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Abstract 

The chemistry of fluids and gases within fault zones can provide information about their 

sources/origins, flow rates and paths, and further fluid-rock interactions along those paths. 

New Zealand’s tectonically active Alpine Fault Zone is an ideal system within which to study 

fluids because there is a wealth of supporting prior research about it. Furthermore, globally 

there are very few systems that are similarly both late in the seismic cycle, and known to rup-

ture in large events. Phase 2 of the Deep Fault Drilling Project (DFDP-2) aimed to drill to, 

and through the Alpine Fault at ~1 km depth to obtain information about its physical state and 

structure before it next ruptures. Online gas analysis (OLGA) was employed to monitor gases 

(N2, O2, Ar, CO2, CH4, He, H2, hydrocarbons, and Rn) entrained in the circulating drill mud, 

which were derived from crushed rock at the drill bit, and from permeable layers within the 

drilled formation. 33 complimentary offline samples collected at the time of drilling over the 

depth range 236 to 892 m were later analysed for standard % of gas by volume, and He and 

carbon isotopes. He isotope data were also acquired from 14 core samples of outcropping 

Alpine Fault mylonites from four different locations. In both surface and offline DFDP-2B 

samples, 3He/4He ratios of bulk rock showed R/Ra values of 0.46 (±) and 0.57 (±), increasing 

with proximity to the fault. This indicates interaction with mantle derived fluids at depth, and 

supports a previous suggestion there is a present day fluid flux from the mantle along the 

fault. However, hangingwall and footwall He ratios differ sufficiently to support previous 

suggestions based on Sr isotopes that the Alpine Fault is an effective barrier to cross-fault flu-

id flow. OLGA data were commonly of low quality due to various drilling-related distur-

bances, or equipment problems. However, some useful data were collected. The most notable 

signal in OLGA was variation in Rn, inferred to reflect interception of particularly permeable 

horizons in the surrounding formation  
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1.0 Introduction 

The Alpine Fault Zone (AFZ) is a geologically young plate boundary that has accommodated 

>460 km of dextral offset since 24 Ma (Sutherland, 1999). The Alpine Fault is locked within 

its central part (from Arthur’s Pass to Haast; Fig. 1) with no measurable slip being accommo-

dated within the principal slip zone (PSZ) in this area (Sutherland et al. 2007). The fault slips 

in earthquakes of magnitudes around Mw  7.6-8.2 every 329±68 years (Sutherland et al. 2007; 

Berryman et al. 2012), with the last rupture occurring in A.D. 1717 (Wells et al. 1999). This 

means that it is late in its seismic cycle. The high likelihood of a catastrophic slip event (Mw 

>7) in the near future (27% probability in the next 50 years; Biasi et al. 2015) provides an 

opportunity to study a plate boundary in the pre-rupture phase. The active nature of this fault, 

along with its young age and high slip rate (e,g. strike slip occurs at 27 ± 5 mm/year; Norris 

& Cooper, 2001) makes it ideal for the study of tectonic processes. Thus, the overall purpose 

of the Deep Fault Drilling Project (DFDP), which this study forms part of, is to understand 

the processes that occur leading up to a major plate boundary rupture. 

As the Alpine Fault slips, it displaces the rocks on either side in an oblique dextral, reverse 

motion (Walcott 1998; Little 2004; Norris et al. 1989) (Fig. 1). Rocks on the eastern side of 

the fault are uplifted and displaced toward the southwest. The net result is that over time, 

rocks that were deeply buried beneath the Southern Alps are exhumed to the earth’s surface 

on the Alpine Fault hanging-wall (Norris & Cooper 2001). This exhumation takes place so 

rapidly (up to 9 mm/yr in the central Alpine Fault; Little et al., 2005) that the rocks have little 

time to cool, and many temperature-sensitive processes that normally occur at great depth 

persist to much shallower levels within the crust (Koons 1987).  
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This elevated temperature gradient has caused a series of warm springs to occur along the 

east side of the fault on the hanging wall. The springs are found in valleys, with their fluids 

being sourced from predominantly meteoric waters that achieve high pressures hydrostatical-

ly due to the average high elevation of the fault hangingwall (Menzies et al. 2014; Cox et al. 

2015). 

Previous studies of the chemical and isotopic compositions of warm spring waters in the cen-

tral Alpine Fault Zone (AFZ) show isotopic ratios that help define the source of fluid compo-

nents emanating from these springs. For example, springs immediately adjacent to the fault 

have 0.43-0.65 R/RA (Giggenbach et al. 1993; Hoke et al., 2000), which is higher than the 

typical <0.002 R/RA in springs more than 5 km distance into the hanging wall (Menzies et al., 

2016). This suggests a component of mantle-derived gases in those springs, hypothesised to 

indicate the fault zone acts as a conduit for mantle-derived fluids rising to the surface. Fur-

thermore, 13C and D values of methane sampled in Southern Alps springs is representative 

of thermogenic methane production (Barnes et al., 1978). Information about fluid sources, 

water rock interaction, and fluid pathways that we obtain from these, and similar datasets 

help to constrain models of thermal and rheological evolution coupled to fluid transport 

through the hanging wall of the fault system (e.g. Koons & Craw, 1991). 

δ δ
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This study aims to provide further insights about the chemistry and isotopic composition of 

fluids within AFZ rocks, focusing on analysis of gases entrained, and bought to the surface, 

in  Deep Fault Drilling Project drill muds. These gases should be dominantly derived from 

Figure 1: Map of the South Island, New Zealand showing the trace of the Alpine Fault and sur-

rounding lesser faults. Inset shows the broader plate tectonic setting of New Zealand. Gaunt Creek 

is marked as ‘GC’ where the first DFDP drilling took place. DFDP-2 is located within 5 kilometres 

of this marker. 
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fluid inclusions in the bulk rock encountered at the drill bit, and these rocks will be derived 

from progressively closer to the fault’s PSZ as the drilling proceeds. The sampling methodol-

ogy provides a higher spatial resolution, more continuous analysis of progressive changes in 

fault rock fluid/gas components than discrete outcrop or spring water sampling.  With these 

data I can address address hypotheses and questions about the underlying geology and fluid 

networks that have been produced from surface data, such as ‘Is the zone of mantle-derived 

fluid-rock interaction localised around or within the AFZ?’. 

The oil and gas industry has used gas analysis techniques for exploration of hydrocarbon 

reservoirs for over 50 years, with the most basic being flame testing small amounts of gas to 

using spectrometers and gas chromatographs to test quality and safety. The method used in 

scientific drilling has been adapted from this, with more specific and sensitive tools being 

used than in the industry, in order to find out more about different fluid and gas sources and 

interactions with the host rock (Hickman & Ellsworth 2010; Wiersberg & Erzinger 2011; 

Erzinger et al. 2006). Online gas analysis (OLGA) in lithospheric scale faults was undertaken 

during drilling for the San Andreas Fault Observatory at Depth (SAFOD). There, OLGA was 

able to detect changes in gas chemistry across the fault while drilling and even allowed pre-

diction of lithological changes while drilling from variations in the fluid chemistry near a ma-

jor granite-sediment boundary. Chemical changes can include change in CO2 output, increas-

es in Radon or helium. A secondary aim of this research is to better understanding the uses 

and limitations of mud gas logging and sampling throughout drilling  

13



2.0 Structure of the Alpine Fault, the surrounding crust and fluid transport 

The Alpine Fault Zone is the boundary between Pacific Plate derived hangingwall and Aus-

tralian Plate-derived footwall. In the central AFZ, Alpine Schist hangingwall rocks are thrust 

over Quaternary gravels (Cooper and Norris, 1994; Norris and Cooper, 2007) and hard rock 

footwall material is not exposed. The fault itself consists of a  “fault core” within which there 

are both active and ancient principal slip zones, and a surrounding damage zone (Faulkner et 

al. 2010). A zone of oligoclase grade Alpine Schist that has been ductility sheared at depth in 

the Alpine Fault Zone is called the mylonite zone.  

The transition through these rock types is gradual, with the intensity of the dynamic recrystal-

lization induced by deformation increasing towards the principal slip zone. In surface out-

crops the mylonite zone extends 1 to 1.5 km from the fault (Norris and Cooper, 2003). In the 

central AFZ the average principal slip zone orientation is 054/30◦ SE but there is considerable 

variation along the length of the fault (Little et al. 2005).  

2.1 Fault rock sequence from surface outcrop 

The typical fault rock sequence has been summarised from outcrop in the hanging wall (Little 

et al. 2005; Toy et al. 2008). The footwall outcrops infrequently, and therefore there is little 

knowledge of its sequence and properties,  although Lund-Snee et al., 2012 documented an 

outcrop near Franz Joseph in some detail. 

2.1.1 Hanging wall mylonites  

Hanging wall quartzofeldspathic Schist type rocks are derived from ocean sediments accreted 

on the edge of Gondwanaland during the Mesozoic Rangitata Orogeny. Rapid exhumation at 

up to 9 mm/yr (Little et al., 2005) of these rocks began with oblique convergence c. 6-8 Ma 
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(Walcott 1998). Metacherts, metabasites, and augen mylonites are also observed in outcrop 

and make up less than 5% of outcropping mylonite. 

2.1.2 Cataclasites  

The Alpine Fault rock sequence includes semi-cohesive cataclasite that is cemented by clay 

and carbonate, similar to calcareous mudstone, and relatively soft (2-4 on Mohs’ scale) near 

to the fault. The total thickness of these brittle fault rocks is likely to be <50 m.  

Cataclasites and fault gouge are heterogeneous and fractured. They comprise primary sheet 

silicates chlorite and illite/muscovite that have been altered to smectite, kaolinite and goethite 

(Boulton et al. 2012). Cataclastic material includes mylonitic fractured rock similar to that 

above the fault, clay materials and highly fractured serpentinized rocks of footwall derived 

material. Fractured granite, gneiss, and metaquartzite is expected, but there remains consider-

able uncertainty about the composition and nature of these potential protolith rocks that un-

derlie the fault. This is because equivalent rocks are poorly exposed at the surface in the 

footwall as previously noted. Cohesive fault rocks, or fractured and altered granite or 

metaquartzite  rocks in close proximity to the fault plane will be softer (chemically altered) 

with higher fracture densities than fresh equivalents found farther from the fault plane. This 

zone of higher fracture densities is commonly referred to as the 'damage zone' (Valoroso et al. 

2014). 

2.1.3 Principal Slip Zone (PSZ)  

The Alpine Fault’s Principal Slip Zone (PSZ), is of particular interest because earthquake 

ruptures occur within it. It is a cohesive gouge again, like a claystone, and generally observed 

to be <2 m thick (Schuck et al., 2020). This is highly impermeable, with fault perpendicular 

permeabilites being in the range of 10-20 m2  and 10-18 m2  in fault gouge but the surrounding 
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cataclasites are fairly permeable 10-17 m2  (Boulton et al. 2012; Sutherland et al. 2012; Car-

penter et al. 2014) 

Parallel and serial partitioning is known to affect the Alpine Fault on a scale of 103-100 m. 

Stress perturbations from hanging-wall topographic variations and thickness of footwall sed-

iments both play a role in the partitioning. Light detection and ranging technology (LiDAR) 

was particularly useful in mapping the small scale partitioning (Barth et al. 2012).  

2.1.4 Frictional properties of Alpine Fault rocks  

Frictional properties of fault rocks that rupture during earthquakes are expected to affect the 

nucleation and propagation of seismic slip (Niemeijer & Vissers 2014). From surface out-

crops of cataclastic fault rocks collected from Gaunt Creek and Waikukupa River, frictional 

experiments were conducted in order analyse physical properties (Boulton et al. 2012). The 

gouge had foliation defined by phyllosilicates. It was found to be frictionally weak (µ=0.44) 

compared to the cataclasite in lab experiments (µ= 0.50-0.55) (Boulton et al. 2012). This 

conclusion was from tests undertaken in laboratory conditions of 30-33 MPa effective normal 

stresses on a double-direct shear configuration at Penn State University, USA. Sheet silicates 

such as chlorite and illite/muscovite are altered to smectite, kaolinite and goethite in these 

samples, which accompanies an increase in friction coefficient. (Boulton et al. 2012) 

2.2 Structure of the Southern Alps indicated by remote sensing  

Two main geophysical datasets provide information about the deep structure of the Southern 

Alps uplifted by the Alpine Fault; namely magnetotellurics (Wannamaker & Jiracek, 2002) 

and seismic data (Stern et al., 2007).   
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2.2.1 Magnetotelluric data 

Magnetotelluric datasets demonstrate where rock masses are electrically conductive or resis-

tive. Electrical conductivity of a composite material affects the resistivity of rock, as does in-

terconnectivity of its constituents. Silicate minerals typically have low conductivity. Howev-

er, in ductility shearing rock interlinked fluids or graphite along grain boundaries can impart 

high conductivity (Worzewski et al. 2011; Wannamaker & Jiracek 2002; Jiracek et al. 2007; J. 

K. Vry et al. 2001). Both interlinked fluids and graphite content would weaken a rock during 

ductile shearing, so zones of high electrical conductivity could also be an indication of rheo-

logically weak zones (Jiracek et al. 2007).  

Wide band magnetotelluric (MT) soundings beneath the west section of the South Island re-

vealed an upwardly concave, middle to lower crustal, conductive zone (Fig. 2), as noted in 

section 2.2.2. Seismic wave velocities are also low here (Stern et al. 2007). This has been in-

terpreted as a fluid-rich zone at a depth of approximately 25 km beneath the Southern Alps 

(Jiracek et al. 2007). The zone above the Alpine Fault is highly conductive (Fig. 2). This zone 

could be fluids arising from prograde or strain induced metamorphism within a thickening 

crust (Koons et al. 1998; Stern et al. 2002). The ramping and eventual vertical nature of the 

zone (with the vertical change occurring at approximately 10 km) is interpreted to indicate 

fluids rising vertically above the brittle-ductile transition in the uplifting schist (Wannamaker 

& Jiracek 2002)  
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Figure 2: (a) Tectonic map of Central South Island, New Zealand showing localities of vein sam-

ples described by Menzies et al. (2016). The dashed line joining A to B indicates the resistivity 

cross section. (b) Cross section of Southern Alps along SIGHT line. Models incorporated within 

this interpretation are (Avendonk et al. 2004) (fault model) and (Jiracek et al. 2007 (resistivity 

model)). Both figures are from Menzies et al. (2016). Orange marker approximates the DFDP-2B 

drill site position.
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2.2.2 Seismic data 

Seismic wave speeds (Vp, Vs) are affected by the elastic wave velocities in the minerals that 

make up a rock. Variations in mineralogy and anisotropic rock fabrics commonly cause 

changes in Vp and Vs and their ratios, or ‘shear wave splitting’ i.e. the velocity of Vs is dif-

ferent in different directions. The presence or absence of fluids also has an effect because the 

later do not transmit Vs (Savage et al. 2007). 

