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Executive Summary

The project “Research to improve treatment of faults and aquitards in Australian regional groundwater models to improve assessment of impacts of CSG extraction” focuses on identifying and assessing technical uncertainty with deep groundwater extraction and depressurisation associated with energy resources development.  The project aims to develop methodologies and techniques that will improve the predictive capability of regional groundwater models used in this context.  The project has three components: 1) examination of aquitards, 2) examination of faults, and 3) examination of upscaling aquitard and fault properties such that they can be adequately represented in regional groundwater flow models.  This report represents the literature review related to part 2 on faults. The overview provides the framework that can be used to guide research into appropriate methodologies and procedures of aquitard and fault zone representation in regional groundwater models.

There is an extensive body of scientific literature on fault characteristics and their genesis in structural geology journals, however, the understanding of fault hydraulic properties and their transmission (or not) of fluids in sedimentary sequences primarily comes from two domains of research: 1) conventional oil and gas exploration and production geology where faults can either allow hydrocarbons to accumulate in commercial volumes, or to leak rendering an otherwise valid trap to be “dry” or sub-economic, and 2) hydrogeological and ecological research on groundwater springs occurring along faults that come to surface.  The economic imperative of having pre drill-predictive capability in estimating fault seal capacity to conventional hydrocarbons accumulations has led to the development of several procedures and techniques that evaluate various aspects of fault zone hydraulic characteristics at various in-situ environmental conditions (pressure, temperature, stress, wettability). These include: fault zone architecture and juxtaposition analysis, mechanical seal capacity and fault reactivation potential, capillary fault seal capacity and hydrodynamic analysis, and sub-seismic strain analysis.  The oil and gas industry uses field production history and observed field compartmentalisation to calibrate and validate methodologies for predicting fault seal capacity and the representative hydraulic parameters of fault zones.  In the domain of groundwater hydrogeology, surface water hydrology and ecology, observations of groundwater spring temperature, flux and geochemical characteristics for springs occurring along faults are used to infer fault zone hydraulic properties.  
From this literature review and assessment of commonly used fault analysis methodology, we collected several case study examples of fault systems and their hydraulic behaviour and make the following general observations:

· Faults can exhibit the full range of hydraulic characteristics between providing a hydraulic barrier sufficient to trap hydrocarbons for millions of years to being a conduit with transmissivities capable of transmitting groundwater from depth to surface thermal springs;
· Faults can exhibit different hydraulic properties at different locations on the fault plane;
· The hydraulic behaviour exhibited by faults is related to a combination of: 1) the geometry or architecture of the fault complex, 2) the rheology of the host rocks that the fault plane crosses, and 3) the distribution and orientation of in situ stress;
· Faults occur in predictable populations representing a power law distribution of fault size (or throw).  The observed strain together with the predicted fault size distribution can be used to estimate the unobserved (sub-seismic) strain;
· In scenarios of coal seam gas development where the formation pressure is reduced regionally over time by groundwater abstraction associated with gas production, there is an associated change in the effective stress and thus potential for a change in the sealing properties of faults.  Coupled geomechanical and hydrodynamic processes are required to characterise these transient processes;
· Fault hydraulic properties can depend on the environmental conditions (pressure, temperature, depth and stress) both at the time the fault formed and the present day; and
· Observations of springs occurring along faults including the flux of spring discharge, temperature and geochemistry can be used to calibrate and validate the hydraulic characteristics estimated for fault zones.
Concerns of aquifer pressure depletion, fugitive methane migration and degradation of aquifer water quality due to CSG development effects propagating up faults can be investigated through the use of regional groundwater models, if they are appropriately parameterised.  A key aspect of this investigative approach is to develop and parameterise regional groundwater models that accurately represent the properties of the rock framework and its contained fluids.  In this review we consider methodologies for estimating the properties of faults and how these can be represented in regional groundwater models. There are a number of key parameters and processes that need to be assessed at a detailed scale and then up-scaled for parameterisation of regional models.  For the incorporation of fault properties these include:
· Details of the host rock facies distributions and lithologies;
· Details of the fault throw distributions;
· Details of the in situ stress distribution;
· Details of the fault zone damage zone distribution and fault core distribution;
· Details of the mechanical strength of the fault plane and damage zone;
· Details of the host rock rheology, depth, temperature and how these relate to the tectonic and burial history (this is important for both the aquifer and aquitard layers transected by the fault);
· Details of the fluid pressure distribution in both the aquifers and aquitards on either side of the fault;
· Details of the various fluid types, densities, surface tensions and wettabilities;
· Details of other supporting fluid data such as formation water chemistry and formation temperature;
· Details of the transient nature of predicted reservoir and adjacent aquifer pressure depletion that could impact the effective stress; and
· Well characterised analogues from outcrop or sub-surface features that can be used to interpolate key characteristics not well enough constrained by data at the site location of interest.
This review provides the framework that can be used to guide research into appropriate methodologies and procedures of fault zone hydraulic characterization applied to regional groundwater models. Throughout the report available methods for the quantification of models and prediction of uncertainty are highlighted. It should be noted that the focus of the report is on groundwater flow and hydraulic responses; therefore the simulation of solute transport is not discussed.
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Figure 1. Fault style sketches showing the principal stress axes and slip classifications of various faults. Note that in theory all faults have a certain amount of rotational component because displacement, even in a dip-slip fault, varies along the fault length. However, in a rotational fault the variation is greater between two nearby points along the fault strike than can be accounted for simply by the fault plane geometry.  (Sorkhabi, 2013).	23
Figure 2.  Schematic diagram showing evolutionary stages of a relay ramp. Tick marks on the map view depict the down-thrown block of normal faults. (a) Stage I: the faults do not interact. (b) Stage II: the faults have started to interact and a relay ramp has developed to transfer the displacement among the segments. (c) Stage III: accumulated strain in the relay ramp has resulted in initiation of fracturing. (d) Stage IV: the relay ramp is broken by a breaching fault to form a single fault zone with strike irregularity. (e) Upper bench is abandoned and two segments joined through breaching of lower ramp that form an along-strike bend on the course of the main fault. Ciftci and Bozkurt (2007) modified from Peacock & Sanderson (1994).	24
Figure 3. A photo of a relay ramp between ~8cm displacement normal fault segments in the Liassic limestones and shales of Kilve, Somerset, UK (Fault Analysis Group, Dublin).	24
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Figure 15. Schematic fault hydrodynamics (modified from Otto et al., 2001). (a) Hydraulic head distributions in two stacked aquifers connected by a crosscutting conduit fault; (b) cross section of the conduit fault in (a) with upfault flow, and the corresponding pressure-elevation plot of WLT data from the two aquifers at the well location (Underschultz et al. 2005).	40
Figure 16. Hydraulic head in the Challis aquifer supporting the Challis hydrocarbon accumulation on Australia’s North West Shelf. Blue contours are fresh water hydraulic head (m), orange arrows represent flow directions, pink dashed lines represent fault traces, the black line is the approximate edge of the oil pool with an oil water contact at ~-1417m elevation, green dots are oil wells and blue dots are wells with formation water recovery (Unpublished Underschultz et al. CSIRO IPETS consortia).	40
Figure 17. Schematic fault hydrodynamics (modified from Otto et al., 2001). (a) Hydraulic head distributions in two stacked aquifers crosscut by a barrier fault; and (b) cross section of the barrier fault in (a) with no upfault flow and the corresponding pressure-elevation plot of WLT data from the two aquifers at the well location. Underschultz et al. (2005)	41
Figure 18.  Schematic cross section across a sealing fault with a theoretical hydraulic head distribution (black contours lines) in this dimension.  Flow paths are marked with arrows. The bulk of the flux is likely occurring perpendicular to the line of section because the fault zone has a very low permeability resulting in the tight hydraulic head gradient.	42
Figure 19. Fresh-water hydraulic head (m) distribution for the Plover aquifer system, Vulcan Sub-basin (Underschultz et al. 2002).	43
Figure 20. Hydraulic head distribution map for the Barrow aquifer for the P–M fields. Inset shows alternative interpretation for head distribution in the compartment between Pyrenees-2 and West Muiron-5. Grey shading that define the contours representing fresh water hydraulic head (m).  Heavy black lines represent major fault traces (Bailey et al. 2006).	44
Figure 21. A schematic diagram of the main features of a structural relay ramp (Di Bucci et al. 2006).	44
Figure 22. Detail of the model showing the groundwater flow patterns (black lines with arrows) around the fault relay. Contour interval is 10m (Bense and Van Balen 2004).	45
Figure 23. Hydraulic head in a shallow aquifer of the Lower Rhine Embayment of the Roer Valley Graben. Contour lines are fresh water hydraulic head (m) and heavy black lines with tick marks are major fault traces.  Well locations are indicated by open circles (Bense and Van Balen, 2004).	45
Figure 24. Hydraulic head (m) distribution for the Mississippian aquifer western Canada (Underschultz et al. 2005). The white line in the SE corner of the map is the location of the cross section depicted in Figure 25 to follow.	46
Figure 25. Schematic strike cross section of the Brazeau thrust sheet (Underschultz et al. 2005, based on Begin and Spratt, 2002) the location of which is marked by a white line in the SE corner of Figure 24..	47
Figure 26. Shallow Fault zone with A) water level scenarios, and B) and C) negative and positive thermal anomalies respectively. (Bense et al. 2013).	47
Figure 27. Complex fault zone hydrogeology for a shallow aquifer horizon where A) shows surface focused investigations and B) shows subsurface focused investigations (Bense et al. 2013).	49
Figure 28. Complex fault zone hydrogeology for an aquifer horizon where A) is a block model, B) is a detailed scan through one fault core, C) is a detailed scan line through three fault cores, D) is the fracture density and permeability distribution on scan line B, E) is the fracture density and permeability distribution on scan line C, and F) categorisation matrix of damage zone width vs. permeability of fault core into flow characteristics (Bense et al. 2013).	50
Figure 29. Complex fault zone hydrogeology for an interbedded sequence of aquifers and aquitards where A) unlithified siliciclastic rheology, B is lithified siliciclastic rheology, C is crystalline rock rheology, and D) is carbonate rock rheology (Bense et al. 2013).	51
Figure 30. Fluid flow in fault zones from an active rift. Geometry of the detailed fault zone architecture related to the flux distribution of formation water where low to moderate (<5 x103 m3/s) and high (>5 x103 m3/s) flow rates shown by light and dark blue shading, respectively. The red dots show location and direction and relative rate of flow (Seebeck et al. 2014).	51
Figure 31. Fluid flow in fault zones from an active rift. Geometry of the detailed fault zone architecture related to the fracture density, permeability and flux distribution of formation water (Seebeck et al. 2014).	52
Figure 32.  Typical architectural and structural elements of fault zones (Loveless et al. 2011). a) Fault zone in crystalline rocks (e.g. Caine et al., 1996) with a fault core (FC) and damage zone (DZ). b) Fault zone in poorly lithified sediment (e.g. Heynekamp et al., 1999; Rawling and Goodwin, 2003; Rawling and Goodwin, 2006), the mixed zone (MZ) is a third architectural element.	53



