites at Karapiti 

are marked as circle and monitoring sites at 

Crown Park are marked as square. Regression 

line and confidence interval of CP1, CP4, and CP5 

is marked as solid and dash line, respectively. 

 

2. Permeability due to anthropological processed and 

natural process. The Tauhara geothermal field’s Ring of 

Fire provides an example of how human infrastructure 

modifies the distribution of CO2 emissions. In 2006, before 

the state highway was built, high CO2 flux was distributed 

following the ring features (Figure 5A).  

 

Figure 8: Satellite images in 2006 and 2022 of the Ring of 

Fire, Tauhara geothermal field. The motor park 

decrease in size after the highway was built. 

After the road was built, CO2 anomalies decreased or were 

directed toward the SW at the junction of highway and ring 

features, this phenomenon is also observed at other sections 

of the state highway (Figure 5A). Although the distribution 

of CO2 changes between 2006 and 2021 map, the total 

emission of the whole area is the same (47.3 t d-1 for 2006 

and 48.5 t d-1 for 2021), indicating that the deep degassing 

remains constant as the surface pathways changes. 

3. Seismic activities. 307 earthquakes occurred between 

September 2019 to May 2022 in the Taupo region. From the 

3-year monitoring data, CM1 and CM2 however, have no 

CO2 flux anomalies (Figure 2). High CO2 peaks at Crown 

Park (Figure 3) measured on 06-2020, 07-2020, 10-2020, 04-

2021, 05-2021, 10-2021, 02-2022, and 03-2022 do not match 

any of the high earthquake counts in Figure 3 or any 

earthquakes having magnitude higher than 3, suggesting that 

induced seismicity or natural seismic event does not affect 

the overall flux at the time scale of this study.  

4. Seasonal variation. Variation in the Taupo region 

weather includes yearly temperature changes and wet/dry 

seasons. Most of the soil CO2 measurements were performed 

during dry days or there were 3 days of dry weather before 

the measurement thus the effect of rainfall is negligible. No 

correlation was found (R2<0.03) in our dataset between 

rainfall and CO2 flux, the only strong decrease in soil CO2 

possibly related to rainfall is on 8th June 2020 with 9.8mm of 

rainfall 48hr before. For seasonal variations of soil 

temperature, the low temperature sites (CP2, CP3, and CP5) 

change together with the weather station temperature. The 

high temperature sites (CP1 and CP4) also saw influence 

from seasonal variation, having minimum soil temperatures 

of 50°C during June to August, and having maximum soil 

temperature of near boiling temperature 98°C in many other 

months (Figure 3). 

5. Soil type and vegetation.  CO2 data is compared to 

ground and vegetation categories from Seward et al., 2018 in 

Figure 9. High CO2 flux is observed near collapse craters 

with active fumaroles with bare ground or ground with low 

vegetation coverage. The CO2 map in Figure 4 also shows 

wide CO2 anomalies distributed to the S or SW of Karapiti, 

this matches the bare-ground surface/ low vegetation cover 

in Figure 9 and the thermal infrared image in Seward et al., 

2018. Ground cover and vegetation height can be indicative 

of shallow soil temperatures (Given, 1980; Burns, 1997; Van 

Manen and Reeves, 2012) and CO2 flux. 

 

Figure 9: Vegetation cover classification for the Karapiti 

thermal area modified from Seward et al., 2018. 

CO2 flux is marked in yellow text boxes in g m-2d-

1.  



 

Proceedings 44th New Zealand Geothermal Workshop 

23 - 25 November, 2022 

Auckland, New Zealand 

ISSN2703-4275  

6. Utilization of the fields. A trend in declining emission 

intensity has previously been reported for the Rotokawa, 

Ngatamariki, and Ngawha geothermal fields (Mclean and 

Richardson, 2019; Mclean et al., 2020; Mclean and 

Richardson, 2021). The Rotokawa field hosts both the 

Rotokawa and Nga Awa Purua (NAP) power plants. The 

data (from Mclean and Richardson, 2019; Mclean et al., 

2020; Mclean and Richardson, 2021; NZGA, 2022) for the 

two power stations is plotted in Figure 10. From the 

repeating survey at the same location at the Rotokawa natural 

features (compared to Bloomberg et al, 2014, Figure 6), 44% 

of the points have decreasing CO2 flux by more than an order 

of magnitude, more than twice the amount of increasing CO2 

flux points (21%). This decreasing flux is more notable for 

the high flux data in 2003-2011 (100-1000g m-2 d-1, yellow 

circle, and >1000g m-2 d-1, red circle in Figure 6.) However, 

more work needs to be carried out to confirm the decreasing 

trend of natural emission of the Rotokawa field including 

having at least 500 repeating points and calculating the total 

emission of the Rotokawa field in 2022. 

 

Figure 10: Emission intensity from Rotokawa and NAP 

power station from 2011 to 2021 (modified from 

Mclean and Richardson, 2019; Mclean et al., 

2020; Mclean and Richardson, 2021; NZGA, 

2022). Dashed lines are the exponential fitting 

lines of the trends. 

7. Sampling and data statistics.  

Short-term single point monitoring and long-term regional 

CO2 maps takes years of surveying. For the former, the 

interval of sampling time determines the resolution of the 

results (fortnightly for this study). For the latter, the space 

gridding (25-100m is used for different areas in this study) 

and the location determines the confidence interval of 

unknown interpreted points. The method of interpolating 

also has influence on the calculation of total emission. 

6. CONCLUSION 

Fortnightly soil CO2 flux monitoring coupled with soil 

temperature measurements over 3 years in the Wairakei and 

Tauhara geothermal field provide a detail analysis to identify 

the control on degassing in geothermal area. CO2 flux and 

soil temperature are generally stable at Karapiti over the 3-

year monitoring period. CO2 flux at all sites of Crown Park 

vary together, while the soil temperature can be divided into 

high and low temperature groups, both vary with yearly 

temperature variations. 

Repeated CO2 flux surveys in the same area enable 

understanding of the spatial CO2 redistribution, recalculation 

of the CO2 flux, and (re)estimation of total CO2 emission 

from the field. Karapiti in the Wairakei geothermal field has 

CO2 anomalies distributed at the S/SW of the area. The 

emission changes from 6 t d-1 in 2004 to 7.4 t d-1 in 2018 and 

to 19.9 t d-1 in 2021. The Ring of Fire in the Tauhara 

geothermal field has major changes of CO2 flux distribution 

due to infrastructure but the total emission of the overlapping 

area remains the same between 2006 (47.3 t d-1) and 2021 

(48.5 t d-1). The total CO2 emission of the feature in Tauhara 

field is 109 t d-1. On land geothermal features (n=380) at the 

Rotokawa geothermal field were resampled at the same 

locations to compare the time variation of CO2 emission 

between 2003-2011 and 2022. 44% of CO2 flux 

measurements decreased for natural features, in accordance 

with the observed decreasing trends at the two power stations 

of Rotokawa geothermal field. 
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