A combined onshore-offshore seismic study (SIGHT) allowed imaging of the crustal struc-

ture beneath the Southern Alps (Stern et al. 2007). The SIGHT data reveal low seismic wave 

speeds in a crustal volume just above the Alpine Fault, which is interpreted to result from flu-

ids arising from prograde metamorphism within a thickening crust. Previously it was thought 

that the fluids are predominantly metamorphic derived (Stern et al., 2007). However, chemi-

cal studies conducted on fluid inclusions and warm spring waters do not support the meta-

morphic source interpretation, which will be discussed in section 2.3.1.2 Spring water and 

gas analyses (Cox et al. 2015; Menzies et al. 2014; Craw 1997; Craw 1988). 

Within the Central Alpine Fault Zone, seismic activity is relatively low. There are sporadic < 

Mw 4.0 earthquakes (Boese et al. 2012) and notably low-frequency earthquakes (LFE’s) in 

the deeper crust at approximately 20-30 km depth, within 10 km of the inferred location of 

the fault (Chamberlain et al. 2014). These LFE clusters can show a potential outline of the 

Pacific Plate at depth, which assists in the interpretation in the origin of fluids based on geo-

chemical analysis. The LFEs were interpreted to be associated with fluid-weakened rock, 

which is supported by studies both of tremor in southwest Japan within the region of megath-

rust earthquakes in the Nankai Trough (Ito et al. 2007), and shallow and deep seismicity with-

in the Central South Island of New Zealand (Boese et al. 2012, 2013) 
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2.3 Fluids within the Southern Alps 

Fluids play an important role in the evolution of faults though their seismic cycles by control-

ling heat and chemical transport. Experimental analyses have demonstrated that compaction 

of the rock occurs within faults, elevating fluid pressures reducing effective stress, and there-

fore promoting fault slip at low shear stress (Blanpied et al. 1992). Fluid is focused onto the 

Alpine Fault evidenced from analysis of stable isotopes of strontium, oxygen, deuterium, and 

helium. Stable isotope work demonstrates fluid is focused onto the Alpine Fault from the sur-

rounding crust. Fluid convection has been modelled for decades. The first such models (e.g. 

Koons and Craw, 1993), were subsequently applied to other tectonically active regions such 

as the European and Himalayan orogenic‐hydrothermal systems.The latest model of fluid 

convection builds on these previous models, and shows that fluids are concentrated into the 

fault zone due to temperatures and topographic effects (Fig 3) (Menzies et al. 2014, 2016). 
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The interpretation that these variations in geophysical properties result from the presence of 

fluids in or around the fault zone at depth, and hypotheses about the source of these fluids, 

are based on surface geological observations (e.g. Sutherland et al. 2007; Craw 1997; Toy et 

al. 2010).  

Figure 3: Schematic of the fluid flow regime in the Southern Alps from stable isotope evidence 

and fluid path and source thermal models from Toy et al. (2010) and Craw et al. (1997).  Figure 

from Menzies et al. (2014).
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Combined microstructural observations and isotopic analyses have been particularly worth-

while in understanding fluid sources and migration within and around the Alpine Fault Zone. 

The Alpine Fault Principal Slip Zone (PSZ) has been shown to act as a hydraulic seal 

(Sutherland et al. 2012; Menzies et al., 2016). Measurements made in DFDP-1 boreholes 

show a perched water-table above the Alpine Fault PSZ, with hydraulic pressure dropping 

dramatically across the fault into the foot wall structure (Sutherland et al. 2012) 

Oxygen and hydrogen isotopic ratios from various hot springs show that the sources of their 

water are predominantly meteoric (Barnes et al. 1978, Reyes et al. 2010). Menzies et al., 

(2016) analysed spring gas and fluid composition in order to calculate the source of fluids for 

springs in the hangingwall demonstrating a substantial contribution from meteoric waters, 

and possible influence from footwall rock (Fig. 3). Previous studies have shown no contribu-

tion of metamorphic waters and therefore these fluids are interpreted to be sourced from deep 

penetrating meteoric fluids, although there may still be a small contribution of metamorphic 

fluid from dewatering (Wannamaker & Jiracek 2002; Menzies et al. 2016, 2016; Reyes et al. 

2010). These meteoric fluids penetrate all the way to the brittle-ductile transition, potentially 

at 8 km depth. This demonstrates that the hangingwall of the Alpine Fault is highly perme-

able. However, this deep fluid penetration is also driven by high topographic gradients 

(Sutherland et al., 2017). Locally extremely high geothermal gradients (125OC / km) are ex-

perienced at the DFDP-2B site because of this effect. 

Hydrogen and oxygen stable isotopes from cataclasites in the eastern Hokitika area, around 

75 km NE of Whataroa, were studied by Vry et al. (2001). δD values ranged from -56 to -30 

‰ and an average of -45 ‰. Based on these ratios, the rocks are interpreted to have equili-

brated with metamorphic fluids (Vry et al., 2001). 
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2.3.1 How do existing datasets inform our understanding of fluid distribution in the oro-

gen?  

2.3.1.1 Fluid inclusions 

The chemical composition of fluids reflects their origins and changes during passage through 

rocks, reflecting the flow paths. Veins within schist rocks and quartz rich fractures can con-

tain fluid inclusions. Most of the fluid inclusions that have been studied in the Alpine Fault 

Zone are in hydrothermal quartz veins within schist rocks and quartz rich fractures. Their clo-

sure temperatures have been measured in order to refine thermochronologial models (Craw 

1997). All such studies to date have been on surface outcrops and predominantly on the hang-

ingwall schist.  

Other studies of the thermal regime of the Alpine Fault Zone have been based on chemical 

analyses of warm springs, or on borehole measurements (Allis et al., 1979; Craw 1997; 

Sutherland et al. 2012), LiDAR (Barth et al. 2012), seismic methods (J. K. Vry et al. 2001; 

Wannamaker & Jiracek 2002; Jiracek et al. 2007) and structural analyses (Toy 2007; Toy et 

al. 2010; Boulton et al. 2012b). The results of these techniques have allowed us to image and 

trace fluid sources and their distribution throughout the fault zone. To further refine the ther-

mal model of the deeper subsurface of the Alpine Fault Zone, studies need to be conducted on 

rocks in the subsurface.  

Gases and fluids migrate in the subsurface through cracks or pore spaces and along grain 

boundaries. The timescales of flow through these paths vary greatly, but depend on the tem-

perature, pressures and area that fluids flux though.  
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In the interseismic period the cracks within which the fluid travel, which might feed mantle-

derived gases to the mid crust during seismic activity, must heal. Evidence that cracks close 

after a period of time <300 years, is provided by the observations of Cox et al. (2015) of a 

reduction of the fluid temperature of the Copland Spring coincident with the M7.8 Dusky 

Sound and M 7.1 Darfield Earthquakes. These authors proposed that these events opened 

crack networks, facilitating enhanced rate of meteoric water penetration and mixing with 

warm waters from depth (Cox et al. 2015). 

During the interseismic period meteoric waters penetrate and travel through the upper crust 

up to 6-8 km depth (Menzies et al. 2014). Their flows are deflected by the Alpine Fault plane, 

which acts as a fluid barrier (Sutherland et al. 2012). The fluid heats at these depths and then 

rises, although it does not come to the surface. However there are surface warm springs most 

likely derived from fluid circulation in the shallowest <2 km (Giggenbach et al. 1993). 

Warm springs and inclusions help to limit uncertainty in fluid migration and fluid-rock inter-

action models by giving isotopic evidence of oxygen and hydrogen equilibration along with 

helium and strontium isotope ratios to help quantify the fluid flow between the plates. Scien-

tific drilling provides an important extra dataset to ensure that models of temperature and 

flow into the subsurface are correct by conducting analysis of gases and fluids taken at vari-

ous depths throughout the borehole. 
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2.3.1.2 Spring water and gas analyses  

Analyses of warm spring surface waters allow interpretations of flow paths of free water not 

held within fluid inclusions. Menzies et al. (2016) analysed spring gas and fluid composition 

in order to calculate the source of fluids for the springs. These fluids are interpreted as pre-

dominantly meteoric derived, with a possibility of metamorphic components because of the 

high flux through topography, and the structure interconnected fluids. Contribution of meta-

morphic waters was not seen in analysis of warm springs because the chemical signature of 

the dewatering within the lower crust was unable to be detected in the meteoric dominated 

system (Jiracek et al. 2007; Wannamaker & Jiracek 2002; Menzies et al. 2014).  

From initial geochemical analysis of deuterium paired with the crustal properties inferred 

from results of geophysical surveys during SIGHT, it was postulated that metamorphic de-

rived fluids may be included within the circulation regime at greater depths (Vry et al. 2001). 

Later studies found the amount of water able to be contributed by mineralogical breakdown 

was so small that a distinct geochemical signature from metamorphic fluid is unlikely to be 

recognised. (Menzies et al. 2014; Vry et al. 2001). Additionally, due to high rainfall and large 

topographic variations around the Alpine Fault, a lot of meteoric water penetrates into the 

subsurface so metamorphic fluids are diluted and thus warm spring water provides inconclu-

sive evidence about metamorphic water fluid sources. This is because the metamorphic com-

ponent may be too low that no definitive chemical evidence is possible. Nevertheless within 

this thesis it has been found that there must be a metamorphic influence on the shallow geo-

thermal structure of the Alpine Fault.  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2.4 Physical conditions within the Alpine Fault Zone  

2.4.1 Distribution and redistribution of fluids  

Fluid migration through the PSZ may occur co-seismically. However, interseismically there is 

little flow normal to the principal slip zone. This results from its extremely anisotropic tec-

tonite fabric and differences in hydraulic pressures across the PSZ observed in borehole 

piezometers in DFDP-1 (Sutherland et al. 2012). Meteoric water potentially penetrates to a 

depth of ~8 km into the hanging wall. This fluid shows no evidence of interaction with the 

footwall, evidence by radiogenic strontium isotopes, providing evidence that the fault acts as 

an impermeable barrier to fluid flow to considerable depth. It is possible that fluid travels 

parallel to the fault. Schleicher et al. (2015) provided evidence for this by documenting 

growth of authigenic sheet- silicates in the PSZ. 

The MT conductivity may demonstrate interconnected fluids persist within the fault through 

the shallow crust and down to the brittle-ductile transition zone. The U-shaped high conduc-

tivity zone can be interpreted to represent fluids that are metamorphically or possibly mantle 

derived (Wannamaker & Jiracek., 2002). Lund Snee et al. (2014); Sutherland et al. (2012); 

and Menzies et al. (2014) suggested the Torlesse Terrane de-waters at depth, and these fluids 

rise to the surface within the vicinity of the Alpine Fault Zone or in its hangingwall. 

2.4.2 Thermal regime and permeability structure 

The thermal structure of the AFZ gives rise to warm fluids which, on the hanging-wall side, 

can be seen on the surface as hot springs (Cox et al. 2015). We do not know of any studies of 

springs that originate within foot wall/Australian plate, but would expect these if any fluids 

are able to pass across the fault zone at depth. 
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High uplift rates within the Central Alpine Fault Zone have caused the geothermal gradient to 

become shallower near the fault. Wireline data and longer term monitoring via an in situ fibre 

optic cable from borehole DFDP-2B shows a ~100°C per km thermal gradient with potential 

for an even hotter gradient if circulation of muds to cool the borehole and the limitations in 

the tools heat capacity are taken into account (Sutherland et al., 2017). Studies in the past 

have predicted lower thermal gradients (e.g. 45°C/km; Toy et al. 2010), although still elevat-

ed above the surrounding crust. It was assumed that, at lithostatic pressure, the predicted gra-

dient would be 70-90 °C/km (Koons, 1987; Sutherland et al. 2007) 

CO2 - H2O fluid inclusions in quartz veins situated within fault rocks were trapped at ~40 

MPa, and at 325 ± 15 °C. These temperatures are experienced within the brittle-ductile transi-

tion at ~8 km depth, giving a geothermal gradient of 60 ± 15 °C / km (Toy et al. 2010).  

The Alpine Fault permeability structure is likely to be heterogeneous in relation to depth. 

During drilling DFDP-2B, high-pressure waters intruded the borehole intermittently through 

drilling (see Chapter 4). Permeability is enhanced while slip occurs along the fault because of 

the kinetic energy created during the earthquake. However, permeability is low in the period 

between seismic activity within the principal slip zone (Sutherland et al. 2012). 

3He/4He ratios were used in conjunction with 4He/20Ne ratios to determine the helium sources 

through different depths of the SAFOD borehole (Wiersberg & Erzinger 2007). The Pacific 

plate (to the west of the San Andreas Fault) showed a lower contribution of the mantle helium 

than in the North American Plate. This was interpreted as being due to increased fluid flows 

within the North American Plate since the mantle signature was also found within local ma-

rine sedimentary sequences (Wiersberg & Erzinger 2011). These findings along with mea-

surements made in samples of fault core led to the conclusion that the fault core has a much 
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lower permeability than the surrounding damage zone and is not a major conduit for fluids, 

unlike other faults on the North American Plate (Wiersberg & Erzinger 2011). 

2.4.3 Fault core as a hydraulic seal 

The MT anomaly described above, shows a concave upward “U” shape underneath the Alps. 

This structure, which is inferred to result from fluid in ductility shearing rock, is present on 

the hangingwall side, and not seen on the footwall, which suggests that fluid migration is 

concentrated on the hangingwall side. We need to determine where this fluid originates from; 

is it meteoric, mantle or metamorphic derived? Analyses that have been undertaken to deter-

mine fluid compartmentalisation between the footwall and hangingwall in past studies will be 

discussed further throughout this chapter. These studies support the idea that the Alpine Fault 

is a seal, which prevents fluid from passing from one side to another.  

Strontium isotopes can be, and have been used to trace fluid paths in, and around the Alpine 

Fault plate boundary down to seismogenic depths (6-8 km) (Menzies et al. 2016). These 

analyses have allowed refinement of the potential inputs from each of these fluid sources 

(Menzies et al. 2016). Strontium isotope studies exploit the presence of highly radiogenic 

metasediments and minor granitoids in the footwall that are juxtaposed against the less radi-

ogenic metasediments of the hangingwall. Elevated 87Sr/86Sr levels are found in the footwall, 

but not the hangingwall fluids  indicating that there is not a large cross fault flow from foot-

wall to hanging wall (Menzies et al. 2016). The models thus provide further evidence that the 

Alpine Fault is acting as a hydraulic seal, and is impermeable from the surface until below 

~6-8 km depth (Menzies et al. 2016).  
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Recent studies regarding the sources of fluids using spring gas data have shown that the me-

teoric component is dominant. δ18O and δD values indicate that water circulating in the shal-

lower crust are meteoric in origin based on the isotopic ratios lying along the meteoric water 

line (Menzies et al. 2014).  
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3.0 Comparison to the San Andreas Fault 

Like the Alpine Fault Zone, the San Andreas Fault is a major tectonic plate boundary fault. 