[bookmark: _Toc331665442][bookmark: _Toc332444781][bookmark: _Toc332445249][bookmark: _Toc332445573][bookmark: _Toc332446568][bookmark: _Toc332450661][bookmark: _Toc332457719][bookmark: _Toc332460995][bookmark: _Toc332461241][bookmark: _Toc332461485][bookmark: _Toc332463270][bookmark: _Toc332463518][bookmark: _Toc332463766][bookmark: _Toc332467799][bookmark: _Toc332444782][bookmark: _Toc332445250][bookmark: _Toc332445574][bookmark: _Toc332446569][bookmark: _Toc332450662][bookmark: _Toc332457720][bookmark: _Toc332460996][bookmark: _Toc332461242][bookmark: _Toc332461486][bookmark: _Toc332463271][bookmark: _Toc332463519][bookmark: _Toc332463767][bookmark: _Toc332467800][bookmark: _Toc332444783][bookmark: _Toc332445251][bookmark: _Toc332445575][bookmark: _Toc332446570][bookmark: _Toc332450663][bookmark: _Toc332457721][bookmark: _Toc332460997][bookmark: _Toc332461243][bookmark: _Toc332461487][bookmark: _Toc332463272][bookmark: _Toc332463520][bookmark: _Toc332463768][bookmark: _Toc332467801][bookmark: _Toc332444786][bookmark: _Toc332445254][bookmark: _Toc332445578][bookmark: _Toc332446573][bookmark: _Toc332450666][bookmark: _Toc332457724][bookmark: _Toc332461000][bookmark: _Toc332461246][bookmark: _Toc332461490][bookmark: _Toc332463275][bookmark: _Toc332463523][bookmark: _Toc332463771][bookmark: _Toc332467804][bookmark: _Toc321822934][bookmark: _Toc321825833][bookmark: _Toc321826478][bookmark: _Toc321826912][bookmark: _Toc321830816][bookmark: _Toc321841735][bookmark: _Toc321922440][bookmark: _Toc321924028][bookmark: _Toc332461017][bookmark: _Toc332461263][bookmark: _Toc332461507][bookmark: _Toc332463292][bookmark: _Toc332463540][bookmark: _Toc332463788][bookmark: _Toc332467821][bookmark: _Toc332461020][bookmark: _Toc332461266][bookmark: _Toc332461510][bookmark: _Toc332463295][bookmark: _Toc332463543][bookmark: _Toc332463791][bookmark: _Toc332467824][bookmark: _Toc332461021][bookmark: _Toc332461267][bookmark: _Toc332461511][bookmark: _Toc332463296][bookmark: _Toc332463544][bookmark: _Toc332463792][bookmark: _Toc332467825][bookmark: _Toc332461024][bookmark: _Toc332461270][bookmark: _Toc332461514][bookmark: _Toc332463299][bookmark: _Toc332463547][bookmark: _Toc332463795][bookmark: _Toc332467828][bookmark: _Toc332461027][bookmark: _Toc332461273][bookmark: _Toc332461517][bookmark: _Toc332463302][bookmark: _Toc332463550][bookmark: _Toc332463798][bookmark: _Toc332467831][bookmark: _Toc332461028][bookmark: _Toc332461274][bookmark: _Toc332461518][bookmark: _Toc332463303][bookmark: _Toc332463551][bookmark: _Toc332463799][bookmark: _Toc332467832][bookmark: _Toc332461031][bookmark: _Toc332461277][bookmark: _Toc332461521][bookmark: _Toc332463306][bookmark: _Toc332463554][bookmark: _Toc332463802][bookmark: _Toc332467835][bookmark: _Toc332461033][bookmark: _Toc332461279][bookmark: _Toc332461523][bookmark: _Toc332463308][bookmark: _Toc332463556][bookmark: _Toc332463804][bookmark: _Toc332467837][bookmark: _Toc332461037][bookmark: _Toc332461283][bookmark: _Toc332461527][bookmark: _Toc332463312][bookmark: _Toc332463560][bookmark: _Toc332463808][bookmark: _Toc332467841][bookmark: _Toc332461038][bookmark: _Toc332461284][bookmark: _Toc332461528][bookmark: _Toc332463313][bookmark: _Toc332463561][bookmark: _Toc332463809][bookmark: _Toc332467842][bookmark: _Toc332461040][bookmark: _Toc332461286][bookmark: _Toc332461530][bookmark: _Toc332463315][bookmark: _Toc332463563][bookmark: _Toc332463811][bookmark: _Toc332467844][bookmark: _Toc332461046][bookmark: _Toc332461292][bookmark: _Toc332461536][bookmark: _Toc332463321][bookmark: _Toc332463569][bookmark: _Toc332463817][bookmark: _Toc332467850][bookmark: _Toc332461051][bookmark: _Toc332461297][bookmark: _Toc332461541][bookmark: _Toc332463326][bookmark: _Toc332463574][bookmark: _Toc332463822][bookmark: _Toc332467855][bookmark: _Toc332461054][bookmark: _Toc332461300][bookmark: _Toc332461544][bookmark: _Toc332463329][bookmark: _Toc332463577][bookmark: _Toc332463825][bookmark: _Toc332467858][bookmark: _Toc332461055][bookmark: _Toc332461301][bookmark: _Toc332461545][bookmark: _Toc332463330][bookmark: _Toc332463578][bookmark: _Toc332463826][bookmark: _Toc332467859][bookmark: _Toc332461056][bookmark: _Toc332461302][bookmark: _Toc332461546][bookmark: _Toc332463331][bookmark: _Toc332463579][bookmark: _Toc332463827][bookmark: _Toc332467860][bookmark: _Toc332461059][bookmark: _Toc332461305][bookmark: _Toc332461549][bookmark: _Toc332463334][bookmark: _Toc332463582][bookmark: _Toc332463830][bookmark: _Toc332467863][bookmark: _Toc332461060][bookmark: _Toc332461306][bookmark: _Toc332461550][bookmark: _Toc332463335][bookmark: _Toc332463583][bookmark: _Toc332463831][bookmark: _Toc332467864][bookmark: _Toc332461062][bookmark: _Toc332461308][bookmark: _Toc332461552][bookmark: _Toc332463337][bookmark: _Toc332463585][bookmark: _Toc332463833][bookmark: _Toc332467866][bookmark: _Toc332461086][bookmark: _Toc332461332][bookmark: _Toc332461576][bookmark: _Toc332463361][bookmark: _Toc332463609][bookmark: _Toc332463857][bookmark: _Toc332467890][bookmark: _Toc332461089][bookmark: _Toc332461335][bookmark: _Toc332461579][bookmark: _Toc332463364][bookmark: _Toc332463612][bookmark: _Toc332463860][bookmark: _Toc332467893][bookmark: _Toc332461091][bookmark: _Toc332461337][bookmark: _Toc332461581][bookmark: _Toc332463366][bookmark: _Toc332463614][bookmark: _Toc332463862][bookmark: _Toc332467895][bookmark: _Toc332461092][bookmark: _Toc332461338][bookmark: _Toc332461582][bookmark: _Toc332463367][bookmark: _Toc332463615][bookmark: _Toc332463863][bookmark: _Toc332467896][bookmark: _Toc332461095][bookmark: _Toc332461341][bookmark: _Toc332461585][bookmark: _Toc332463370][bookmark: _Toc332463618][bookmark: _Toc332463866][bookmark: _Toc332467899][bookmark: _Toc332461096][bookmark: _Toc332461342][bookmark: _Toc332461586][bookmark: _Toc332463371][bookmark: _Toc332463619][bookmark: _Toc332463867][bookmark: _Toc332467900][bookmark: _Toc332461097][bookmark: _Toc332461343][bookmark: _Toc332461587][bookmark: _Toc332463372][bookmark: _Toc332463620][bookmark: _Toc332463868][bookmark: _Toc332467901][bookmark: _Toc332461098][bookmark: _Toc332461344][bookmark: _Toc332461588][bookmark: _Toc332463373][bookmark: _Toc332463621][bookmark: _Toc332463869][bookmark: _Toc332467902][bookmark: _Toc332461099][bookmark: _Toc332461345][bookmark: _Toc332461589][bookmark: _Toc332463374][bookmark: _Toc332463622][bookmark: _Toc332463870][bookmark: _Toc332467903][bookmark: _Toc332461100][bookmark: _Toc332461346][bookmark: _Toc332461590][bookmark: _Toc332463375][bookmark: _Toc332463623][bookmark: _Toc332463871][bookmark: _Toc332467904][bookmark: _Toc332461102][bookmark: _Toc332461348][bookmark: _Toc332461592][bookmark: _Toc332463377][bookmark: _Toc332463625][bookmark: _Toc332463873][bookmark: _Toc332467906][bookmark: _Toc332461103][bookmark: _Toc332461349][bookmark: _Toc332461593][bookmark: _Toc332463378][bookmark: _Toc332463626][bookmark: _Toc332463874][bookmark: _Toc332467907][bookmark: _Toc332461106][bookmark: _Toc332461352][bookmark: _Toc332461596][bookmark: _Toc332463381][bookmark: _Toc332463629][bookmark: _Toc332463877][bookmark: _Toc332467910][bookmark: _Toc332461110][bookmark: _Toc332461356][bookmark: _Toc332461600][bookmark: _Toc332463385][bookmark: _Toc332463633][bookmark: _Toc332463881][bookmark: _Toc332467914][bookmark: _Toc332461116][bookmark: _Toc332461362][bookmark: _Toc332461606][bookmark: _Toc332463391][bookmark: _Toc332463639][bookmark: _Toc332463887][bookmark: _Toc332467920][bookmark: _Toc332461117][bookmark: _Toc332461363][bookmark: _Toc332461607][bookmark: _Toc332463392][bookmark: _Toc332463640][bookmark: _Toc332463888][bookmark: _Toc332467921][bookmark: _Toc332461118][bookmark: _Toc332461364][bookmark: _Toc332461608][bookmark: _Toc332463393][bookmark: _Toc332463641][bookmark: _Toc332463889][bookmark: _Toc332467922][bookmark: _Toc332461136][bookmark: _Toc332461382][bookmark: _Toc332461626][bookmark: _Toc332463411][bookmark: _Toc332463659][bookmark: _Toc332463907][bookmark: _Toc332467940][bookmark: _Toc332461139][bookmark: _Toc332461385][bookmark: _Toc332461629][bookmark: _Toc332463414][bookmark: _Toc332463662][bookmark: _Toc332463910][bookmark: _Toc332467943][bookmark: _Toc332461147][bookmark: _Toc332461393][bookmark: _Toc332461637][bookmark: _Toc332463422][bookmark: _Toc332463670][bookmark: _Toc332463918][bookmark: _Toc332467951][bookmark: _Toc332461157][bookmark: _Toc332461403][bookmark: _Toc332461647][bookmark: _Toc332463432][bookmark: _Toc332463680][bookmark: _Toc332463928][bookmark: _Toc332467961][bookmark: _Toc332461159][bookmark: _Toc332461405][bookmark: _Toc332461649][bookmark: _Toc332463434][bookmark: _Toc332463682][bookmark: _Toc332463930][bookmark: _Toc332467963][bookmark: _Toc332461162][bookmark: _Toc332461408][bookmark: _Toc332461652][bookmark: _Toc332463437][bookmark: _Toc332463685][bookmark: _Toc332463933][bookmark: _Toc332467966][bookmark: _Toc332461163][bookmark: _Toc332461409][bookmark: _Toc332461653][bookmark: _Toc332463438][bookmark: _Toc332463686][bookmark: _Toc332463934][bookmark: _Toc332467967][bookmark: _Toc332461164][bookmark: _Toc332461410][bookmark: _Toc332461654][bookmark: _Toc332463439][bookmark: _Toc332463687][bookmark: _Toc332463935][bookmark: _Toc332467968][bookmark: _Toc332461167][bookmark: _Toc332461413][bookmark: _Toc332461657][bookmark: _Toc332463442][bookmark: _Toc332463690][bookmark: _Toc332463938][bookmark: _Toc332467971][bookmark: _Toc332461168][bookmark: _Toc332461414][bookmark: _Toc332461658][bookmark: _Toc332463443][bookmark: _Toc332463691][bookmark: _Toc332463939][bookmark: _Toc332467972][bookmark: _Toc332461169][bookmark: _Toc332461415][bookmark: _Toc332461659][bookmark: _Toc332463444][bookmark: _Toc332463692][bookmark: _Toc332463940][bookmark: _Toc332467973][bookmark: _Toc332461170][bookmark: _Toc332461416][bookmark: _Toc332461660][bookmark: _Toc332463445][bookmark: _Toc332463693][bookmark: _Toc332463941][bookmark: _Toc332467974][bookmark: _Toc332461175][bookmark: _Toc332461421][bookmark: _Toc332461665][bookmark: _Toc332463450][bookmark: _Toc332463698][bookmark: _Toc332463946][bookmark: _Toc332467979][bookmark: _Toc332461176][bookmark: _Toc332461422][bookmark: _Toc332461666][bookmark: _Toc332463451][bookmark: _Toc332463699][bookmark: _Toc332463947][bookmark: _Toc332467980][bookmark: _Toc332461181][bookmark: _Toc332461427][bookmark: _Toc332461671][bookmark: _Toc332463456][bookmark: _Toc332463704][bookmark: _Toc332463952][bookmark: _Toc332467985][bookmark: _Toc332467993][bookmark: _Toc332467994][bookmark: _Toc332467996][bookmark: _Toc332467997][bookmark: _Toc332468000][bookmark: _Toc332468003][bookmark: _Toc332463469][bookmark: _Toc332463717][bookmark: _Toc332463965][bookmark: _Toc332468004][bookmark: _Toc332463482][bookmark: _Toc332463730][bookmark: _Toc332463978][bookmark: _Toc332468022][bookmark: _Toc333408606] Abbreviations table
	Abbreviation
	Description