Although this is true, the faults cut very different lithologies and unlike the Alpine Fault, the 

San Andreas is associated with low heat-flow, and with principal stresses oriented perpendic-

ular to fault; both of which suggests that it is frictionally “weak” (Townend & Zoback 2004). 

Experiments demonstrate that some of the Alpine Fault gouges are also frictionally weak, but 

physical testing has only been carried out on rocks at shallow depths or surface outcrops 

(Boulton et al. 2012b; Boulton et al. 2014). The fact that the Alpine Fault generates large 

magnitude earthquakes also suggests that in its pre-seismic state, the fault is frictionally 

strong. If it were uniformly weaker, we would expect at least some of its slip to be accommo-

dated by aseismic creep, or very frequent ruptures at a smaller magnitude. The Conversely, 

the San Andreas Fault (SAF) System has both locked and creeping sections (Sutherland et al. 

2007).  

As one of its major outcomes, the SAFOD project documented that the SAF was a minor 

conduit for mantle fluids compared to other faults on the North American Plate and that later-

al fluid flow may disperse these mantle fluids bought up from depth (Wiersberg & Erzinger 

2007). One of the main scientific questions in DFDP-2 is to reveal the sources of fluids, re-

fine models on the mantle contribution, and flow paths controlled by the fault architecture, 

and make comparisons to similar datasets derived from SAFOD.   

During the establishment of SAFOD, online gas monitoring was performed simultaneously 

with drilling operations (Wiersberg & Erzinger 2007, 2008, 2011). Drilling revealed that fluid 

pressures did not show a high variation throughout the drill hole, including across the creep-

ing sections. Helium isotope studies demonstrate mantle contributions to veins deposited in 
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the Alpine Fault hangingwall up to 10 km away from the main fault, suggest fluid was able to 

move transverse to the fault at depth (Wiersberg & Erzinger 2007). Veins observed through-

out the inactive gouge were interpreted to have precipitated from local fluid during over pres-

surising events not seen in the active part of the fault at present (Collettini et al. 2009). The 

DFDP-2 project used the same online gas techniques to define if fluid is able to move tra-

verse to the fault, and to validate where current surface studies which predict that there is no 

cross fault flow (Sutherland et al. 2012; Menzies et al. 2014; Menzies et al. 2016) 

In SAFOD, both host and fault rocks were sampled in three drill cores (Holdsworth et al. 

2011). Active, narrow (1-2 m wide) shear zones were found to be enclosed within a broader 

band of inactive foliated gouge (Holdsworth et al. 2011). The main control on the small slip 

events were mineralogical, notably the presence of weak mineral phases such as smectite and 

serpentine. Within the fault core, interpreted as the PSZ, serpentinite clasts were documented 

along with a small proportion of talc (0.1 wt. %). The presence of serpentinite phyllosilicate 

minerals results in low friction coefficients, allowing the fault to be dynamically weak within 

areas where interconnected minerals occur (Holdsworth et al. 2011). High fluid pressures also 

facilitate dynamic weakness through the PSZ, allowing continuous creep in places within the 

brittle seismogenic upper crust. 
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4.0 DFDP-1A and 1B   

Deep Fault Drilling Project (DFDP) bore holes 1A and 1B were drilled at Gaunt Creek to to-

tal depths of 100.6 m and 151.4 m respectively (Sutherland et al. 2012). Five piezometers and 

25 temperature sensors were installed in DFDP-1B to measure fluid pressures, and tempera-

tures throughout the borehole. These data allowed the calculation of the near surface thermal 

gradient surrounding the fault and determination of the permeability structure, which plays a 

major role in the migration of fluids around the Alpine Fault.  The fault rock observed in the 

drill hole consists of mixed gouge, breccia, ultramylonite, cataclasite and ultra-cataclasite. 

Most of the near surface fault displacement is inferred to have been accommodated in the 

very deformed rocks of the PSZ gouge which can be as little as < 1-2 mm thick (Toy 2007). 

One observation highlighted in the geological analyses of core samples was the presence of 

an "alteration zone" in both cores as they crossed the principal slip zone (PSZ) (Fig. 4). This 

alteration zone is defined by the presence of alteration minerals such as 

Figure 4: Cross section through the Deep Fault Drilling Project drill holes DFDP-1A and 1B
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phyllosilicates or carbonates, at concentrations higher than background regional levels 

(Sutherland et al. 2012). It is a combined result of fault motion and fluid-rock interaction.  

Laboratory measurements of permeability and elastic wave speed were made from a suite of 

samples obtained from DFDP-1 (Carpenter et al. 2014). Clay-rich cataclasite and principal 

slip zone (PSZ) samples exhibit low permeabilities (≤ 10-18 m2 ), but permeability of that 

hanging-wall cataclasites is higher and increases (from c. 10-18 m2 to 10-15 m2 ) with increas-

ing distance from the fault. The PSZ also exhibits a markedly lower P-wave velocity and 

Young’s modulus than the wall rocks (Carpenter et al. 2014). Wireline logging measurements 

are in agreement with these findings. Properties of the alteration zone, and the low permeabil-

ity of the PSZ likely govern transient hydraulic processes during earthquake slip, including 

thermal pressurisation and dilatancy strengthening (Carpenter et al. 2014; Townend & Suther-

land 2013).  

The alteration zone may also influence hydrological properties and the mechanics of faulting. 

A 0.53 MPa difference in fluid pressure across the PSZ in DFDP-1B is inferred to be due to a 

fault seal or low permeability alteration zone that separates the elevated piezometric surface 

in the mountainous hanging wall from the lower pressures in the footwall coastal plane. If 

this is extrapolated to greater depths, the fluid pressure difference from one side of the fault 

to the other could exceed 10 MPa (Sutherland et al. 2012).  

This model, that the PSZ forms a fluid flow barrier, is further supported by the presence of 

warm springs on the hanging wall side. There are no known springs in the footwall, but shal-
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low borehole waters such as Kotuku show distinctly different isotopic compositions to hang-

ing wall isotopic compositions (Menzies et al. 2014) 

Core recovery from hanging wall cataclasite and PSZ was >90% in DFDP-1 due to it being 

well cemented.  It was a high priority to obtain good quality cores from this unit during 

DFDP-2 for further opportunities to test for permeability and examine its structure and char-

acter.   
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5.0 Preliminary research  

Analyses of near-surface outcrop samples were made prior to drilling in an effort to provide a 

dataset that would support the interpretation of the mud gas compositions measured in 

DFDP-2. The samples were chosen to span across the metamorphic zones, ranging from 

hanging wall quartzofeldspathic Schist, Gneiss outcrops, and the footwall rock, simulating 

the drilling through the geology as DFDP-2 approached and passed through the Alpine Fault. 

Quartz veins within fault rocks sampled and described by Toy et al. (2010), had their fluid 

inclusions analysed in the noble gas laboratory at the Deutsches GeoForschungsZentrum 

(GFZ), Potsdam, Germany. These sample locations are shown in Figure 5. 

Figure 5: Topographic map of the field area. Red circles are sample locations, documented by 

hand held GPS. The Alpine Fault outcrops at the NW border of the high topography that domi-

nates the SE portion of the map.
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Rock samples were selected to span a range of distances from the main fault trace and in-

cluded protomylonite, mylonite and ultramylonite in the footwall of the fault. Cataclasite was 

not measured because it was too soft to sample. Whole rock samples from the hangingwall 

included schist and quartz veins. Microthermometric data from primary mixed CO2-H2O flu-

id inclusions in boudin- neck- quartz- carbonate veins indicate fluids were trapped at temper-

atures 325 +-15 °C, around the brittle-viscous transition (Toy et al. 2010). Some of the other 

veins were deformed at temperatures >500 °C based on quartz microstructures. This range of 

temperatures demonstrates fluids are present throughout the fault zone. These veins were also 

analysed for δ18O and δD values, and presented meteoric isotopic ratios for hydrogen iso-

topes (Menzies et al. 2014). From the footwall, veins and bulk rock samples collected from 

Smithies Creek (Fig. 5; Lund Snee et al. 2014) were analysed for their fluid inclusions, which 

Dr. Virginia Toy provided samples for stable isotope analysis. They include a quartz vein, a 

pink calcite vein, and accompanying bulk rock constituents from the same sample area. Sam-

ples from the footwall are of prime importance due to the rarity of these rocks in outcrop. 

These rocks are softer than the hanging wall schist with extensive veining. For all samples He 

and Ar isotopic ratios were also measured to see if there was any evidence for mixing of man-

tle derived fluids in this system.  

5.1 Sample acquisition 

The near-surface outcrop samples were collected in February 2014 adjacent to Hare Mare and 

Gaunt Creeks. Stable isotopes helium, neon, and argon collected from the pilot study samples 

can be compared to gas isotope measurements from the drill gas made during the DFDP pro-

gramme, because the whole rock is crushed and analysed, similar to the mechanical crushing 
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at the drill bit. For this reason, the pilot study was chosen to simulate the type of sample be-

ing collected throughout the drilling process later in this work. 

A hand held drill was used in order to core in situ outcrop and ensure fresh rock quality with 

minimal weathering to simulate the environment in the drill hole. 

The cores were ~5 cm in length, with the deepest ~2cm of core being submitted for sampling. 

By choosing samples which had not undergone surface weathering, and therefore potential 

for degassing, samples were handled so they would simulate rocks found in the borehole. 

Cores were sealed in vacuum bags to reduce further sample degradation and or potential con-

tamination from the atmosphere or handling.  

5.2 Helium isotope methods on rock cores  

Helium, neon and argon isotope analyses were undertaken at GFZ Potsdam, in the noble gas 

isotope laboratory.  The required time for a single sample to be analysed is over 24 hrs. For 

quartz separates, the vein was isolated on the diamond saw, and any surrounding rock was 

ground away from the vein. This method was chosen over crushing the rock and picking 

quartz crystals separately because of the potential that gas loss from this method would result 

in the amount of gas available for analysis being too small. The rock samples were cut to size 

on a diamond saw so that each had a volume no greater than 1.5 cm3. The exact volume and 

weight of the sample is not known and therefore a gas yield could not be calculated.  

All of the following steps were performed under vacuum conditions. Rocks were loaded into 

the crusher, where they were kept at 100°C under vacuum for at least 24 hours to further re-

duce atmospheric contaminants. After an initial blank measurement, samples were hand 

crushed using a piston with hard-metal plate mounted on a bellows. Gas was then purified 
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through a purification line which includes a series of traps to remove any non-noble gases 

and moisture from the samples. Gases were then put through two cold heads for the cryo-

genic separation of noble gases, and then admitted to the VG5400 Mass or Helix SFT m-

spectrometer. The analysis and methodology follows Niedermann et al. (1997). 

5.3 Results  

Samples UMY1 and HMY1 from Hare Mare creek yielded results seen in Table 1  

Table 1 Helium and Ar isotope, and Ne data. Sample locations are illustrated in Fig. 5 

(note that R/Ra = sample ¾ ratio divided by the atmospheric ¾ ratio). Despite low gas yields, 

calculated He/Ne ratios are an order of magnitude higher than air. This result can only be at-

tributed to mantle He. The methodology of calculation is described fully in Niedermann et al. 

(1997). 20Ne/22Ne 

In order to reduce this uncertainty in calculated ratios of Radon to Helium isotopes, quartz 

separates were taken from the samples. These quartz separates were veins from a bulk rock 

sample. They were isolated to improve accuracy of measurements of Helium by decreasing 

the radiogenic component of the heavy element decay of radon from potential uranium and 

other radioactive decay elements (Niedermann et al. 1997; Wiersberg & Erzinger 2007).  

Sample names 3He/4He  ratio 20Ne/22Ne ratio 40Ar/36Ar ratio R/Ra 

HM1 MYL1(whole 

rock)

0.64 ± 0.24 x 10-6 9.748 ±0.032 2060 0.46

HM1 MYL1(Quartz 

vein)

1.4 ± 1.4 x 10-6 9.826 ±0.057 2600 1

UMY1 (whole rock) 0.79 ± 0.41 x 10-6 9.74 ±0.11 470 0.57
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Within the quartz vein sample HM1 MYL1, there is a low He concentration (causing large 

uncertainty ratio) and a high 40Ar concentration (requiring to use a smaller split of sample gas 

which introduces an additional 5% error on the concentration). Fortunately, the latter does not 

affect the He measurement. Consequently the uncertainty in this measurement is 100%. Hand 

picking quartz for these experiments would have negated this issue.  

The ratio of feldspar to quartz was unknown. The results of isotope analyses of the quartz and 

feldspar show substantial amounts of high atomic number noble gases and radioactive ele-

ments, which is inferred to be due to the presence of feldspar within the vein measured. 
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6.0 Composition of fluids, their derivatives, functions, and behaviour  with-

in the Alpine Fault Zone 

Fluids within a fault zone may originate from many different sources. These sources may be 

meteoric, metamorpoic, or the mantle. The mantle contribution can be explained by under-

standing the origins of fluids and the flow paths and the rock-fluid interaction that can occur. 

Spatio-temporal variation of gases were measured during the drilling of DFDP-2B during the 

hard rock phase, which lead to % volume measurements of Ar, CO2, CH4, He, and H2 on a 

mass spectrometer, hydrocarbons CH4, C2H6, on a gas chromatograph, and Rn using a Lucas-

cell detector. Additional offline samples were taken of gas for offline analysis of isotopes of 

helium and carbon. To interpret these results first we must understand the possible effects of 

fluid-rock interactions.  

6.1 Introduction 

Fluids play a key role in modifying the chemical and physical properties of fault zones and 

these changes can influence earthquake rupture generation and seismic frequency. High pore 

fluid pressures can weaken a fault zone, causing it either to rupture more frequently, or to 

have higher energy output per rupture event. Fluid flow paths, sources and fluxes, and per-

meability evolution of fault zones throughout their seismic cycle remain poorly constrained, 

despite their importance in understanding fault zone behaviour (Menzies et al. 2014). 

Gases and fluids interact with the surrounding atmosphere or the subsurface geology over 

time. Volumes of gases able to be dissolved in fluid are influenced by pressure and tempera-

ture, with molar amounts usually decreasing with temperature and increasing with pressure. 

Higher temperatures decrease the amount of dissolved gases because they cause higher kinet-

ic energy within molecules, which breaks intermolecular bonds, allowing gases to escape 

40



from solution. Increasing pressure causes an increase in gas saturation in fluids that reside 

within pore spaces in rock because these volumes cannot change. Thus, gases are forced into 

liquid, and even supercritical fluid forms, with increasing pressures in the subsurface .  