	AE
	Arrow Energy

	APLNG
	Australia Pacific Liquid Natural Gas

	BTEX
	Benzene, toluene, ethylbenzene and xylene

	CBM
	Coal bed methane

	CSG
	Coal seam gas

	CSIRO
	Commonwealth Scientific and Industrial Research Organisation

	CSP
	Clay Smear Potential

	DNAPL
	Dense non-aqueous phase liquid

	DoE
	Department of the Environment

	DST
	Drill Stem Test

	FAST
	Fault Analysis Software Tool

	FLAC
	Fast Lagrangian Analysis of Continua

	FWL
	Free Water Level

	GAB
	Great Artesian Basin

	IESC
	Independent Expert Scientific Committee on Coal Seam Gas and Large Coal Mining Development

	IPETS 
	Integrated Predictive Evaluation of Traps and Seals

	MDT
	Modular Dynamic Test 

	MICP
	Mercury Injection Capillary Pressure 

	NAPL
	Non-aqueous phase liquid, such as petroleum

	NSW
	New South Wales

	NW
	North West

	OWC
	Oil-water contact

	POWC
	Present oil-water contact

	QGC
	Queensland Gas Company

	QWC
	Queensland Water Commission

	RFT
	Repeat Formation Test

	SE 
	South East

	SGR
	Shale Gouge Ratio

	SSF
	Shale Smear Factor

	SW
	South West

	WLT
	Wireline Test






Symbols table
	Symbol
	Short description

	P
	Excess pressure

	Pf
	Across fault pressure difference

	
	In situ density difference between hydrocarbon and formation water

	z
	Sedimentary bed thickness

	Cf
	Critical fracture density

	g
	Acceleration due to gravity

	Hw
	Hydraulic head calculated using water density

	h
	Hydrocarbon column height

	krw
	Relative permeability to water

	kfz
	Fault zone permeability

	kres
	Reservoir permeability

	kts
	Top seal permeability

	P
	Formation pressure

	Pc
	Capillary pressure of non-wetting phase

	Pce
	Capillary entry pressure

	Pt
	Threshold pressure

	Ptc
	Total capillary seal capacity

	Sh
	Non-wetting phase saturation

	Sg
	Gas saturation

	Sw
	Water saturation

	Swi
	Irreducible water saturation

	T
	Throw at a particular location on a fault surface

	Vsh
	Volume of shale expressed as a % of clay minerals within a given bed thickness






Glossary
	Term
	Description

	Anisotropic
	Having different physical properties in different directions.