6.2 Gas solubility in waters 

Gas solubility is dependent on the pressure, temperature, the fluid it is dissolved in, and for 

CO2 (and H2S), the pH. The amount of gas that can be dissolved within fluids generally de-

creases with temperature increase. However, with increasing pressure, gas solubility general-

ly increases which is summarised with Henry’s law which predicts the increase in solubility 

with increased temperature. Using this theory, decreasing the pressure of drill fluid will degas 

the fluid and produce gas which can be analysed. During drilling, the mud viscosity and den-

sity effected the uptake of fluid into the drill mud within the hole.  Degassing of drill muds 

yielded samples similar to air, and this is hypothesised to be because of a lack of uptake from 

the muds due to this viscosity and density, along with the lithology of the Schist which gave 

low gas yields in surface samples (see Chapter 5).   

Compositions of offline samples are available in Appendix 3. 

6.2.1 Helium 

Helium occurs naturally within all reaches of the planet. The helium ratio 4He/3He changes 

depending on the source and environment the helium is in. Using this knowledge, it is possi-

ble to decipher the origin and in some cases the flow paths of helium.  

The Alpine Fault is a major tectonic boundary, which in the central zone is a highly oblique 

strike-slip thrust zone. This project aims to refine how current models of fluid flow in Alpine 

Fault from shallow borehole and warm spring data apply to greater depths, where helium iso-
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topes can allow for this derivation. Fluid migration from the mantle into the crustal region is 

expected, and can be seen from helium isotopic ratios (Giggenbach et al., 1993, Hoke et al., 

2000). However the mechanism for its transport is disputed, and there is not a widely accept-

ed model of mantle fluid transport into the shallower crust. 

Helium and carbon isotopes (CH4 + CO2) have been used elsewhere to understand relation-

ships between the origins of fluids and their interactions with host rocks using mass balance. 

C correlation is found in some cases, but it has also been shown that in seismically active ar-

eas, these gases are decoupled (Giggenbach et al. 1993).  

6.2.2 Carbon Dioxide 

When CO2 is dissolved into water it can speciate differently depending on on pH in addition 

to being influenced by pressure and temperature. The complex chemical equilibria are de-

scribed using the below equations of carbon dioxide, carbonic acid, and bicarbonate depen-

dant on pH, according to: 

 pH < 4.3 CO2 + H2O ↔ H2CO3    eq. (6.1) 

 4.3 > pH < 8.2 H2CO3 + H2O ↔ HCO3- + H3O+ eq. (6.2) 

 pH> 8.2 HCO3- + H2O ↔ CO32-+H3O+  eq. (6.3) 

CO2 enters water through interface with the atmosphere and the biological processes of or-

ganic carbon digestion and photosynthesis. This is the case for meteoric waters entering the 

subsurface and interacting with deep groundwater. 
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Carbonic acid may lose protons to form bicarbonate, HCO3- , and carbonate, CO32-. In this 

case the proton is liberated to the water, decreasing pH. The first acid equilibrium constant 

accounts for the CO2 (aq) - H2CO3 (aq) equilibrium.  

During phase changes, the ratio of heavy to light isotopes in the molecules in the two phases 

changes. For example, as water vapour condenses in rain clouds (a process typically viewed 

as an equilibrium process), the heavier water isotopes (18O and 2H) become enriched in the 

liquid phase, thus depleting the vapour phase (16O and 1H) of the rarer heavy isotopes. 

In general, the higher the temperature, the smaller the difference between the equilibrium iso-

topic compositions of any two species. This is because the differences in zero-point energy 

(ZPE), which is the energy associated with breaking a R-R bond between the species, become 

smaller. Because carbon fractionation is dependant on pH, this was measured during drilling,  

and this fractionation was considered prior to and during drilling, as CO2 measurements are 

influenced (Figure 6). The pH remained high during drilling, with a pH averaging around a 

pH of ~8. There were times when the pH increased to >9.5. However the pH was not sta-

bilised at these pH values and coincided with additions by drillers to manually increase the 

pH through addition of Na - bentonite (soda ash). Figure 6 denotes the different stabilities, 

‘seawater’ is noted, and although seawater is unlikely to penetrate into the Alpine Fault, ben-

tonite may falsely add salt anions and cations to the mud mixture. this should be considered 

for further investigation into pH and drill muds. 
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Figure 6. Bjerrum plot showing distribution of carbonic acid (red), bicarbonate (black), and car-

bonate (blue) ions as a function of pH in freshwater and seawater. (Middelburg, J. 2019). Note 

that it is unlikely that seawater penetrates into the AFZ. Na - Bentonite was used during drilling 

to adjust the pH, which is a additive of high pH (~9-10).
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 7.0 Online gas analysis 

The methodology employed in this study is the same as was described by Wiersberg & 

Erzinger (2008). 

7.1 Introduction 

Online gas analysis (OLGA) carried out during the second phase of DFDP, consisted of the 

collection and analysis of data in near real time as drilling progressed. The data were collect-

ed both across both the transition from sediment to bedrock, and the sequence of protomy-

lonite-mylonite towards the principal slip zone (PSZ) of the Alpine Fault. The target depth for 

DFDP-2, of 1300 m was not reached, nor was the Alpine Fault, which was expected at ~1000 

m depth, intercepted. The total depth reached by DFDP-2B was 893 m, at which stage the 

borehole was abandoned due to mechanical and technical issues that could not be resolved. 

Features that were considered important in real-time gas 

analysis were (i) rapid changes in gases, where a small 

fault may be present, or (ii) long term changes that could 

relate to progressive changes in the fault rock fabric, re-

flecting the amount of deformation they had accommo-

dated or approach of a fracture network or fault.  

Gas analysis during drilling can detect fluid-bearing hori-

zons, shear zones, open fractures, sections of enhanced 

permeability and methane hydrate occurrences in the sub-

surface of fault zones (Erzinger et al. 2004; Wiersberg & 

Erzinger 2007; Wiersberg & Erzinger 2008; Wiersberg & 

Erzinger 2011), as well as volcanic and geothermal areas 
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drill string and return path up the 
borehole.



(Tretner et al. 2008). Off-site isotope studies on mud gas samples help reveal the origin, evo-

lution, and migration mechanisms of deep-seated fluids (Wiersberg & Erzinger 2007). Gas 

analysis has an important application to aiding decisions if and at what depth rock or fluid 

samples should be taken or formation testing should be performed. 

7.2 How it works  

Drilling mud gas that circulates in the borehole comprises air and gaseous components that 

are mechanically released as the drill bit grinds up rock (Fig. 6). These include components 

present within pore space of the crushed rock and gas entering the borehole through perme-

able strata; either as free gas or liquid. Continuous inflow of fluids into the borehole along the 

entire borehole wall is hampered through the rapid mud-cake formation on the borehole walls 

and acts as a seal (Erzinger et al. 2006). Hydrogen gas has also been observed being artifi-

cially produced at the drill bit due to high temperatures (Zimmer & Erzinger 1995) 

On the surface, the gas separator sat in muds flowing towards the drill mud catchments. 

Slight vacuum extracted gases from the drill mud flow. The separator is composed of a steel 

cylinder with an explosion-proof electrical motor that drives a stirring impeller mounted in-

side the cylinder. The gas separator was installed as close as possible to the outlet of the mud-

flow line in the mud ditch to minimize air contamination and degassing of the drill mud be-

fore gas extraction. The potential for contamination of the drill mud is proportional to the 

time it is exposed at the surface.  A small membrane pump was used to build up vacuum and 

to pump the extracted gas into a laboratory, which was installed 2-3 metres away from the gas 

separator.  

The mud composition and the temperature of the drill mud as it reaches the surface both have 

the ability to influence the dissolved volatile percentage, as discussed in chapter 6. The gas 
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influx to the well at depth is related to the lithology and permeability. The mud was always 

over weighted, so any gases sampled were sampled directly from the borehole volume, since 

gases and muds would not be able to travel into the borehole from up hole, because of the 

over weighted system. During operation DFDP-2B, the drill mud was consistently consistent-

ly overweighted (ie. bentonite was added to increase its pressure above that of the surround-

ing formation drillhead) to ensure the hole didn’t collapse and water was not actively entering 

drill mud from sections above the drill bit. The density and weighting of the mud affected  

whether fluids were able to enter the borehole, and this is one of the factors, along with slow 

drilling progress, that resulted in low yields of gas at times throughout drilling.  

A quadruple mass spectrometer was used to measure volume percentages of gas calculated 

from mass. The gases of interest measured were helium, hydrogen, carbon dioxide and oxy-

gen along with argon and methane. The alpha meter counts that are for decay from the ele-

ment radon and its radioactive isotope Rn222. Radon222 is of importance for knowing active 

flow paths since its half life is 3.8 days, the longest of all Rn-isotopes. The gas chromato-

graph measures gases based on the retention time in a chromatograph column through a 

stepwise temperature controlled heating. The gas chromatograph measured in 10 minute in-

tervals with a stepwise heating process which was developed specifically for the gas separa-

tion of each length chain of hydrocarbon. These gases of interest were methane and ethane. 

Propane longer chained hydrocarbons were also sometimes noted in the chromatograph. 

However, due to the heating time, longer chains may overlap in measurements and the data 

are not suitable for volumetric use. Methane is the most important because it is of its presence 

in natural formations, while ethane and propane are of importance because their presence in 

drill mud signals leakages of fuels on the drill site, since they do not occur naturally within 
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this geological setting. Spikes of long chained hydrocarbons were noted during a mechanical 

failure during drilling such as bottom bole assembly (BHA) or mud pump failure which sent 

hydrocarbons into the mud outlet trench.  

 

N2, O2, Ar, CO2, CH4, He, and H2 are determined by a quadrupole mass spectrometer (QMS) 

(Fig. 7). A complete QMS analysis with detection limits between 1 and 20 ppmv (parts per 

million by volume) was achieved with an online set up, where the gas is continuously fed into 

the instrument. The completion time for the QMS analysis is less than 30s. However, a sam-

pling interval of one minute was chosen to reduce the amount of data produced and to ensure 

run time is complete within the repetition interval. Hydrocarbons (CH4, C2H6, C3H8, i-C4H10, 

and n-C4H10) were analysed at 10 min intervals with an automated standard field gas chro-

matograph (GC), which is equipped with a flame ionization detector. Radon was monitored 

using a radon detector at 1 minute intervals, with the detection limits for the hydrocarbons at 
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around 1 ppmv. Gas samples for further studies e.g. of isotopes were taken automatically 

when a given threshold level at the QMS was exceeded.  

Helium isotope ratios are reported in the form of R/Ra, where R is the 3He/4He ratio mea-

sured in the sample and Ra is the atmospheric 3He/4He ratio of 1.4 × 10-6. Data is reported 

within Table 6 of Chapter 9. Results of mud gas logging. 
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8.0 DFDP-2B Drillsite  

I was engaged by International Continental Scientific Drilling Program (ICDP) to obtain this 

dataset under the condition that I would run the gas laboratory on site for the duration of 

DFDP-2 with the exception only being for serious family matters and the ICDP training 

course held while drilling through the sedimentary sequence overlying bedrock was under-

way.  

The work required practical skills (particularly skill in the “kiwi way of getting it done”) as 

well as in ability to work with teams and to be able to teach groups both in technical aspects 

and during outreach. Due to the nature of 24 hour drilling something often needed to be 

tweaked and fixed. I also had to understand both the mental and physical ability of people 

working on a 24 hour shift program and the effect of this on the scientific outcomes, as well 

as managing shifts to gain the best outcomes for both people and science.  

DFDP-2 was onto its second hole, DFDP-2B at around 60 m when I arrived to assist setting 

up OLGA with Thomas Wiersberg and Martin Zimmer. Martin Zimmer and Thomas Wiers-

berg of GFZ Potsdam, Germany, taught mechanics and software of the gas laboratory equip-

ment within the geochemical department prior to the instruments being shipped to New Zea-

land. My training included: 

Use of software – how to troubleshoot, save data, calibrating machines, air tests  

Technical aspects of hardware- all parameters on what we should be seeing for it to be work-

ing properly. 

Troubleshooting and fixing machines – when physical components of the machines broke I 

would be required to fix them and replace the parts. As a result I was taught how to pull the 
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machines apart and put them back together again should this be necessary. Further details of 

OLGA operation can be found on request from its ‘owners’, the ICDP operational support 

group (OSG). 

Degasser setup – this was the most simple of the instruments, but proved to have the most 

problems electronically. I did not complete training but my past experience in physics and 

prior knowledge was extremely helpful in understanding the problems it had, which mostly 

resulted from electrical shorting and water damage.  

How to use and understand the U-tube manometer, which shows the pressures of the gas ex-

tracted by the degasser. The U-tube is a tube in the shape of a U, filled with water which 

shows these pressure differences through water levels each side of the U. From this device I 

was able to determine that a low volume of gas was being extracted from the drill muds dur-

ing, which was correlated with drilling rate and the lithology. It was shown that as the drillers 

made slower progress the gas volume produced from drill mud decreased, which was also 

seen in the drill depths of 489 to 520 m, where one degasser motor was failing, the decrease 

in gas production was seen and replaced. The U-tube continued to show a lack of gas pro-

duced and at 519 m, it was found that the new degasser was in the wrong phase, causing a 

blow instead of a suck from the motor. This was fixed and gas produced, reflected within the 

U-tube water levels.  

Reading the data in a basic form so that real- time interpretation of the data could be made in 

order to inform others of potential blow-outs, mud slicks, and mechanical problems with 

drilling.  
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The drilling of DFDP-2B was split into two phases; Quaternary, and bedrock. Two sub-phas-

es of bedrock drilling were planned, but the second never came to pass so will not be dis-

cussed.  

Quaternary drilling was percussion drilling, undertaken by Washington’s drilling company, 

under subcontract by EcoDrilling. The hydrology drill penetrated to 280 m drillers depth and 

was near vertical to about 2 degrees of offset. This drilling phase was recorded in part by the 

gas laboratory, but due to a lack of lag depth calculation and a large amount of bedrock data 

being worked on within the first year after drilling, this Quaternary data set has not been in-

cluded within this thesis.  

Bedrock drilling is defined as 280 m measured depth (MD), with the end being at 893 m MD. 

In some cases machines were not recording in the last 80 m of drilling. This data loss is be-

cause at that time I was not available on site due to unforeseen personal matters and the sci-

ence team were running 12 hour shifts, due to many science team members returning home as 

DFDP-2B extended past its predicted end date.    

For the first part of the drilling, I solely operated the lab, first when the Quaternary sequence 

being drilled. The gas laboratory was monitored during the 12 hour (daytime) shift only for 

the first 200 m of bedrock, while the drill ran continuously over the 24-hour period. Because 

gas samples should be taken every 30 m, I then worked around the 24 hour drilling pattern, 

taking breaks between samples as to gain a better sample distribution. I achieved this by a 

sleeping pattern which worked around drilled depth. Every 30 metres I intended on glass tube 

sampling, which worked out to be about every 4-6 hours, and every 50 m, I collected a cop-

per tube sample. This was done until a small team could be assembled so that my sleep pat-
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terns were restored from one small sleep and two un-organised naps, to one full night of sleep 

and 24-hour on-call, should something break associated with the gas lab. 

The gas collection was from a degasser, which depressurised the mud and caused gas to 

seperate from the mud and be pumped down a gas line into the laboratory. The diameter of 

the degasser used during the sedimentary and transition to hard rock was 30 cm. At a depth of 

248 m MD a second degasser with a diameter of 20cm was applied, with the set up moving 

because of a change in mud pit setup. The mud from the hole was to travel through a pipe, 

with the degasser sitting within a cut hole as the mud ran underneath. at 490 m MD the small 

motor of the degasser started to show signs that it was no longer performing, with it needing 

to be turned off and on to restart. This motor was exchanged for a larger motor, but the diam-

eter was kept the same by exchanging the cylinders the degasser at 10:30 am on the 

17/11/2014 at 519 m drilling depth. The fin was also exchanged on the motors as the large 

motor fins diameter was ~20 cm. It was found that the phase (changing the spin direction of 

the propeller) of the large degasser caused it to “blow” instead of degas. Unfortunately,  this 

problem was not realised until 11:16 am 27/11/2014 at a drilling depth of 557 m. This result-

ed in measurements that are near “air” for approximately 37 m. The need to change phase of 

the degasser was not realised as the drilling was very slow, so the rate at which rock was 

crushed was not fast enough to produce sufficient gas for readings in the laboratory. The 

amount of extracted gas pumped to the container was between 200 and 400 mL per minute. 

The team who assisted (and their position at the time) with collection of samples and data 

from the gas laboratory were: 

Catriona Menzies – Post Doctoral researcher, University of Southampton, UK 
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Deirdre Mallyon – Masters student. University of Alberta, Calgary    

Jamie Coussens – PhD student. University of Southampton, UK 

Tamara Jeppson – PhD student. University of Wisconsin, Madison 

Lucie Capova – PhD student. University of Wellington, New Zealand  

Lisa Craw – 2nd year geology undergraduate. University of Otago, Dunedin, New Zealand  

These people and I worked in shifts within a 24 hour drilling schedule so that there was al-

ways a person to take samples if necessary. The shift work was managed by the project lead-

ers and myself. The laboratory job included, but was not restricted to, taking samples and 

monitoring the gas laboratory, filling out the gas laboratory notebook when needed, filling 

out mud weight measurements and documenting these while being the onsite security.  

8.1 Methodology of gas analysis 

A systematic and comprehensive analysis of the composition of gases extracted on-line from 

drilling mud was undertaken during the drilling using the online gas analysis (OLGA) 

methodology developed by GFZ Potsdam in the course of several previous drilling experi-

ments (Erzinger et al., 2006). Online gas analysis took place during the second phase of 

DFDP-2, in DFDP-2B, where gas analysis was recorded from the sediment-bedrock transi-

tion at 240 m drilling depth down to 800 m. A number of gas samples were also taken in glass 

flasks and copper tubes for offline analysis. 

At GFZ Potsdam, the gas samples were first studied for their overall chemical composition 

using an Omnistar (Pfeiffer Vacuum) quadrupole mass spectrometer for determination of the 

major gas composition (nitrogen, oxygen, argon, methane, carbon dioxide, hydrogen and he-

lium). The sample vessels were then attached to the noble gas line, and appropriate volume 
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splits were analysed for noble gas concentrations and isotopic compositions. Chemically ac-

tive gases were removed using a cold trap, two titanium sponge getters, and two SAES (Zr-

Al) getters, and the noble gases were adsorbed to a stainless steel frit or activated charcoal in 

two cryostatic cold heads. Isotopic analyses were performed separately for He, Ne, Ar, and 

Kr+Xe in a VG5400 noble gas mass spectrometer. The concentrations and isotopic composi-

tions of helium and Ar, as well as Ar, Kr, and Xe concentrations were determined for some 

samples. Further details about experimental procedures and data reduction methods can be 

found in Niedermann et al. (1997). 

Analyses (during drilling) of the gases were performed using an Omnistar quadrupole mass 

spectrometer (MS) with a gas-tight ion source, a mass range of 1 to 100 amu and a heated and 

temperature-regulated gas inlet system. The gas was transferred into the mass spectrometer 

with a flow rate of 1-2 cm3/min. at ~5×10-6 mbar pressure in the recipient and analysed for 

H2, He, CH4, O2, N2, Ar, and CO2. Calibration of the MS was performed with certificated test 

gases at the same pressure conditions following Niedermann et al., (1997). The relative stan-

dard deviation (2σ, N= 11) of air components was < 10%. 

The modified oilfield gas separator (degasser) was used to ensure high gas yield with low air 

contamination. The setup was developed as part of the drilling of the German Continental 

Deep Drilling Program (KTB) (Erzinger et al., 2006). The separator is composed of a steel 

cylinder with an explosion-proof electrical motor on top that drives a stirring impeller mount-

ed inside the cylinder. The degasser sat in a wide mud outlet pipe with constant mudflow 

while drilling was operational. The degasser mechanically separates drill mud from the 

gasses dissolved within it by causing a small under-pressure effect on the mud. The gas then 

travels through tubes to the gas laboratory where it is analysed using a gas chromatograph, 

and alpha meter, and the mass spectrometer mentioned before. For drilling mud gas extrac-
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tion, the drill mud is run through a pipe to the mud pit. Gas is pumped through a plastic tube 

(inner diameter 2 mm, length 40 m) to the analytical equipment in the lab container. The gas 

separator was installed as close to the outlet of the mudflow line as possible in order to min-

imise air contamination and degassing of the drill mud before gas extraction. A small mem-

brane pump is used to build up vacuum and to pump the extracted gas into a laboratory trail-

er.   

The mass spectrometer took a reading of the composition of the gas passing through the line 

into the capillary every minute. The gas chromatograph completed a spectrum reading of hy-

drocarbon gases every 10 minutes. The gas chromatograph operates by separating the gases 

based on molecular size, where lighter, more compact molecules pass through a heated coil 

faster than heavier and longer chained molecules. The molecular peaks, written onto the 

chromatogram, are shown in real time as the chromatograph analyses them.  

Accurate depth calculations are imperative for conversion the data, analysed versus time, into 

a depth profile. At the time that the gases are measured within the laboratory on the surface, 

the drilling will have progressed through the rock sequence and therefore the gases measured 

need to be correlated back to the time the drill bit was in contact with the drill fluid measured. 

The lag depths can be seen in Appendix 3. These calculations were undertaken by Rupert 

Sutherland and John Townend after drilling had ceased. Figure 9 shows the rate of drilling 

down hole, based on the data in Appendix 3. 

Lag time correction requires taking into account both the time that drill mud takes to travel 

from the bottom of the hole to the surface, and the time from gas extraction at the degasser to 

the laboratory. The latter was calculated independently from the lag depth calculations and 

required a practical lag test conducted to accurately calculate lag from the degasser to the 

laboratory. A propane/butane mixture from a lighter was released into the end of the pipe, at 
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the connection to the degasser. It was assumed that the time for the mud to be degassed was 

within seconds, and therefore negligible. The time taken for the test gas to travel from the de-

gasser to the laboratory instruments was found to be 2 minutes. This was seen from the mass 

spectrometer by an increase of methane, created by an ion fragment in the mass spectrometer 

from propane resp. butane. The gas chromatograph was only used to confirm gas presence 

and not lag time because the 10-minute repetition was too long to accurately identify the lag 

time.  

Figure 9. Lag depth correction with depth in the DFDP-2B borehole. The average line is calculat-
ed over a moving window of length = 50 m. Subtraction of these depths, which range from 0.0 to 
4.3 m, from the MD (vertical axis of this plot), plus a correction for borehole plunge, yields the 
true depth from which most cuttings were being recovered at any time during drilling. These data 
and corrections are reported in Appendix 3. 
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The lag time of the gas pipe was measured by using lighter fluid as a tracer gas (combination 

of methyl and butyl gases in a 4:1 ratio as stated on the back of the Bic lighter used) because 

of its high concentration of hydrocarbons and a combination of readings from the gas chro-

matograph and mass spectrometer.  

Both lag tests showed a clear chromatogram of methyl and butyl gases in a 4:1 ratio consis-

tent with the lighter fluid ratio stated. 

Data presented from the online gas analysis phase are focused in bedrock drilling in the in 

situ rock and the chemical changes as the hole nears the fault plane. The 1D gas profile pro-

vides information used in the analysis of fluid horizons and potential mantle fluid signatures.  

Non saturated hydrocarbons are interpreted to be solely artificial because they are not stable 

over geological timeframes (Wiersberg & Erzinger 2011)  

During drilling operations, the three instruments used were the gas chromatograph, mass 

spectrometer, and lucas-cell detector (Fig. 7). These ran in parallel from the degasser with a 4 

minute lag time along the gas line from the outflow of drill mud.  The specific lag time from 

the bottom of the hole throughout the drilling process was mathematically determined using 

pump rate and effective borehole volume (total borehole volume - volume of drill string + 

inner volume of drill string) (Appendix 1). Physical lag tracers were not used during drilling. 

Wireline was consulted in some calculations in order to gain accurate models of mud flux 

using the measured width of the borehole giving rise to more accurate spreadsheets. 

The Gas Chromatograph (SRI 8610 C, SRI Instruments Europe GmbH), equipped with a  

flame ionisation detector, produced a chromatograph every 10 minutes with three heating 

steps, 373.15 K, 413.15 K and 473.15 K. The temperature changes to the coil throughout the 
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chromatogram measurement are used so the total time is as short as possible while still pro-

viding information on the drill mud gases.  The total run time for the chromatogram is 8 min-

utes and 50 seconds. 

Detection limits of the GC are 1ppmv of gas. Calibration of the mass spectrometer and the 

GC was performed once a week and after technical maintenance of the instruments. The Lu-

cas cell was calibrated in advance of the field work. Calibration of the mass spectrometer and 

the GC was performed with certificated standard gases with following composition: 

Quadruple Mass Spectrometer (Omnistar, Pfeiffer Vacuum GmbH Germany), conducts a 

measurement once every minute and provides the mass weight percent of gases in the drill 

gas. Calibration of the instrument was done using calibration gases of known weight % 

Table 2 compositions of mud gas calibration standards 

Mass spectrometer  
Calibration gas 1 

Mass spectrometer  
Calibration gas 2 

Gas chromatograph  
Calibration gas 

Ar = 1058 ppmv O2 = 20.0% CH4 = 3.027 %

He = 52 ppmv He = 93 ppmv C2H4 = 200 ppmv

CH4 = 474 ppmv CH4 = 976 ppmv C2H6 = 515 ppmv

CO2 = 5200 ppmv CO2 = 2977 ppmv C3H6 = 48 ppmv

H2 = 4853 ppmv H2 = 987 ppmv C3H8 = 202 ppmv

N2 = 98.84 % N2 = 79.5 % I-iC4H10 = 49 ppmv

N-C4H10 = 50 ppmv 
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amounts. Detection limits of the mass spectrometer are 1 parts per million by volume (ppmv). 

for He, H2, CH4, and Ar as well as 10 ppmv for O2, N2, and CO2. The mass spectrometer ana-

lyzing interval for the gases H2, He, N2, O2, CH4, CO2, Ar) was set to 1 minute, whereas the 

interval for the gas chromatographic analyses for CH4, C2H4, C2H6, C3H6, C3H8, I-C4H10, N-

C4H10 was 10 minutes.  

The Lucas cell sensitivity was determined at GFZ Potsdam using radon gas of specific activi-

ty. It was found that radon activity of 200Bq/m3 (200 Bequerel per 1000 litres) with a reading 

accuracy of 1 count per minute. The detection limit is found to be 0.2 Bq/litre.   

The mass spectrometer was used in conjunction with the Quadstar program, with analysis 

being taken every minute. The capillary tube which feeds the gas into the ion accelerator is 

heated to 403.15 K in order to minimise vapour inflow to the machine which gives false read-

ings of oxygen and hydrogen levels.  

As the bore-hole gets closer to the fault, we will initially expect to see an increase in litholog-

ical gases, such as a decrease in Nitrogen and an increase in gases such as helium and hydro-

gen, and Radon. Short chained hydrocarbons are also predicted. In the 3He/4He ratios, with 

the smaller fault structures encountered during drilling predicted to have the highest ratios 

which would be due to a mantle contribution. These Helium ratios are predicted to increase 

with proximity to the fault as it is predicted that the Alpine Fault has a % upward mantle flux.   

8.1.1 Rn222  

Rn222 half life is 3.8 days. Because it has a short half life relative to diffusive timescales, Rn 

measurements insure the only realistic source of Rn222 is that which is recoiled/immediately 

released from the minerals in which it was produced and by mineralogical breakdown which 
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in turn indicates active groundwater flow and mineralogical breakdown.  It can be used to 

estimate groundwater flow rates and active flow within the subsurface during drilling as well 

as changes in mineralogy (Ballentine and Burnard 2002). 

8.2 Helium isotope determination 

Analyses were performed in accordance with Neidermann et al. (1997).   

A split of the sample gas was transferred into the purification line, where gaseous water was 

condensed in a dry-ice-cooled cold trap. Nitrogen, oxygen, and carbon dioxide were removed 

at two titanium sponge getters which cycled from 1023.15 K to 673.15 K. Hydrogen, hydro-

carbons, and residual carbon dioxide are removed at two Zr-Al getters. Two different splits 

were usually measured, one of them for Ar, Kr, and Xe including He and Ne in low abun-

dances and another one for He and Ne in higher abundances. Additionally, two charcoal fin-

gers, cooled with liquid nitrogen, were used before helium and neon analysis to trap argon, 

krypton and xenon for the He and Ne measurements in higher abundances.  

The residual gas is led into two cryogenic cold heads. The first cold head, equipped with a 

stainless steel frit, is used for adsorption of argon, krypton, and xenon at 50 K. The inner sur-

face of the second cold head is covered with charcoal, which allows helium and neon adsorp-

tion at 11 K. for noble gas analysis helium and neon are separately desorbed from the second 

cold head and admitted to the mass spectrometer for analysis. Desorption temperatures are 35 

K for helium and 120 K for neon. During helium and neon analyses, a stainless steel frit and 

an activated charcoal finger cooled with liquid nitrogen further reduce the argon and hydro-

carbon background. (Wiersberg and Erzinger 2007) 
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The mass spectrometer for He, Ne Ar, Kr, and Xe analysis is the VG 5400 mass spectrometer 

equipped with an off-axis Faraday cup and an axial electron multiplier. Values for blanks (in 

cm3 STP) are: 4He~ 5x 10-12, 20Ne ~0.05 x 10-12 and 40Ar ~ 5 x 10-10. However, these are only 

approximate values as they depend on dilution and are mostly considered negligible. Con-

versely, samples that have concentrations similar to blanks may require correction.  