	Aquiclude
	An impermeable body of rock or stratum of sediment that acts as a barrier to the flow of water.

	Aquifer
	A body of rock or stratum of sediment which is saturated and sufficiently permeable to transmit useful quantities of water to wells and springs.

	Aquitard
	A saturated body of rock or stratum of sediment that is less permeable than an aquifer and incapable of transmitting useful quantities of water. Aquitards often form a confining layer over an artesian aquifer.

	Artesian
	Groundwater with a hydraulic head above ground level.

	Azimuth
	The horizontal angle of an observer's bearing, measured clockwise from a reference direction such as true north.

	Baseline survey
	A survey carried out prior to any disturbance to determine the natural background levels of certain substances.

	Buoyancy
	Within the earths gravitational field a buoyancy force is exerted when two different density fluids occur in the pore space of rocks where the lighter fluid experiences an upwards force and the denser fluid experiences a downward force.

	Breccia
	A rock composed of broken fragments of rock or minerals.

	Calibration
	The process of finding a relationship between two unknown (when the measurable quantities are not given a particular value for the amount considered or found a standard for the quantity) quantities. When one of quantity is known, which is made or set with one device, another measurement is made as similar way as possible with the first device using a second device. The measurable quantities may differ in two devices which are equivalent. The device with the known or assigned correctness is called the standard. The second device is the unit under test.

	Calliper logs
	A calliper log is a well logging tool that provides a continuous measurement of the size and shape of a borehole along its depth.

	Capillary leakage
	The flux of non-wetting fluid that has overcome the capillary threshold pressure and migrated across a sealing rock layer.

	Capillary seal
	A rock layer with sufficiently low permeability as to provide a capillary barrier to the upwards migration of a non-wetting fluid phase.

	Cataclastic material
	Rock fragments that has been wholly or partly formed by the progressive fracturing and comminution of existing rock, a process known as cataclasis, and is mainly found associated with fault zones.

	CH4
	Methane.

	Coal measures
	Geological strata containing multiple coal horizons or seams. 

	Coal seam
	A coal seam is a single layer or bed of coal (sedimentary rock).

	Coal seam gas
	A form of natural gas (generally 95 to 97% methane, CH4) typically extracted from permeable coal seams at depths of 300 to 1000 m. Also called coal seam methane (CSM) or coalbed methane (CBM).

	Coalesced
	(Fault plane) multiple faults merging into one.

	Compressive stress
	The stress on materials under compression that leads to a smaller volume.

	Confined aquifer
	An aquifer that is isolated from the atmosphere by an aquitard or aquiclude. Pressure in confined aquifers is generally greater than atmospheric pressure.

	Conventional gas
	Conventional reservoirs are where gas is trapped by the buoyancy of the hydrocarbon phase beneath a low permeability seal and with a downdip formation water leg. In such cases a discrete hydrocarbon pool or field can be defined.

	Coupled modelling
	The process by which one numerical simulation solves one set of governing equations and then uses the answer in a second numerical simulation solving a different set of governing equations.  For example a rock mechanical model may determine permeability in a given stress state and this permeability is used in a fluid dynamic model which calculates a change in pressure resulting in a new stress state.  This new stress state results in a new permeability and so on.

	Dense Non-Aqueous Phase Liquid
	 A liquid not miscible with water and denser than water.

	Depressurisation
	The lowering of static groundwater levels through the partial extraction of available groundwater, usually by means of pumping from one or several bores or wells.

	Dilatancy Potential
	The likelihood that a fracture might dilate in a given stress field.

	Dilatant fault
	A fault oriented relative to the stress field such that it is dilatant.

	Discharge
	An aquifer that has a flux to subcrop or the land surface. This may be expressed as a spring or base flow to surface drainage.

	Effective stress
	Total stress minus pore pressure.

	En-echelon (fault)
	Closely-spaced, parallel or subparallel, overlapping or step-like minor structural features in rock (faults, tension fractures), which lie oblique to the overall structural trend.

	Fault damage zone
	Damage Zones are a result of brittle deformation along a fault zone where rocks are ground and crack in various orientations in response to stress. Some structures in damage zones are:
· Wing Cracks—Extension fractures associated with small amounts of displacement;
· Horsetail Splay—Occur along larger faults and create a series of secondary pinnate shear fractures;
· Synthetic Branch Faults—When deformation at a fault tip causes shear of the same sense of the motion of the fault; and
· Antithetic Faults—when deformation at a fault tip causes shear of the opposite sense as the main fault. This creates rotation of the block in the damage zone.

	Fault seal
	 A fault with sufficiently low permeability that it can trap hydrocarbons over geological time.

	Fault throw 
	 The vertical component of dip separation.

	Flowback water
	The initial flow of water returned to a well after fracture stimulation and prior to production.

	Formation pressure
	 The fluid pressure measured at a point in an aquifer.

	Formation water
	Naturally occurring water that occurs in the sub-surface rock framework.

	Fugitive methane
	Methane released to the atmosphere by anthropogenic means.

	Geochemistry
	The interactive chemistry between formation water and rock mineralogy 

	Geomechanical analysis
	The study of rock mechanics and stress.

	Gouge
	Unconsolidated tectonite (a rock formed by tectonic forces) with a very small grain size.

	Groundwater
	Water occurring naturally below ground level (whether in an aquifer or other low-permeability material), or water occurring at a place below ground that has been pumped, diverted or released to that place for storage. This does not include water held in underground tanks, pipes or other works

	HCO3
	Bicarbonate

	Horner analysis
	For time series data that approach an equilibrium (for example pressure increase with time on a shut in after pumping), a Horner analysis technique uses extrapolation to estimate the equilibrium value.

	Hydraulic fracturing
	Also known as ‘fracking’, ‘fraccing’ or ‘fracture stimulation’, is one process by which hydrocarbon (oil and gas) bearing geological formations are ‘stimulated’ to enhance the flow of hydrocarbons and other fluids towards the well. The hydraulic fracturing process involves the injection of fluids, gas, proppant and other additives under high pressure into a geological formation to create a conductive fracture. The fracture extends from the well into the reservoir, creating a large surface area through which gas and water are produced and then transported to the well via the conductive propped fracture channel.

	Hydraulic gradient
	The change in hydraulic head between different locations within or between aquifers or other formations, as indicated by bores constructed in those formations.

	Hydraulic head
	(1) Hw = (P/wg) + Z 
Hw = Hydraulic Head
P = Formation Pressure
w= Formation water density
g = Acceleration of Gravity
Z = Pressure Gauge Elevation

	Hydrochemical analysis
	The analytical results of measuring ionic constituents and other attributes of a water sample.

	Hydrodynamic analysis
	The study of groundwater or formation water

	Hydrodynamic processes
	Geochemical, geomechanical, and hydraulic processes associated with groundwater or formation water systems.

	In-situ stress
	The stress at a point in the sub-surface. 

	Irreducible water saturation
	The fraction of the pore space occupied by water when the hydrocarbon content is at maximum.

	Isotope
	Atoms that have the same number of protons but different numbers of neutrons are called isotopes. The element hydrogen, for example, has three commonly known isotopes: protium, deuterium and tritium

	Juxtaposition analysis
	An assessment of the strata located directly across a fault plane from one another.

	Kinematic analysis
	Kinematic analysis yields information on the orientation and shape of the stress ellipsoid.

	Lateral ramp
	Lateral ramps have a strike parallel to the displacement direction, and can be considered tear faults

	Leak-off tests
	Leak Off Testing is to determine the strength of the rock, commonly also called a pressure integrity test (PIT). During the test, a real-time plot of injected fluid versus fluid pressure is plotted. The initial stable portion of this plot for most wellbores is a straight line, within the limits of the measurements. The leakoff is the point of permanent deflection from that straight portion. 

	Lithology
	The study of the general physical characteristics of rocks.

	Local groundwater model
	A model of groundwater for a local area.

	Matrix (rock matrix)
	The finer grained mass of rock material in which larger grains/crystals are embedded

	Membrane
	A sheet-like structure acting as a boundary or barrier.

	Membrane seal
	 Synonymous with Capillary Seal: A rock layer with sufficiently low permeability as to provide a capillary barrier to the upwards migration of a non-wetting fluid phase.

	Methane
	The flammable gas (CH4), which forms the largest component of natural gas

	Milli Darcy (mD)
	Measurement unit for permeability 

	Mohr - Coulomb failure envelope
	The linear envelope that is obtained from a plot of the shear strength of a material versus the applied normal stress.

	Molecular diffusion
	The process whereby solutes are transported at the microscopic level due to variations in the solute concentrations within the fluid phases.

	Multi-phase flow
	The concurrent flux of more than one fluid phase (e.g. methane and water) through a porous media.

	Nested model
	A finely discretised detailed numerical simulation set within a coarser discretised regional numerical simulation.