Helium ratios presented within results are determined with air corrections using (Giggenbach 

et al., 1993):  

 R/RA = ((RM / RA ) (He/Ne)M – (He/Ne)M – (He/Ne)A) eq. (8.1) 

Where the subscripts M refers to given values and A refers to the air value ((He/Ne)A = 

0.318) and corrected values of R/RA are used for the equations.  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9.0 Results of the DFDP-2B Borehole Mud Gas Logging 

While drilling operations were underway, or trip gas was being produced, gas measurements 

in real time were used to better understand the geochemical anomalies that occur through the 

upper crust, and give insight to the project leaders and the drilling team on what was happen-

ing down the borehole. 

During drilling, the laboratory also helped drillers to understand mechanical problems that 

could occur such as oil leaks and changes in the lithology. Oil leaks were characterised by 

high amounts of longer chained hydrocarbons (analysed by the gas chromatograph equiped 

with a flame ionisation detector), and in the case of the uncoupled pipe, the longer chains de-

rive from the grease found in the thread which occurred on 11 December 2014, 23:55pm at 

489 m MD. Data at 489 m CD was not used because of the poor quality of gas. These leaks 

were noted in the longer chained hydrocarbons, and as such do not have a large impact on 

data collected, because the long chained hydrocarbons are not presented as part of the forma-

tion derived gas. Any time that long chained hydrocarbons were noted on the gas chromato-

graph, offline sampling was avoided. The gas chromatograph coil was heated for an extended 

period while drilling was stopped, to be cleared of any lingering chemicals and re-calibrated 

if needed.  

Notable times where long chained hydrocarbons spiked was when mud cellar was being 

pumped, and when grease had entered the hole due to hydraulic hose issues. at each of these 

times the gases were noted to be false readings, and were edited out manually during data fil-

tering, with correlation from the DPDP-2B Gas Laboratory Book (2014) (Appendix 2). 
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Raw data gathered from the Mass Spectrometer and Gas Chromatograph were filtered and 

sorted into usable formats by the use of the code writing program Python. John Townend and 

Rupert Sutherland were the authors of the script (Appendix 3) 

A MatLab script was then written in order to graph and filter significant data. (Appendix 3) 

Filtering consisted of eliminating outliers, 0 readings, and data during time of no drilling, 

which was determined from the DFDP-2B Gas Laboratory Book (2014) (Appendix 2). 

In the field lab major and trace gas concentrations were determined with a quadrupole mass 

spectrometer (Omnistar, Pfeiffer Vacuum GmbH Germany), light hydrocarbons were charac-

terised by means of a gas chromatograph (SRI 8610 C,  SRI Instruments Europe GmbH), 

equipped with a  FI-detector, and Rn by a GFZ own produced Lucas cell. The general field 

setup for DFDP-2B is illustrated in Figure  10. 
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During the DFDP-2 gas samples for later laboratory analyses (including noble gases) were 

taken regularly and after the indication of gas peaks by the on-line system. 

In glass containers, 45 selected gas samples were collected and 9 copper tubes were filled to 

determine the abundances of major and trace gas components (CO2, N2, CH4, Ar, He, O2, H2), 

Figure 10. Schematic diagram of the flow path and total travel of the gas that is captured and an-
alysed during the second phase (bedrock) of the DFDP-2B borehole 
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the elemental and isotopic compositions of the noble gases (He, Ne, Ar, Kr, Xe) and13C/12C in 

CO2 and CH4 in GFZ laboratories (Table 3). 

Table 3. Gas samples stored for further analysis at GFZ. Sample strike through indicates sample bro-
ken in transit. Page number refer to DFDP-2B Gas Laboratory book found in Appendix 3, where de-
tails of ‘issues’ are outlined in more detail. 

Date 

(NZDT)

Time 

(NZDT)
Sample 

container

Drill depth 

(m) Note

Sample volume 

(ml) Page number

10/10/2014 09:50 copper 236 water 0

10/10/2014 09:50 glass 236 water 250 0

10/10/2014 09:50 glass 236 water 250 0

20/10/2014 09:07 glass 291 250 18

20/10/2014 10:54 glass 295 250 18

20/10/2014 15:54 copper 301 21

20/10/2014 18:46 glass 305 250 21

21/10/2014 11:53 glass 325 250 24

21/10/2014 21:22 glass 345 350 27

22/10/2014 11:37 glass 365.6 350 32

22/10/2014 18:20 copper 377

Post 
Hokiti-
ka EQ 32

22/10/2014 18:34 glass 377.3 250
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23/10/2014 08:22 glass 396.5

Intermi-
tant 
pump-
ing 350 37

08/11/2014 13:15 glass 396.6

under-
weight 
mud 250 40

10/11/2014 03:32 glass 418 250 43

11/11/2014 00:27 glass 449.5 250 47

11/11/2014 21:58 copper 483.7 51

11/11/2014 22:28 glass 485 350 51

16/11/2014 18:53 glass 509 250 59

27/11/2014 11:56 glass 558 250 73

27/11/2014 22:27 copper 571   75

28/11/2014 02:52 glass 588 250 77

28/11/2014 21:25 glass 610
oil on 
surface 150 79

28/11/2014 21:25 glass 616.5 100 79

29/11/2014 01:17 copper 622.3 81

29/11/2014 22:14 glass 653.95 250 85

30/11/2014 18:50 glass 692.5 350 89

Date 

(NZDT)

Time 

(NZDT)
Sample 

container

Drill depth 

(m) Note

Sample volume 

(ml) Page number
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Offline analysis of carbon isotopes, helium isotopes, % concentrations of gas, and hydrocar-

bons was conducted at GFZ Potsdam by Martin Zimmer, Samuel Niedermann, and Joerg 

Erzinger. The raw data from online and offline samples can be found in Appendix 1, and data 

calculations for offline samples in Appendix 3.  

Various drilling-related events and effects introduce non-systematic variations in the mea-

sured online gas concentrations (Table 4), particularly,  

(i) ‘Drill trips’, where the rods are pulled out of the hole to make repairs, recover samples, or 

so that new drill rods could be added,  

(ii)When mud was pumped while drilling was not operational 

(iii), or mud volumes were low 

01/12/2014 02:47 copper 707 91

01/12/2014 23:12 glass 743.3 350 97

03/12/2014 15:53 glass 816.4 350 107

07/12/2014 04:40 copper 833 115

07/12/2014 12:29 glass 851 250 117

08/12/2014 09:51 glass 892 250 121

Date 

(NZDT)

Time 

(NZDT)
Sample 

container

Drill depth 

(m) Note

Sample volume 

(ml) Page number
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These events were recorded as accurately as possible, but due to the nature of 24 hour drilling 

and the simplicity of the drillers notes, some events may not have been documented.  The 

parts of the OLGA records during the documented events were removed from the data during 

initial processing.  

During drilling, the drill speed had a great effect on the quality of the data captured and the 

gas captured. The slowest drilling penetration occurred between 300 and 500 m. The rate of 

drilling is to do with factors of drill bit use, mechanical issues, and hardness of lithology en-

countered. Tri-bit drill heads became worn at a pace much higher than predicted because of 

the Schist hardness and anisotropy guiding the bottom hole assembly (BHA) in a non vertical 

direction, which wore down the stabilisers.  All of these factors added a larger percentage of 

air to online reading readings, reducing quality and increasing error in the gas samples taken. 

At various other times, gases were recorded in similar percentages to air without clear corre-

lation to drilling events. These measurements could reflect  

(i) Contamination due to lack of fluid entering the drill mud when there was a large overpres-

sure.  

(ii)  Near total degassing of the muds during travel up hole, before they came in contact with 

the degasser.   

(iii) High mud viscosity, which would have contributed to overall low gas yields.  

(iv) Operators sometimes removed the degasser from the drill mud. These times were either 

recorded ambiguously or not recorded but are assumed from the online readings. 
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Considering all these influences, the following parts of the records should definitely be treat-

ed with a high degree of caution: 

(i) On October 21 at 11:18 am 324 m CD, a trip gas test introduced a CH4 spike into the data. 

(ii) Gas percentages similar to air were reported between 22 October 2014 05:09 am 357- 

06:45am, 359 m CD, and all data from this period at consequently considered to be of low 

quality. 

(iii) From 11 November 2014 08:45 am 468 m CD to 17 November 2014, 06:56 am 519 m 

CD when the degasser was showing signs it was failing 

Table 4 shows concentration of helium and neon. Numbers below sample names are dilution factors undertaken 

during sampling. Helium ratios above are not corrected for air contamination, and show the error of the raw data 

below each ratio. Supplementary data can be found in Appendix 3. 

(iv) From 17 November 06:56 am 519 m CD to 27 November 2014 11:16 am 557 m CD the 

degasser set up was providing no gas, because it was not creating a negative pressure for gas 

to be released from the mud.  

(v) From 28 November 2014 4:35 am 592 m CD to 28 November 2014 23:44 pm, 620 m CD, 

and from 02 December 2014 20:19pm  773 m CD to 03 December 2014 02:06am 785 m CD, 

the formation gas yield was low due to slow drill rate in hard proto-mylonites. This was 

viewed through the U-tube bubbling, where the under pressure was too great from lack of gas 

from drill muds. Air was released into the system via the U-tube as a safety precaution to stop 

mud entering the gas lines. This lead to diluted data while drilling yielded low gas. 

Table 4: concentra,on of gases measured in offline gas and fluid analysis

Sample 4He 20Ne 3He/4He 20Ne/22Ne 21Ne/22Ne

70



Sample and

 Dilu,on Factor 10–3 mbar 10–3 mbar 10-6

DFDP 236 m 9.08 19.8 2.4 9.818 0.02897

98100

8.1 17.78 1.257 9.822 0.02903

92.5 ±0.090

7.23 - 1.212 - -

23 ±0.038

- - 1.219 9.82 0.02901

Table 4: concentra,on of gases measured in offline gas and fluid analysis

DFDP 610 m 6.92 19.6 - 9.772 0.02906

98100 ±

7.96 20.3 1.397 9.873 0.02912

92.5 ±0.083

5.55 - 1.309 - -

23 ±0.057

- - 1.337 9.863 0.02911

DFDP 301 m 5.26 15.26 - 9.781 0.02921

98100

3.44 10.57 1.399 9.8161 0.02902
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23 ±0,088

- - 1.399 9.815 0.02906

DFDP 377 m 5.62 16.21 - 9.745 0.02899

98100

3.19 9.99 1.402 9.807 0.02902

23 ±0.047

- - 1.402 9.797 0.02901
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DFDP 653.95 m 8.05 22.9 - 9.78 0.02896

98100

7.45 20.9 1.303 9.8306 0.02905

92.5 ±0.051

6.6 - 1.301 - -

23 ±0.068

- - 1.302 9.8277 0.02902

DFDP 485 m 3.79 11.71 1.384 9.785 0.02895

23 ±0.055

DFDP 571 m 3.44 10.51 1.377 9.815 0.02901

23 ±0.066

DFDP 622 m 2.09 6.58 1.357 9.8047 0.029

23 ±0.092

DFDP 707 m 4.83 13.96 1.35 9.829 0.02903

23 ±0.054

Table 4 con,nued

DFDP 833 m 3.5 10.7 1.353 9.8189 0.02902

23 ±0.066

DFDP 236 m (fluid) 2080 16.87 0.84 0.52 0.02896

±0.17

1887 17.2 0.814 9.823 0.02889

±0.039

0.815 9.784 0.02891
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These events certainly affected the OLGA readings, but sampling of gas still yielded usable 

results. Further filtering of the online data based on identifying anomalous readings that can-

not be explained by cross correlation to other drilling datasets could certainly be undertaken 

in future to yield higher quality results. 

Table 5 relates to calculations of table 6 list of corrected Ra values, and shows uncorrected Ra values,  isotope 

ratios derived from concentrations on table 4, calculated ratio not due to air contamination, and the correction of 

4He within the sample. Note the low values for ratio of air to sample in gas data compared to 236  

Table 5: calculated Ra, and data corrections due to air contamination in samples.

Probe Ra 4He/20Ne He/Ne air Ra,o not due to air 4He correc,on

Dilu,on Factor 0.319

DFDP 236 m 1.73 0.459 0.319 0.1 2.76

98100

0.90 0.456 0.319 0.1 2.43

92.5

DFDP 301 m 0.345 0.319 0.0 0.39

98100

1.01 0.325 0.319 0.0 0.07

23

DFDP 377 m 0.347 0.319 0.0 0.45

98100

1.01 0.319 0.319 0.00032 0.00319

23

DFDP Pg51 485 m 1.00 0.324 0.319 0.0 0.05

23

DFDP 571 m 0.991 0.327 0.319 0.0 0.09
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m fluid sample.Table 4 lists the gas samples and fluid sample, which shows the higher concen-

tration of 4He within the sample. Table 6 shows corrected R/Ra values. A direct comparison 

between gas and water samples collected from 236 m  shows that the gas samples consistent-

ly have a lower yield in the 4He which is due to the nature of the gas sampling technique em-

ployed in DFDP-2B. In Table 5, this is seen again when corrections are applied, that the ratio 

that is not due to air in the water sample is vastly superior to the gas samples. However, this 

does not Table 4 lists the gas samples and fluid sample, which shows the higher concentration 

of 4He within the sample. Table 6 shows corrected R/Ra values. A direct comparison between 

gas and water samples collected from 236 m  shows that the gas samples consistently have a 

23

DFDP 622 m 0.976 0.318 0.319 -0.00 -0.01

23

DFDP Pg91 707 m 0.971 0.346 0.319 0.0 0.38

23

DFDP Pg115 833 m 0.973 0.327 0.319 0.0 0.09

23

DFDP 236 m Fluid 0.60 123.30 0.319 123.0 2074.62

0.59 109.71 0.319 109.4 1881.51

DFDP Pg85 653.95 m 0.352 0.319 0.0 0.74

98100

0.94 0.356 0.319 0.0 0.78

92.5

DFDP Pg79 610 m 0.353 0.319 0.0 0.67

98100

1.01 0.392 0.319 0.1 1.48

92.5
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lower yield in the 4He which is due to the nature of the gas sampling technique employed in 

DFDP-2B. In Table 5, this is seen again when corrections are applied, that the ratio that is not 

due to air in the water sample is vastly superior to the gas samples. However, this does not 

equate to the gas samples giving poor data quality in some cases even where the fluid gas 

percentage is low.  

The correlation of the two different offline sample techniques of the gas tube and fluid sam-

ple showing a similar R/Ra (0.681 in the 236 m gas sample and 0.584 for the water sample at 

the same depth) support the quality of gas data, showing that Ra values are within an accurate 

range and can be compared to previous analyses from hot springs (Giggenbach et al. 1993; 

Kennedy et al. 1997; Menzies et al. 2014, 2016). 

Measured 3He/4He and 4He concentrations were corrected for air contamination following the 

method of Giggenbach et al. (1993; eq. 8.1). The calculations for 4He and corrections and ra-

tios are as follows: 

Fluid flow rate of volatile fluxes (Kennedy et al 1997; J. T. Kulongoski et al 2013; Menzies et 

al 2016) is is estimated by:  

        eq. (9.1) 

  
In eq. 9.1, q is the estimation of fluid flux, and ρs  and ρf  are the densities of the solid and flu-

id phases., P(He) is the present- day pr 

q =
Hc ρsP(He)
ρf[4He]F.m

x[ Rs − Rc
Rm − Rs ]

Table 6: 3He/4He offline calcula,on values, R/Ra and errors associated with gas analysis 
data using eq. 8.1.

Probe Air correc,on
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Dilu,on Factor
((Rm/Ra)/(He/Ne)-

(He/Ne)a)

(He/Ne)m-

(He/Ne)a

Corrected 

R/Ra depth error

Table 6: 3He/4He offline calcula,on values, R/Ra and errors associated with gas analysis 
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DFDP 236 m

92.5 0.09 0.137 0.681 236.0 0.06

DFDP 653.95 m

92.5 0.02 0.037 0.404 654.0 0.04

DFDP 610 m

92.5 0.08 0.073 1.027 610.0 0.06

DFDP 301 m

23 0.01 0.006 1.327 301.0 0.06

DFDP 377 m

23 0.00 0.000 9.633 377.0

Table 6: 3He/4He offline calcula,on values, R/Ra and errors associated with gas analysis 
data using eq. 8.1.

DFDP 485 m

23 0.00 0.005 0.700 485.0 0.04

DFDP 571 m

23 0.005 0.008 0.632 571.0 0.05

DFDP 622 m

23 -0.009 -0.001 6.501

DFDP 707 m

23 0.017 0.027 0.631 707.0 0.04

DFDP 833 m

23 -0.001 0.008 -0.075

DFDP 236 m  
water 74.19 122.98 0.603 0.12
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oduction rate from the U + Th in the fault zone materials, and R is the 3He/4He ratio of the (s) 

sample, (c) crust, and (m) mantle (Kennedy et al. 1997).The density of the solid phase is as-

sumed to be 2.7 Kg/m3 with fluid phase being 1 Kg/m3 The thickness of the crust is assumed 

to be 35 km depth, with the present day 4He of the crust being 1.777302E-11 

The 236 m water sample was taken from where the drill intercepted bedrock.  It is most com-

parable to the spring water

63.93 109.39 0.584 236.0 0.03

Table 7. Helium isotope concentra,on of Southern Alps warm spring gas samples. Values 
are corrected for air contamina,on using 20Ne following Giggenbach et al. (1993) and 
these values are denoted with * (from Menzies et al., 2016)

Spring 3He/4He 4He* 3He* 3He/4He*
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s which are found in Table 7. Both DFDP-2B samples and Southern Alps springs were an-

alysed by correcting for air contamination using 20Ne following Giggenbach et al. (1993) and 

flow rate of mantle fluids based on air corrected 3He/4He ratios and 4He concentrations of 

spring waters calculated using eq. 1 of Kennedy et al. (1997).  It was then seen that the water 

sample was most compatible to Fox Glacier spring. To further analyse the difference and sim-

ilarities within the gas and fluid data collected on DFDP-2B and the springs, the 3He/4He cor-

rected values and 4He concentrations were then used to calculate a 3He flux and subsequently 

a mantle CO2 and H2O flux. Flow rate in mm/yr was calculated by  

10-Jun 10–3 mbar 10–3 mbar RA

Fox 0.93 585 5.4E-04 0.67

±0.22

0.879 472 4.1E-04 0.63

±0.048

0.90 529 4.8E-04 0.65

Hot Spring Flat 0.229 388 8.4E-05 0.16

±0.077

0.24 297 6.7E-05 0.16

±0.027

0.23 343 7.6E-05 0.16

Copland #1 0.63 69 4.4E-05 0.45

Copland #2 0.6 70 4.2E-05 0.43

±0.11

0.582 61 3.5E-05 0.42

±0.028

0.59 65 3.8E-05 0.42

Table 7. Helium isotope concentra,on of Southern Alps warm spring gas samples. Values 
are corrected for air contamina,on using 20Ne following Giggenbach et al. (1993) and 
these values are denoted with * (from Menzies et al., 2016)
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 Flow rate = ((Hc x ρs x P(He)) / (ρf x HEF,m)) x (Rs - Rc)/(Rm - Rs)  eq (9.2) 

where  

Hc = crustal thickness of 35 km 

ρs = density of rock at 2.7 

P(He) = present day production of  4He at 1.777302E-11 

ρf = density of fluid assumed at 1 

Rs = helium ratio in sample 

Rc = helium ratio in crust, assumed 0.02 Ra 

Rm = helium ratio in mantle, assumed 8.0 Ra 

HEF,m = initial 4He concentration in mantle fluid (corrected sample Ra values/absolute Rm)  

absolute Rm = 1.11E -5 

Following these calcula,ons, DFDP-2B fluid sample 236 m gives very similar fluxes to the 

other gas samples from DFDP-2B but has a much more realistic flow rate comparable to the 

Southern Alps spring gases (Table 8). It therefore fits the model previously outlined by 

Giggenbach et al. (1993),  Hoke et al. (2000) and supported by Menzies et al. (2014, 2016) 

and seen in Figure 3. The 236 m fluid sample is also very similar to Fox Warm Spring which 

is also at the most comparable distance to the Alpine Fault as the DFDP2 site. This gives con-

fidence that the data set is usable and comparable to previous studies. Calculated flow rates 

from DFDP-2B gases may be so high because of the low 4He concentrations within the sam-

ples. Therefore it is important that, although flow rate calculations using 4He concentration 

showed unrealistic results, that flux showed comparable results throughout the dataset. 
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The corrected 3He/4He values (Table 6) show a range of values  from 0.4 to 1.3 R/Ra. Small 

errors are seen throughout the sampling apart from data associated with 377 m, 622 m, and 

833 m. These are not c

onsidered viable data because of their high errors associated with atmospheric air content. 
Samples analysed were chosen for their placement though the sequence, but some samples 
were not analysed for helium isotope calculations because of their dilution with air during 
sampling.  Different dilution factors were measured for samples because different gases are 

Table 8.  comparison of spring helium and DFDP-2B data, * denotes data corrected for air 
contamination

Spring 3He/4He* flow rate Hes
total 3He 
flux

total 3He
 flux CO2 flux H2O flux

RA mm yr-1

4He of  
solu,on

cm3 STP  
cm-2 yr-1 mol m-2 yr-1

m3 STP  
m-2 yr-1

mol 
m-2 yr-1

Fox

0.65 335 5.3E-06 1.6E-10 7.1E-11 3.20E-07 9.86

Hot Spring Flat

0.16 437 3.4E-06 3.3E-11 1.5E-11 6.65E-08 2.05

Copland #1 0.45 2452 6.9E-07 1.1E-10 4.8E-11 2.14E-07 6.59

Copland #2 0.43 2428 7.0E-07 1.0E-10 4.5E-11 2.03E-07 6.25

0.42 2787 6.1E-07 9.8E-11 4.4E-11 1.96E-07 6.04

0.42 2595 6.5E-07 1.0E-10 4.5E-11 1.99E-07 6.14

DFDP 236 m 0.681 73382 2.4E-08 1.7E-10 7.5E-11 3.37E-07 10.39

DFDP 653.95 m 0.404 214777 7.8E-09 9.5E-11 4.2E-11 1.89E-07 5.82

DFDP 610 m 1.027 127292 1.5E-08 2.7E-10 1.2E-10 5.39E-07 16.62

DFDP 301 m 1.327 2909073 6.8E-10 3.7E-10 1.6E-10 7.31E-07 22.53

DFDP 485 m 0.700 3280086 5.5E-10 1.7E-10 7.8E-11 3.48E-07 10.72

DFDP 571 m 0.632 2022386 8.7E-10 1.5E-10 6.9E-11 3.10E-07 9.55

DFDP 707 m 0.631 468628 3.8E-09 1.5E-10 6.9E-11 3.10E-07 9.54

DFDP 236 m

 fluid 0.584 93 1.9E-05 1.4E-10 6.3E-11 2.84E-07 8.76
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measured better at different dilutions. The dilutions with the lowest errors have been selected 
for presentation. Full calculations and presentation of all dilutions can be viewed in Appendix 
3.  

Figure 11. (A) Filtered gas corrected for lag depth (full data in Appendix 1) and (B) Lithological 

log from Toy et al. (2017). Results are in parts per million volume (ppmv), parts per thousand (‰) 

and counts per minute (cpm).

A B
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Several gas influx zones could be identified by drilling mud gas monitoring at  

290 m (Rn) 

400 m (CH4, Rn) 

430 m (CH4, Rn)  

490 m (CH4, Rn, H2, He)  

595 – 680 m (CH4, CO2, He, Rn (Rn data not saved, Appendix 2 pg 79-87 for notes on elevated Rn)  

760-820 m (CH4, CO2, Rn, H2) 

The high radon activity in most zones (Fig. 11) suggests gas influx through permeable frac-

tures; evaluation of data from geophysical logging is ongoing to confirm this.  The Rn data 

supports fractures occurring and flow of fluid through these fractures, and that the surround-

ing host rock is generally a low permeability. Because of radons short half life of 3 days, he-

lium and radon data are decoupled, and free flow of fluid through fractures does not directly 

correlate to mantle helium signatures.  

Figure 12 shows summed concentrations of gases, demonstrating where there was a low 

amount of potential formation derived gas being detected. Red lines illustrate times where 

there were data omitted due to their quality, or when one or multiple gases were not being 

recorded during drilling. These specific times are  See Fig. 11 for individual gases downhole.   
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Through the drilling, the mud system was weighted so that the fluid pressure within the bore-

hole exceeded the pressure of the incoming fluid. Formation fluid was therefore unable to 

enter the borehole through the hole walls both at the bit and above the drill string. Contami-

nation from fluids higher in the hole was therefore minimal because of this overweighting, 

but the overpressure also inhibited large amounts of gas from entering the mud during hole 

formation. Gas processed is interpreted to have been released only by grinding of rock at the 

Figure 12. Summed concentrations of lithologically derived gases CO2, He, H2, and CH4 from the 

DFDP-2B borehole. Note the gas spike at 324 m, which was due to a test in the lag time for the 

laboratory. 
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drill head, with negligible amounts of fluids and gas entering the borehole via inwards flow. 

Graphical representations of the gases are expressed downhole in order to compare with 

lithology. 

Results from offline drilling and supplementary data allowed cross-referencing of current and 

previous isotope work.  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10.0 Discussion  

Mud geochemical data collection using OLGA during the Deep Fault Drilling Project was an 

experiment, and in such experiments there was always a risk that the data gathered would not 

be useful. Nevertheless, everything gathered by OLGA has been processed and is presented 

in Appendix 2 and 3 of this thesis, along with scripts used to refine the data found in Ap-

pendix 1, along with the raw dataset. A wide range of scientific questions could be addressed 

by analysis of this large systematic dataset in future, specifically with the assistance of wire-

line data to refine true data. Within this thesis I have focused on the subset  isotopic data that 

demonstrates measurable variations that can currently be systematically related to geological 

processes. The online analysis data was a very large data set and has a significant amount of 

air was being measured at multiple times during drilling, and notably a large portion between 

~350 and ~500 m was sometimes indistinguishable from air according to the mass spectrom-

eter readings. The dataset is discussed in depth in chapter 9.  Consequently, the main focus of 

this discussion is on the potential source of the radiogenic Helium isotope signatures in the 

gas samples from the borehole, spring gas, and rock cores, and the comparison of these data 

to previously published data (Menzies et al. 2016) with a widely used sampling method. The 

gas samples were able to be taken at times where the online gas monitoring equipment was 

measuring compositions which showed a small variation from to atmosphere. It was known 

that the samples contained a high volume of atmosphere to formation gas ratio. The offline 

samples show a large contribution of atmosphere, which was but the samples were able to 

yield results with acceptable margins of errors despite a small contribution of fluid gas from 

drill mud originating from host rock or fluids at depth. The Mass spectrometry and Gas 

Chromatography results are available in Appendix 3 ‘Off-line Samples GFZ'.  
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The dataset therefore provides insight to the chemical signatures of the fluids in and around 

the Alpine fault. 

10.1 Potential sources of fluids in DFDP-2B 

The aim of OLGA was originally similar to that during the SAFOD drilling project, i.e. to 

sample gas released from the drilled rock as it was crushed. During the SAFOD project, sub-

stantial gas concentrations were measured in OLGA through the drilling phase. Should we 

have expected similar volumes of gas to be released during DFDP-2B? 

Overall in DFDP-2B, the borehole muds were overweighted with respect to the pressure ex-

erted by formation fluids inward toward the hole. Although this additionally restricted gas 

migration into the borehole (and thus its sampling by OLGA), it had the benefit that drilling 

the gases encountered at any particular depth are very likely to be from that particular inter-

val, rather than being sourced from fluids entering the borehole at other depths. The hydraulic 

pressure also increases with depth so it is very unlikely that any variations in gas measured in 

OLGA are from deeper than the drilled depth at the time they were sampled. 

Gases released during comminution (i.e. crushing) of bedrock conceptually should include 

both gases entrained in inclusions in the intact rock, those liberated as mineral structures 

break down, and free fluids which are flowing through the rock. However, even at the outset 

of this research, it was noted that Craw et al. (1988) found low total gas content in fluids in 

inclusions within Alpine Fault rocks – of order of 2% - and so it was anticipated crushing 

during DFDP-2B drilling to yield less substantial volumes of gases from inclusions, and 

would sample fluids migrating more readily through the lithology. Additionally, DFDP-2B 

cuttings were rather large – typically 2 mm in diameter – so their fractured surfaces should 

only intercept and release gas from a certain proportion of the typically nanometric-sized flu-
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id inclusions contained within the rocks (Toy et al., 2010). As a result, it is suspected that 

substantially less than the total amount of entrained gas in the rock would be released. To ver-

ify this, before the drilling project commenced the potential that crushed AFZ rocks would 

yield gas concentrations measureable by OLGA was examined by crushing and analyzing 

outcrop samples. These results (explained in Chapter 5 of this thesis) indicated that the 

amount of released gases should have minimal impact on total gas concentrations in the 

rock+gas+fluid mixes able to be analysed using OLGA. 