	Non-Aqueous-Phase-Liquids
	A liquid that is not miscible in formation water

	Non-wetting phase
	A phase (water or hydrocarbon or other gas) that in combination with a mineral surface has a contact angle of greater than 90 degrees.

	Normal stress
	The stress which acts perpendicularly to the plane to which a force has been applied.

	Numerical groundwater model
	A numerical groundwater model divides space and/or time into discrete pieces. Features of the governing equations and boundary conditions (e.g. aquifer geometry, hydrogeologogical properties, pumping rates or sources of solute) can be specified as varying over space and time. This enables more complex, and potentially more realistic, representation of a groundwater system than could be achieved with an analytical model. Numerical models are usually solved by a computer and are usually more computationally demanding than analytical models.

	Permeability
	The measure of the ability of a rock, soil or sediment to yield or transmit a fluid. The magnitude of permeability depends largely on the porosity and the interconnectivity of pores and spaces in the ground.

	Petroliferous basin
	A sedimentary basin that contains hydrocarbons.

	Porosity
	The proportion of the volume of rock consisting of pores, usually expressed as a percentage of the total rock or soil mass.

	Power-law distribution
	A straight line correlation on a log-normal graph.

	Protolith
	A protolith is the original, unmetamorphosed rock from which a given metamorphic rock is formed.

	Reactivation potential
	The likelihood that a fault will experience a seismic event at a given stress condition.

	Recharge
	Groundwater recharge is the process whereby surface water (such as from rainfall runoff) percolates through the ground to the water table

	Regional groundwater model
	A model of groundwater for a regional area.

	Relative permeability
	A ratio of the total permeability attributable to the wetting and non-wetting phases at a given saturation.

	Relay ramp
	A type of displacement transfer structure between overlapping normal fault segments.

	Reservoir
	 A stratigraphic layer that has accumulated hydrocarbons.

	Rheology
	The science of deformation and flow of matter including solids, like rocks.

	Seal capacity / potential
	The ability of a low permeability geological feature (top or fault seal) to accumulate and retain hydrocarbons.

	Seismic
	Relating to earthquakes or other vibrations of the earth and its crust.

	Seismic lines/data and interpretation
	Seismic Interpretation is the extraction of subsurface geologic information from seismic data. The seismic wavelet starts as the pulse of seismic energy generated by an energy source, it travels down through the earth, is reflected and travels back up to the surface receivers carrying the geological information with it. Seismic data is recorded into what is termed the time-domain. Several common processing routines transform the data into a new domain (such as depth), perform various operation and then the inverse routine is used to reverse the transform.

	Shale content
	The volume of shale or clay minerals per volume of rock.

	Shear stress
	Shear stress is the stress component parallel to a given surface, such as a fault plane, that results from forces applied parallel to the surface.

	Silliciclastic strata
	Strata relating to or denoting clastic rocks consisting largely of silica or silicates.

	SO4
	Sulphate

	Solute
	The substance present in a solution in the smaller amount. For convenience, water is generally considered the solvent even in concentrated solutions with water molecules in the minority

	Springs
	A spring is a water resource formed when the side of a hill, a valley bottom or other excavation intersects a flowing body of groundwater at or below the local water table, below which the subsurface material is saturated with water. It represents groundwater discharge to surface.

	Stratigraphic analysis
	The analysis of geological strata.

	Strike-slip
	A fault in which rock strata are displaced mainly in a horizontal direction, parallel to the line of the fault.

	Sub-seismic strain
	Deformation or strain occurring at a scale too small to be discerned by seismic analysis.

	Tensile stress
	A normal stress (negative compressive stress) which pulls apart the material on either side of a plane. Tensile stress greatly weakens rocks, reducing the amount of shear stress that is needed to produce failure in them.

	Top-seal
	 A stratigraphic horizon with sufficiently low permeability to accumulate and retain hydrocarbons.

	Unconventional gas
	Unconventional gas does not rely on buoyancy and trap geometry as the primary trapping mechanism.  Rather, low permeability strata hold gas in place via capillarity or adsorption. In these cases the gas occurs as a continuous phase over large areas independent of trap geometry.

	Validation
	To prove that something is based on truth or fact.

	Wettability
	Wettability refers to the interaction between fluid and solid phases. In a reservoir rock the liquid phase can be water or oil or gas, and the solid phase is the rock mineral assemblage. Wettability is defined by the contact angle between two fluids with the solid phase.

	Wetting phase
	A phase (water or hydrocarbon or other gas) that in combination with a mineral surface has a contact angle of less than 90 degrees.


[bookmark: _Toc442351500]Introduction
The hydraulic influence of faults on groundwater flow has long been recognized by humans because faults often provide a focus of groundwater discharge in the form of springs. Yet the representation of faults and their hydraulic properties are rarely included in regional groundwater models.

There is an extensive body of scientific literature on fault characteristics and their genesis in structural geology journals, however, the understanding of fault hydraulic properties and their transmission (or not) of fluids in sedimentary sequences primarily comes from two domains of research: 1) conventional oil and gas exploration and production geology where faults can either allow hydrocarbons to accumulate in commercial volumes, or to leak rendering an otherwise valid trap to be “dry” or sub-economic, and 2) hydrogeological and ecological research on groundwater springs occurring along faults that come to surface.  The economic imperative of having pre drill-predictive capability in estimating fault seal capacity to conventional hydrocarbon accumulations has led to the development of several procedures and techniques that evaluate various aspects of fault zone hydraulic characteristics at various in-situ environmental conditions (pressure, temperature, stress, wettability). These include: fault zone architecture and juxtaposition analysis, mechanical seal capacity and fault reactivation potential, capillary fault seal capacity and hydrodynamic analysis, and sub-seismic strain analysis.  The oil and gas industry uses field production histories and observed field compartmentalisation to calibrate and validate methodologies for predicting fault seal capacity and the representative hydraulic parameters of fault zones.  In the domain of groundwater hydrogeology, surface water hydrology and ecology, observations of groundwater spring temperature, flux and geochemical characteristics for springs occurring along faults are used to infer fault zone hydraulic properties. 

Concerns of aquifer pressure depletion, fugitive methane migration and degradation of aquifer water quality due to CSG development effects propagating up faults can be investigated through the use of regional groundwater models if they are appropriately parameterised. This literature review highlights established methodologies of fault zone characterisation that can be adopted and adapted into a workflow for accurately representing fault zone hydraulic properties in regional groundwater models.  
[bookmark: _Toc442351501]Context
The overall project “Research to improve treatment of faults and aquitards in Australian regional groundwater models to improve assessment of impacts of CSG extraction” focuses on identifying and assessing technical uncertainty associated with deep groundwater extraction and depressurisation. Recent research, discussions with the Independent Expert Scientific Committee on coal seam gas and large coal mines (IESC) and consultation with industry stakeholders identified the need for a project to specifically address the following three issues:
1. Aquitards: Improving understanding of vertical hydraulic conductivity in aquitards to examine the nature of depressurisation at a range of scales.
2. Faults: Improving methods and processes for assessing fault properties (including sub-seismic) in coal seam gas (CSG) reservoirs and their impact on production performance.  Improving understanding of faults at various scales and their influence on propagating depressurisation to linked aquifers and surface environments. In addition, how do fault properties in the CSG reservoir and adjacent strata impact the nature of pressure propagation to adjacent aquifers or even surface environments?
3. Modelling: Improved conceptualisation, representation and parameterisation of aquitards and faults in regional groundwater models to improve quantification of predictive uncertainty in regional groundwater flow and pressure simulation.
This report forms the literature and methodology review of part 2 on Faults. For the faults component, the project aims to:
· Develop conceptual representations of different groundwater flow conditions associated with faults in sedimentary basins, including their influence on connectivity within individual formations, between formations, and between groundwater and surface water environments;
· Demonstrate new methods for generating fault architecture and frequency in regional scale reservoir-type models;
· Demonstrate new methods for characterizing hydraulic behaviour of fault zones and their representation in reservoir-type models;
· Predict hydraulic behaviour of fault and fracture systems in reservoir-type models incorporating stress field analysis and effect of stress changes on fault hydraulic behaviour;
· Undertake numerical simulations and upscaling of the high-resolution fault and fracture systems architecture and hydraulic behaviour into a cellular groundwater flow model.
There are two categories of potential impact to groundwater resources via faults from CSG development that we consider: 1) aquifer pressure depletion, and 2) increased methane either dissolved in groundwater or as a free phase. The physical drivers for these potential impacts are forces derived from variations in pressure, buoyancy (density), wettability (capillarity) or concentration; the rate of transmission is dependent on the transient distribution of rock and fluid properties.  The magnitude of any one of these driving forces necessarily increases with proximity to the produced CSG reservoir along the transmission vector.
The nature of fault transmission pathways is investigated in this literature review and summary.  In order to improve our ability to represent faults in regional groundwater flow models we must first understand the physical characteristics of faults in different geological settings and the data required to characterise them.  We then link this with the various fluid properties (water and its constituents, hydrocarbons and non-hydrocarbon gas) and the transient processes important in governing the movement of various fluids within the faulted rock framework.  With this theoretical understanding of faults and fluids established with the best current knowledge, we can then a) examine case studies with example data sets having an eye to understanding the utilisation of data and field observations to validate and calibrate the conceptual fault models; and b) contemplate which methodologies and procedures are most appropriate for incorporating fault zone characteristics into predictive regional groundwater flow simulators.
The literature review conducted here recognises that the majority of research on predicting fault seal characteristics comes from the conventional oil and gas domain. It should also be noted that there is an even larger historical body of work related to structural geology upon which most fault seal analysis research is based. Finally, there is a body of work related to the characterisation of groundwater springs and how these may relate to discharge up faults. In the conventional oil and gas domain the primary objective is to understand and predict fault seal capacity to hydrocarbons in advance of drilling.  However to do this, relies fundamentally on predicting fault rock properties such as permeability.  We can use the same approaches for predicting fault rock permeability but then apply this knowledge to characterising the degree of compartmentalisation or connectedness of aquifer systems with coal seam gas strata.  This knowledge will aid in realistic parameterisation of regional groundwater flow models.
[bookmark: _Toc442351502]Assumptions and Methodology
In this review we assume that the primary intent is to try and more accurately estimate the hydraulic properties and characteristics of faults and that we need to do this for a multiphase system that contains both formation water and hydrocarbons.
In order to assess the hydraulic properties of faults it is important to first consider the time-scale in question and which type of data apply to each time-scale.  These could be:
· Geological time-scale where we use data that has not been affected by production of water or hydrocarbons; and
· Human time-scale where we are interested in fault seal performance over periods of years to tens of years.
In order to gain an understanding of the fault systems we take the approach of first examining data (pre-Production) that can provide information/evidence on the hydraulic properties of faults at the geological time scale.  With this characterisation, we can then consider how these hydraulic properties will manifest in human time-scale fault seal performance and if the rock properties themselves are transiently affected by anthropogenic changes of formation pressure.  In the situation where formation pressure may be changing over time, this results in changes to the effective stress in the sub-surface and a change in effective stress can result in a change in permeability.  To understand fluid flow in regional groundwater models in a situation where both in-situ stress and permeability are transient, it may require a dynamic permeability update at certain time steps of the groundwater flow model.
To gain an understanding of fault hydraulic properties there are two main sets of observations that provide direct evidence: 1) observations of hydrocarbon interactions with faults at geological time-scales, and 2) observations of springs that discharge to surface along faults at human time scales.  We therefore have a strong focus of utilising these systems to define our analytical methodologies.  The rock properties that we can estimate with these methodologies can then also be applied to faults within formation water flow systems represented by regional groundwater models.
[bookmark: _Toc442351503] Definitions and Terminology
This report is aimed at understanding techniques and methodologies that can be used, adapted or developed to improve the characterisation of faults and their inclusion in regional groundwater models. Much of the previous work on prediction of fault properties comes from the petroleum engineering or oil and gas exploration literature. Groundwater resources professionals often use terminology that is equivalent but different from engineers and geologists working in the oil and gas industry.  As such, it is worth-while to clarify some terminology that will be used in this report.
Reservoir vs Aquifer: Hydrogeologists use the generic term “Aquifer” to refer to a stratigraphic rock unit having hydraulic properties such that useable groundwater volumes can be produced.  This is roughly equivalent to the generic term “Conventional Reservoir” used by oil and gas professionals where the reservoir rock has hydraulic properties from which oil or gas can be economically extracted.  Both reservoir and aquifer terminology can have modifier descriptors that indicate a range of characteristics such as “good aquifer” or “poor aquifer” or “excellent reservoir” or “marginal reservoir”.
Seal vs Aquitard: Hydrogeologists use the generic term “Aquitard” to refer to a stratigraphic unit having hydraulic properties such that no appreciable groundwater can be produced but which allows formation water leakage over longer time-scales.  This is roughly equivalent to the generic term “Seal” used by oil and gas professionals where the seal rock has hydraulic properties which trap or prevent the migration of oil or gas. Both aquitard and seal terminology can have modifier descriptors that indicate a range of characteristics such as “strong aquitard” or “weak aquitard” or “tight seal” or “leaky seal”.  Additionally, hydrogeologists often refer to an “Aquiclude” as a stratigraphic unit with such low permeability that no leakage of formation water can occur across it.  Given long enough observational time-scales very few strata can be considered aquicludes by the strict definition however strata such as evaporite horizons may qualify.
Multi-Phase Flow vs NAPL or DNAPL: Contaminant hydrogeologists often deal with Non-Aqueous-Phase-Liquids (NAPL’s) or Dense-Non-Aqueous-Phase-Liquids (DNAPL’s) where fluid viscosity and surface tension are important to understand capillary forces.  The equivalent for Oil and Gas industry professionals is multi-phase flow where the wettability (contact angle between the formation water, the hydrocarbon and the mineral surface) of the oil or gas phase relative to formation water and the surface tension is related to capillarity. This is often expressed as a “relative permeability” where the permeability of a particular rock differs depending on the characteristics and physical properties of the fluid in question.
Formation Pressure vs Water Level: Hydrogeologists dealing with water bores often have physical access to the well-head and can measure the standing water level in a bore. This value can be corrected for density effects and converted to a hydraulic head representative of the aquifer at the screened interval.  Oil and Gas wells have multiple levels of well control to make them safe in the presence of (or potential for the presence of) buoyant and flammable hydrocarbon phases.  For oil and gas wells the formation pressure is measured by downhole devices such as Drill Stem Tests (DST’s), Wireline Tests (WLT’s such as Modular Dynamic Tests (MDT’s) or Repeat Formation Tests (RFT’s)), and production tests or from pressure kicks recorded during drilling.  These types of pressure tests are often conducted as part of a temporary well completion where a flow and pressure build-up is collected over multiple cycles.  The pressure-time data often requires extrapolation in a Horner type analysis to estimate the in-situ formation pressure.  The extrapolated formation pressure can be subsequently converted to hydraulic head to understand the fluid potential of the aquifer at the completed interval.  These type of tests also often provide a fluid sample that can be analysed in the laboratory.
Membrane Seal vs Capillary Seal:  These two terms are used interchangeably in the fault seal analysis literature but for simplicity we use capillary terminology in this report.  All aspects of capillarity are explained in relation to fault seal and multi-phase flow within the text to follow.
Water Bore or Monitoring Bore vs Oil or Gas Well:  The groundwater industry normally refers to “bores” and the oil and gas industry refers to “wells”.  Whilst basically the same concept they tend to have very different design.  Water bores may or may not be cased, they may or may not have a well head that can control pressure, and they more than likely have a filter pack and screened interval that allows formation water to enter the bore without the bore clogging. Oil and gas wells are designed to provide multiple barriers between the hydrocarbon and formation water aquifers. These often include multiple casings and well head features to control well head pressure.
Fault Reactivation: Refers to the mechanical strength of a fault being overcome by changes in pore pressure that alter the effective stress. The term “induced seismicity” refers to the seismic energy (earth quake) that results from an anthropogenic fault reactivation event. 
[bookmark: _Toc442351504]Fault Zone Physical Characteristics
An overarching goal of fault zone analysis is to accurately estimate fault zone hydraulic properties that may influence the hydraulic connectivity either across a fault at a single elevation (i.e. in a direction perpendicular to the fault plane surface) or along or up a fault plane between aquifers (i.e. within the fault plane surface). Fault seal capacity is the term used to describe the capacity of the fault to impede the flux of one or more fluid types. State of the art fault seal capacity analysis requires an evaluation of the stratigraphic heterogeneity of the broader host rock (on either side of the fault), linked with associated rock and fluid properties. Uncertainty in these parameters directly impacts the accuracy of determining fault rock properties. Fault zones may either compartmentalise strata horizontally, cause localised vertical hydraulic connectivity between stratigraphic levels or both. There are several aspects of fault zones that can either allow for this hydraulic communication or prevent it.  These require different assessment methods, which generally rely on similar underpinning data sets. Integration of these analytical processes, supported by hydrodynamic and hydrochemistry data is required to assess the fault seal capacity and assign fault zone hydraulic properties to groundwater models.
In many petroliferous basins, fault seal effectiveness has proven to be a significant uncertainty affecting exploration success, and this translates to uncertainty in predicting reservoir and seal performance within the oil and gas industry. Faults can be leaky simply by virtue of the detailed fault zone architecture within the prevailing stress regime, or fault seals can be breached by capillary leakage or fault reactivation. Various authors have classified seals according to the sealing mechanism (e.g. Watts 1987; Heum 1996; Bretan et al. 2003; Brown 2003).   
Faults can provide capillary seal capacity either through juxtaposition of reservoir against a seal, or by the low permeability of the gouge and cataclastic material in the fault zone itself (Watts 1987). When the fault capillary seal capacity is exceeded, leakage of hydrocarbons can occur across or along the fault depending on the fault zone architecture. If the formation pressure exceeds the mechanical strength of the fault rock then the seal may fail due to fault reactivation. To help standardise the nomenclature for various aspects of hydrogeology and capillary seal terminology discussed in this report, a table of symbols and a glossary is provided at the start of this report. 
[bookmark: _Toc442351505]Fault Zone Architecture and in-Situ Stress
Faults can be classified according to their geometry and relative sense of movement into a) normal, b) reverse, c) strike-slip, and d) oblique, coupled with various amounts of rotation of scissor relative movement (Figure 1). Uncertainty regarding seal leakage can be reduced by analysing key leak risk points on fault systems (e.g. Gartrell et al. 2002 and Gartrell et al 2006). These often occur at the intersection of high angle steeply dipping faults (Craw 2000) or at relay ramps (Underschultz et al. 2003) as shown in Figure 2 and Figure 3, where the continuity of the fault plane is interrupted (Gartrell et al., 2004; Cowley and O’Brien, 2000) and there is structural complexity. It is also at these locations where fault segments often have an orientation relative to the stress field that results in dilatant conditions. Fault or fracture orientation relative to the stress field can be characterised in terms of “Dilatancy Potential” which may in turn be associated with a permeability estimate. These higher permeability zones or leak points have characteristic signatures, often identifiable with hydrodynamic analysis (Underschultz et al. 2005), where they form anomalies in the pressure, water chemistry and/or temperature distributions. The following analysis method can be used, drawing on fault zone architecture and in-situ stress:

· Geometric analysis of kinematically realistic fault interpretations within a three-dimensional anisotropic stress field.  This determines the locations along the fault zone and on various fault segments where the fault geometry is in tension, compression or shear.  Within this context, the dilatant tendency of the fault and associated damage zone can be determined, which affects hydraulic transmissivity. This work can be conducted in the first instance simply by using the fault plane statistics from the seismic interpretation and the in-situ stress analysis.  A more rigorous analysis could be conducted using software such as FaultRisk (https://www.faultseal.com/), FAST (Mildren & Hillis, 2002) or TrapTester[footnoteRef:1]; and [1:  http://www.badleys.co.uk/traptester-overview.php ] 

· Fault and fracture orientation and intensity may be inferred to some extent by analysis of the data from seismic lines. Walsh and Watterson (1988) and Gillespie et al. (1993) identified a fractal relationship between fracture populations at different scales, which has been shown to be valid for sub-populations at different azimuths. This suggests that a careful quantitative analysis of the observable faults can lead to a prediction of the population of smaller faults at different orientations (see Section 5.3). 
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[bookmark: _Ref437523331][bookmark: _Toc437524537][bookmark: _Toc442353782]Figure 1. Fault style sketches showing the principal stress axes and slip classifications of various faults. Note that in theory all faults have a certain amount of rotational component because displacement, even in a dip-slip fault, varies along the fault length. However, in a rotational fault the variation is greater between two nearby points along the fault strike than can be accounted for simply by the fault plane geometry.  (Sorkhabi, 2013).
[image: http://geolmag.geoscienceworld.org/content/144/4/687/F2.large.jpg]
[bookmark: _Ref437523461][bookmark: _Toc437524538][bookmark: _Toc442353783]Figure 2.  Schematic diagram showing evolutionary stages of a relay ramp. Tick marks on the map view depict the down-thrown block of normal faults. (a) Stage I: the faults do not interact. (b) Stage II: the faults have started to interact and a relay ramp has developed to transfer the displacement among the segments. (c) Stage III: accumulated strain in the relay ramp has resulted in initiation of fracturing. (d) Stage IV: the relay ramp is broken by a breaching fault to form a single fault zone with strike irregularity. (e) Upper bench is abandoned and two segments joined through breaching of lower ramp that form an along-strike bend on the course of the main fault. Ciftci and Bozkurt (2007) modified from Peacock & Sanderson (1994).
[image: https://www.fault-analysis-group.ucd.ie/gallery/Kilve_small_relay_mats_small.jpg]
[bookmark: _Ref437523490][bookmark: _Toc437524539][bookmark: _Toc442353784]Figure 3. A photo of a relay ramp between ~8cm displacement normal fault segments in the Liassic limestones and shales of Kilve, Somerset, UK (Fault Analysis Group, Dublin[footnoteRef:2]).  [2:  https://www.fault-analysis-group.ucd.ie/gallery/relay.htm ] 

The seismic characterisation should consist of:
· Review of available data and existing interpretations about type, extent, displacement and location of faults;
· Interpretation of seismic line data using well logs and kinematic analysis to constrain correlations of fault intersections between various seismic lines including assessing the fault throw and the fault vertical extent. Use of 3D seismic volumes (where available) can reduce the fault correlation uncertainty;
· Construct a 3D fault model consisting of 3D surfaces representing the interpreted faults;
· Assess the sufficiency of the existing seismic surveys to adequately characterise fracture intensities and to estimate different fault orientations, considering the direction and spacing of seismic lines relative to expected fault orientations; and
· Review the interpreted fault architecture in the context of outcrop analogues.
An example of fault zone architecture can be gained from outcrop analogue studies such as that shown in Figure 4.  These can be related back to a subsurface characterisation constructed from seismic interpretation.
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[bookmark: _Ref432604726][bookmark: _Toc442353785]Figure 4. Conjugate fault system exposed in a 60 m high vertical cliff section of Liassic Limestone, Nash Point, South Wales. From Watterson et al. (1998) and images provided by Fault Analysis Group, Dublin1.