Consequently the gas contents and variations are typically much smaller than measured dur-

ing SAFOD. Overall, it is interpreted that in this case the gas volumes released from inclu-

sions as the drilled rock fragmented were typically insufficient that the concentration anom-

alies within them could be distinguished from air and other fluid scores contributing a higher 

percentage of gas during analysis. However, some variations in concentration were observed 

in the OLGA data and these are reported herein. These variations are interpreted to result 

from influxes of free fluids. Gas collection during drilling showed variability in the propor-

tion of atmospheric components. The change in geology through the borehole was slow and 

was a slow gradual change from porto-mylonites to mylonites. The rocks by themselves do 

not wholly explain the variability of compositional change. The drill mud was overweighted 

consistently, with a high viscosity. However, fractured rock can provide flow paths, enabling 

fluid to enter drill mud, or for mud to push into fractured rock. The changes in pressure, tem-

perature, and viscosity of mud encountering free fluids may explain the changes in gas com-

position measured throughout the drill hole, and why only certain times gathered data. This 

may also be why below 750 m, potentially formation derived gas measurements increased 

consistently as the drilling entered closer to the damage zone around the Alpine Fault. If so, 

89



the downhole online data provide an indication of where fluids transported in fractures within 

the rocks enter the borehole.  

Helium data analysed from gas samples taken during DFDP-2B show an elevated R/Ra, be-

tween 0.4 to 1.3 R/Ra. These data do not show a strong correspondence of a general increase 

in R/Ra towards the Alpine Fault, even though the 3He/4He ratio is elevated. Pure mantle 3He/

4He is considered to be ~8 Ra, with crustal signatures of fluids found to be ~0.02 Ra 

(Kennedy et al 1997). This is interpreted to indicate a contribution to those fluids from the 

mantle. 

High flux calculated in gas samples were most likely due to the atmospheric air component in 

the drill muds and gas lines sucking in atmosphere when gas was not being produced fast 

enough at the degasser. Additionally, muds may have degassed while travelling up the bore-

hole, and a low drill rate would also have lead to low proportions of He gas being captured in 

the gas samples. The degasser position within the muds may have also added to the lack of 

He gases captured, with release of gases happening before the depressurisation in the de-

gasser cylinder occurred. Flow rate calculations (Ch 9, Appendix 3) demonstrate a flux that is 

within tolerance of other studies, namely Menzies et al. (2016) and Fox Warm Spring sample 

helium isotopes and flow rate matching, therefore the gas flow rates are high from sampling 

and drilling techniques. However, the isotopes show a true trend and signatures of helium, 

with mantle fluxes showing true values as they are comparable to both the warm springs and 

the fluid sample taken from the DFDP-2 borehole.  

Admittedly, the signature from the mantle from the data is relatively low, but I have shown 

that contributions of crustal helium generation may lower these signatures. 
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10.1 What are the most important gases measured by OLGA and what are they telling 

us? 

During drilling low proportions of CO2 were found within the drilling fluids. This may have 

been due to the raised pH of the drilling fluid which brings the carbonate equilibrium to a 

point where CO2 will precipitate out of the fluid. However, calcium carbonate was not ob-

served during drilling. The pH of the drill fluid was kept consistent as possible, with an ob-

served pH between ~7.5 and 10 during drilling. The pH dropped from an average of around 

9.5 while drilling in the upper (<480 m) hole, and dropped steadily to average around ~7.5, 

and then was raised again to ~8-8.3 on average after 700 m to the bottom of hole. The lower 

pH may be due to rain entering drill mud ponds, and to fluid influx downhole. The tempera-

ture increased consistently downhole, from ~20 to nearly 50 degrees Celsius. The change in 

temperature downhole was discussed at length and was concluded to have been due to the 

pressures and elevated temperatures of being in a valley area, the active tectonic environ-

ment, and groundwater flow (Sutherland et al. 2017). 

Helium isotopic ratios measured within the DFDP-2B borehole provided evidence in support 

of previous studies that suggested some of the fluids are derived from the mantle.  

Erzinger, (2014) theorised that hydrogen is produced when minerals containing substantial 

metals break apart. Yet despite the fact that most of DFDP-2B drilling resulted in substantial 

comminution to produce cuttings, there is little evidence of major variations in hydrogen 

concentrations in DFDP-2B OLGA data. There are two likely explanations for this:  

Mud flow and drill rate were not high enough to yield a spike in hydrogen at a resolution able 

to be measured by the mass spectrometer.  
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Hydrogen atoms are not liberated from the crushed minerals instantaneously during drilling, 

so are not sampled by OLGA.  

Radon concentrations (Fig. 12) display substantial heterogeneity in the shallowest 1000 m of 

the crust, and manifest as spikes in the Radon readings over this interval in DFDP2. Air cor-

rected R/Ra ratios are higher than the 0.02 R/Ra signature typical of continental of crust or air 

(Giggenbach et al., 1993). We infer zones of high R/Ra correlate to permeable fracture zones 

intercepting the borehole. 

Short chain (methane) hydrocarbons measured in the drill hole are attributed to rock sourced 

methane, while longer chained hydrocarbons such as pentane are inferred to be sourced from 

Figure 13. DFDP-2B borehole results: (A) Observed temperature six months after drilling (solid line), model 
temperature profile (dotted line; see Fig. 3), the global mean temperature profile (dashed), and equilibrated 
fluid pressure estimates (circles); (B) Measured temperature gradient and inferred locations of aquifers and 
aquicludes; (C) summary geology (Sutherland et al, 2017). 
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the laboratory or drill site, thus represent contaminants. Future studies could potentially dif-

ferentiate thermogenic and biogenic sources for methane using average or ‘bulk’ carbon and 

hydrogen isotope compositions combined with measurements of the relative abundances of 

methane to other hydrocarbon gases (Stopler et al., 2015). 

10.2 Where are the mantle Helium and Radon coming from? 

High 4He/3He isotopic ratios are commonly interpreted to suggest fluids have substantially 

interacted with Earth’s mantle rocks (e.g. Hoke et al., 2000), but this ratio is also elevated in 

fluids derived from volcanic (or metavolcanic) rocks, such as the Aspiring Lithologic Associ-

ation encountered in the Alpine Fault’s hanging wall (Craw, 1984; Toy et al., 2017).  

When igneous rocks are intruded into the crust, they carry with them a mantle signature. 

However, as soon as rock is cool enough 3He/4He ratios change in systematic proportion to 

the rate of radioactive decay of U and Pb, because 4He isotopes are a bi-product of this decay 

relationship. With time the potential impact of volcanics thus reduces. Examination of U/Pb 

ratios and their evolution with time can help to establish if metavolcanics could substantially 

impact the helium ratios found within DFDP-2B.  

Based on U/Th ratios of AFZ rock, Menzies et al., (2016) determined that even volcanics 

emplaced in the AFZ hangingwall sequence in the Miocene era could not account for the 

measured 3He/4He ratios. The emplaced volume of volcanics would either have to be an order 

of magnitude bigger than has been inferred from field relationships, or they would have to 

have been emplaced in the Pleistocene for the helium signature to match observed readings at 

local hot springs (Menzies, et al. 2016) and similar ratios measured at the DFDP-2B drillsite. 

The latter is discounted due to recently-published mid- late-Cretaceous ages for the Aspiring 

Terrane metavolcanics (Cooper & Palin, 2018). 
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By discounting the influence of primordial unradiogenic He from volanics it is feasible that 

there is a significant contribution to the Alpine Fault zone of He derived from the mantle. 

However, past studies have suggested fluid flow is restricted within the seismogenic zone to 

the hanging wall due to the Alpine Fault having very low foliation-perpendicular permeabili-

ty. It is therefore only reasonable that these fluids travel to the surface by up-fault flow, per-

haps only coseismically? Alternatively we must consider the possibility that there are struc-

tures buried at depth that exchange fluids with the AFZ, that then rise all the way to the sur-

face.  

Chamberlain et al., (2016) have demonstrated seismic tremor, which is commonly associated 

with fluid moving in the crust, in a narrow vertical zone penetrating to depths greater than 30 

km beneath the south/central AFZ. This leads to the hypothesis that such tremor is the mani-

festation of fluid transport within an Alpine Fault precursor lithospheric scale fault system. 

Koons et al., 2003 proposed that such a precursor structure was once present, but that it has 

been overprinted by AFZ slip. This structure does not accommodate active faulting because 

the slip is now accommodated onto the main Alpine Fault. An example of such a precursor 

fault structure is the Fraser Fault system, which crops out in the central and northern portions 

of the Alpine Fault (Rattenbury et al., 1987). The surface trace of this rock package is not af-

fected by topography, suggesting it is a near vertical structure that could provide a possible 

fluid path for mantle fluids rising into the shallow crust and ultimately the Alpine Fault dam-

age zone. Cooperation between such old faults and the active Alpine Fault would provide flu-

ids a path from the upper mantle into the lithosphere and even the crust.  

In Earth’s mantle, ratios of >8 R/Ra are typical. Air has R/Ra of 1.0 and the crust produces 

He with <0.02 R/Ra. Meteoric waters have R/Ra similar to air but contain very little He. 
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Measured values within DFDP-2B are ~0.6 R/Ra. This He therefore cannot only be derived 

from the crust. I interpret there is a higher R/Ra related to a mantle helium component, influ-

enced by production of 4He in the crust. The % of He that is attributed to mantle within sam-

ples measured in DFDP-2B is seen in Table 6. These % mantle contributions are small, com-

parable to typical crustal values. 

There is also a suggestion of a trend in the He data that is in agreement with Giggenbach et 

al., (1993) and Menzies et al. (2016), namely that R/ Ra values increase with proximity to the 

fault. These findings differ from the trend found within the San Andreas Fault Zone, where 

they found that He values were increasing away from the main fault trace, which was inter-

preted to be due to other more permeable faults on the American plate (Wiersberg & Erzinger 

2007). A mantle component of 5-6% is suggested from helium isotopes in veins proximal to 

the fault (Menzies, 2012; Menzies et al., 2016) and it is expected that the mantle contribution 

in DFDP-2B gases will be similar to, or slightly less than this result. Menzies (2016) shows 

that the correlation of helium isotope ratios approached 0% in springs further away from the 

Alpine Fault. The data presented here show that at similar distances from the fault, the signa-

ture is seen to be similar. Notably the samples taken at 236 m depth in DFDP-2B, which is a 

comparable distance to the main fault structure, reflect extremely similar results. 
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11.0 Conclusions 

The Alpine Fault Zone within the central segment is locked, with an impermeable fault core 

and elevated permeability within the damage zone. Findings within the drilling project 'San 

Andreas Observatory at Depth' found that transverse to that fault, the permeability is height-

ened within the damage zone, with relatively low and anisotropic permeability through the 

fault core. This anisotropic permeability affects the fluid pressures and flow. An elevated flu-

id pressure is found within the hanging wall in DFDP-1 boreholes with the footwall pressure 

being relatively low in comparison. The difference in pressure is assumed to be larger at 

depth. Drilling within DFDP-1 showed an impermeable fault core with an enhanced fluid 

flow within the surrounding damage zone analogous to results of the San Andreas drilling 

project. DFDP-2 shows that permeability within the hanging wall proceeds to great depths  

through helium isotope ratios, as well as free fluid flow shown from high radon counts during 

drilling.. 

Our previous analyses of outcrop samples (Chapter 5) suggest that the bedrock drilled is gen-

erally gas poor, so it is reasonable to infer that gases that entered DFDP-2B did so from open 

fractures encountered during drilling. The anomalies that have been documented are therefore 

indicators of active fluid flow and chemical alteration within fractures and faults rather than 

heterogeneity in the bulk rock mass drilled. Future research should compare how variations 

in gases measured by OLGA correlate to fractures and faults interpreted from wireline geo-

physical datasets (Massiot et al., 2018).  

Finally, samples of helium and measurements radon during DFDP-2B are particularly infor-

mative. The radon data indicates fracture fluid flow, and the helium data suggest some fluids 

are transported from the mantle to the shallow crust and surface.  
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Radon shows lithological/hydrological changes, with higher counts at times when radioac-

tively rich rocks are being drilled (such as igneous rocks) and active flows from recently 

chemically or physically altered rock. Radon variations in DFDP-2B are interpreted to also 

be associated with fractures, where this noble gas typically accumulates (Erzinger et al. 2006; 

Tretner et al. 2008). During drilling, pressure increases are accompanied by dramatic increas-

es in Rn222 and we infer this relates to transport of accumulated Radon from the fractures by 

fluids that were easily able to flow into the borehole there.  

From comparison of data of R/Ra from gas and spring data and their similar fluid flow (Table 

6.)  I infer transport at depth is guided by the anisotropic permeability structure of the AFZ. 

Conversely, in the near surface, at the depths encountered in DFDP-2B, flow occurs in frac-

tures generated by the fracture network created by the Alpine Fault damage zone and associ-

ated smaller satellite faults. Flow rates were calculated for the DFDP-2B samples using the 

methodology of Giggenbach et al., (1993) and Kennedy et al., (1997). The percentage mantle 

contribution was then calculated (~0.5%).  Gas samples show extremely high flow rates in 

mm/yr owing to the low proportions of He in the fluid, with rates much greater than calculat-

ed rates for previous studies of the Alpine Fault (Menzies et al 2016). These flow rates are 

unrealistic. However, the fluid sample collected at 236 m drill depth showed comparable flow 

rates to hot springs namely fox spring, with a 3He/4He of 0.58 (corrected for air contamina-

tion) and a flow rate of 93 mm/yr (Fox = 0.65 R/Ra, 335 mm/yr). The DFDP-2B samples and 

the compared warm spring samples from Menzies et al 2016 show comparable CO2 and  3He 

flux rates, when paired with the fluid sample for DFDP-2B it is apparent that this data is vi-

able and gives confidence to the quality of the gas 3He/4He data. This confirms a possible 

mantle contribution to the Alpine Fault.  
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The variations in helium are minor, compared to true mantle signatures of ~8 Ra, this is be-

cause the composition of fluids is dominated by the large volumes of meteoric waters that 

penetrate into the Alpine Fault Zone, driven by the large hydrostatic gradients related to dra-

matic hangingwall topography (Menzies et al. 2016; Sutherland et al., 2017). Because of the 

dilution due to meteoric waters deep into the crust, flow rate is an important part of under-

standing mantle contribution, where within the Alpine Fault, meteoric influence has had the 

potential to dilute mantle signatures. To further support the helium data presented, future 

works for drilling should include both gas and fluid analysis. A further understanding of drill 

mud chemistry would support gas data and yield more concentrated gas yields. Understand-

ing fluid flows at depth remains the most important component, and any future drilling 

through the fault would support data within this thesis.  
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