[bookmark: _Toc442351506]Mechanical Seal Capacity of Faults and Fault Reactivation
In the context of this literature review it is important to consider the transient component of the CSG development cycle and how this may relate to changing fault seal capacity over time.  Primarily this is the result of the transient induced pressure conditions that occasionally includes a short period of increased pressure during reservoir stimulation but is dominated by progressive pressure decline of the CSG reservoir and the related changes to effective stress.  The pressure decline phase could occur over a 30-40 year development plan and then recovery could occur over that much again or longer (CH2MHILL, 2013). To incorporate this in regional groundwater models may require a novel approach of coupling with geomechanical modelling. The end result is that a transient permeability field may require consideration.  To accomplish this a coupled modelling process could be designed where at each time step the change in formation pressure (P) could be input to a geomechanical model (e.g. FLAC or COMSOL multiphysics) that updates the permeability distribution based on the new effective stress. This new permeability distribution could in turn be used to update the groundwater flow model for the proceeding time-step.  These coupled approaches have been used at the hydrocarbon field-scale (Zhang et al., 2011) but not to our knowledge in a regional groundwater model.
The reactivation potential can be evaluated by examining the fault zone orientation in combination with the mechanical strength of the fault, the in-situ stress and the pore pressure (Mildren et al. 2002). The areas with the highest chance of reactivation are fault bends orientated at critical angles to the stress field (Gartrell et al., 2002). As the effective stress changes due to a change in pore pressure or overburden load, it will move the fault zone stress condition relative to the failure condition (either closer or further away).  The distribution of effective stress relative to the failure criteria under various transient conditions can be used to map relative liklihood of fault reactivation on the fault plane. This can be examined with a Mohr-Coulomb type analysis. Additionally, hydrodynamic techniques can be employed to characterise the pore pressure distribution, and the change in pore pressure over time (Underschultz, 2005).
The mechanical fault reactivation potential analysis should consist of:
· Obtaining in-situ stress and the degree of its anisotropy evaluated from borehole image logs, wireline calliper logs, leak off tests (if available regionally), and other geophysical measurements;
· Obtaining a pore pressure distribution from hydrogeological bores and O&G wells where the formation pressure is estimated on either side of faults across multiple hydrostratigraphic units;
· Rock strength data obtained from laboratory geomechanical and rock physics measurements on core;  
· The detailed orientation of the fault zone and its relation to the in-situ stress; and
· Creation of reactivation potential and slip tendency maps using Mohr-Coulomb analysis.
The reactivation potential and slip tendency evaluation for faults can be conducted using software such as the Fault Analysis Software Tool (FAST) developed by the University of Adelaide (Mildren & Hillis, 2002).  Results can be used to understand the magnitude of stress change (equivalent to a pore pressure change) that can be accommodated prior to fault reactivation. It can also be used to identify the highest likelihood orientation within a fault population to be reactivated or particular fault segments of higher reactivation potential. This could be used as a guide to monitoring design. An example is shown in Figure 5 (Bailey et al. 2006) where Mohr-Coulomb analysis is conducted for a range of fault segment orientations.
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[bookmark: _Ref432604742][bookmark: _Toc442353786]Figure 5. (a) Graphical representation of the FAST method for risking the likelihood of fault reactivation using a Mohr-Coulomb diagram (after Mildren et al., 2002). The smaller the P values (difference between effective stress and the failure criteria), the higher the risk of reactivation. (b) Polar plot showing the distribution of P values for poles to fault planes from the Pyrenees-Macedon oil and gas fields. The highest risk of reactivation (lowest P; dark red) is on steeply dipping faults striking 060o and 120 o, and E–W faults dipping at 60 o (Bailey et al. 2006).
The reactivation of faults can also be influenced by the overall fault zone architecture. Gartel et al. (2005) examined how strain localisation can be controlled by the distribution of pre-existing large and small faults (Figure 6) based on case studies from the Laminaria High on Australia’s North West Shelf. Langhi et al (2009), Zhang et al. (2009), Langhi et al (2010) and Zhang et al. (2011) follow this up with geomechanical modelling for the impact of extension on a rock volume with different geometries of pre-existing fault populations under various fluid pressure conditions. These were variously fashioned on observed fault populations in the North West Shelf.
Reactivation potential for faults in the context of CSG development may be important over the life of field development.  As the reservoir is pressure depleted the effective stress changes and the nature of fault seal capacity could have a transient component that can be built into regional groundwater models.
[bookmark: _Toc442351507]Sub-Seismic Strain
Many fault analysis approaches are criticised because they apply only to the observable strain (which can be identified on seismic or other geophysical methods such as gravity or electromagnetics).  There is also strain existing that is of a magnitude less than what can be observed by these methods.  The sub-seismic strain, as represented by fracturing and minor faulting, can influence seal capacity (ie aquitard permeability) and is important to understand and predict.  
Fractures and faults exhibit a strong relationship between maximum displacement (fault throw) and fault length (Figure 7). In addition, for a given volume of rock, the total strain will be taken up by faults and fractures with a range of sizes.  This population of faults and fractures often define a power-law throw distribution where there is a higher frequency of small displacement faults and a lower frequency of large displacement faults (e.g. Ackermann et al., 2001, Meyer et al., 2002; Manzocchi et al., 2009). If only a portion of the total fault population can be observed, the remainder of the power law distribution can be extrapolated to predict the unobserved faults’ size distribution (Yielding et al., 1996). Note that this does not elucidate the distribution of sub-seismic strain. Dee et al. (2007) have shown that small brittle faults are not reliably imaged by seismic reflection methods when their offset is less than the seismic resolution (~ 20 m in many on-shore seismic datasets).
Geomechanical approaches have also been used to predict the likely distribution of subsurface strain based on the orientation of in-situ stresses and the intensity and nature of observed brittle deformation (Bourne and Willemse 2001; Bourne et al. 2001; Maerten et al. 2002). Dee et al. (2007) demonstrate that the following method is useful in providing a prediction of small-scale faults and fractures distribution. 
The fault slip pattern mapped from seismic data is the primary input data. The algorithms of Okada (1992) can be used to compute the displacement vector and fault-related strain tensor at any observation point in the rock volume surrounding a fault. The predicted rock fracturing resulting from the total stress can then be estimated by comparing the state of stress to a standard Mohr–Coulomb failure envelope defined by an appropriate coefficient of internal friction and cohesive strength. The maximum Coulomb shear stress (Jaeger and Cook 1979) can then be used as a proxy for fracture intensity (Maerten et al., 2002). 
This approach can be calibrated against fracture identification from borehole image logs. An example of a power law and subsequent geomechanical analysis can been seen in Figure 8 as described by Langhi et al. (2013) for the Perth Basin strata near the proposed SW Hub carbon geosequestration site. 
The sub-seismic strain analysis should consist of:
· Power law analysis on observable faults to identify what portion of the total strain is sub-seismic and the likely fracture size distribution (see Figure 8). It can also indicate that larger faults might exist which having yet to be identified in the seismic analysis; 
· Geomechanical analysis involving the identification of the most likely geographic distribution of sub-seismic strain; and
· Calibration with well bore image logs: the analysis of sub-seismic strain can be calibrated against observations of small-scale strain identified in image logs (cm to m scale).
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[bookmark: _Toc442353787]Figure 6. Schematic representation of typical fault reactivated trap geometries and their predicted oil column preservation characteristics. Arrows depict hydrocarbon leakage along high strain faults above the critical fault-horizon intersections.  Note how certain faults are “sheltered” by reactivation of other nearby faults (Gartell et al. 2005).
The sub-seismic strain analysis can provide assurance that the entire range of strain has been considered and data included in the seal capacity analysis.  These estimates of sub-seismic strain and their most likely hydraulic characteristics can be taken into account in regional groundwater models either by the same stochastic or upscaling approaches that are applied to the observed strain, or in a staged approach.  It could be that up to a certain scale of brittle deformation, fractures and small faults (that make up the damage zone of larger faults) are best up-scaled to an effective K (either into an equivalent single porous medium or a dual permeability rock depending on the distribution characteristics of the strain) using stochastic approaches.  Above a certain brittle deformation scale, the strain may be better dealt with as discrete fault/fracture models. These up-scaling strategies will be explored in the Modelling component of the project.
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[bookmark: _Toc442353788]Figure 7. Plot of multiple global data sets showing maximum displacement (dmax) against fault length (L) for normal faults (Kim & Sanderson, 2005).
[bookmark: _Ref432604766][image: ]
[bookmark: _Toc442353789]Figure 8. Power law distribution of fault population throws at the SW Hub proposed carbon storage site in Western Australia: Perth Basin (Langhi et al. 2013). 
[bookmark: _Toc442351508]Permeability of Faults, Across Fault Leakage and Capillarity
For the purposes of this literature review, capillary related processes become important when considering the movement of hydrocarbons (mainly methane) across seals in the subsurface.  Unless dealing with organic rich low permeability strata (Iglauer et al. 2015), we assume the hydrocarbon is the non-wetting phase and water the wetting phase.  This is normally appropriate for fault rock. In this wettability situation, any time a migrating hydrocarbon encounters a change in permeability to a lower value there will be additional capillary forces that need to be overcome prior to the hydrocarbon continuing to migrate. This is an important factor to consider if regional groundwater models are used to predict fugitive methane migrating into shallow aquifers or to the surface as seeps or in spring discharge. Note that capillary barriers occur only when moving from higher to lower permeability along a migration pathway for the non-wetting phase. Current research on wettability, relative permeability and implications for multiphase flow include Iglauer et al. (2015), Heller et al. (2014), Pini and Benson (2015), Krause and Benson (2015), Apourvari and Arns (2016) and Herring et al. (2015).
A change in permeability that presents a capillary barrier can occur due to a fault providing juxtaposition of various lithologies (see Figure 9). Alternatively, the permeability of the fault material itself may be lower than the host rock. In recent years there have been several published methodologies for estimating fault-derived permeability indicators. Several not entirely independent precursors to Shale Gouge Ratio (SGR) have been proposed such as CSP (Clay Smear Potential, Bouvier et al. 1989, Fulljames et al. 1997) and SSF (Shale Smear factor, Lindsay et al. 1993). SGR however, has become a commonly used approach (Yielding et al. 1997, Manzocchi et al. 2009, Yielding 2002, Bretan et al. 2003), largely due to the robustness of the algorithm which estimates a SGR using commonly available well data such as a Vshale log (where Vshale represents the % of clay relative to sand or silt in a particular interval thickmness). For convenience, this report considers capillary seal capacity in the context of SGR, however, all of the methodologies and conclusions can equally be applied to other fault-derived permeability indicators.  Even if capillary forces are not an important consideration, the approaches described here still provide methodologies for assessing fault zone permeability useful in parameterising fault properties in regional groundwater models.
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[bookmark: _Toc442353790]Figure 9. Schematic diagram of various juxtaposition orientations (Neele et al. 2012).

[bookmark: _Toc442351509]Juxtaposition
Juxtaposition diagrams (or “Allan Diagrams”) form a staple of fault seal analysis (Allan, 1989).  These diagrams utilise information of the stratigraphy either side of a particular fault plane segment (e.g. Bailey et al. 2006).  If the facies distributions and associated rock properties are known, a geometrical analysis will create a map of the fault surfaces that show which rock types are juxtaposed across the fault (e.g. sand on sand, sand on shale, shale on mud, mud on mud etc.). The nature of the rock type juxtaposition provides an estimate of the across fault leakage potential based simply from the rock properties of the host rock.  Here for example, the cross sectional areas of sand on sand contacts provide an opportunity for across fault hydraulic continuity.
Case studies such as Bailey et al. (2006) show that juxtaposition alone often does not adequately describe the seal potential of a fault. Hydrodynamic and hydrochemical analysis in faulted strata (Underschultz et al. 2005, and Underschultz et al. 2003) can be combined with juxtaposition diagrams and this can help to determine if additional fault seal analysis is required for adequate assessment of seal capacity.  It should be noted that the stratigraphic analysis and a detailed characterisation of the internal distribution of rock types and rock properties is crucial to creation of a well constrained juxtaposition analysis.
The juxtaposition analysis should consist of: 
· Using the outputs of the stratigraphic and fault architecture modelling in the form of a 3D static model.
· Development of Allan Diagrams for individual mapped fault surfaces using software such as Petrel[footnoteRef:3], FaultRisk[footnoteRef:4], or TrapTester[footnoteRef:5]. [3:  http://www.software.slb.com/products/platform/Pages/petrel.aspx ]  [4:  https://www.faultseal.com/ ]  [5:  http://www.badleys.co.uk/traptester-overview.php ] 

The outcomes will be Allan Diagrams (Figure 11) showing where sand on sand, shale on shale, or sand on shale contacts occur across each fault plane segment; and an assessment of the distribution of across fault hydraulic communication or isolation on each fault segment. The next step for groundwater modelling is to account for this across fault geometry and the implications for fault transmissivity. Note that the throw distribution on faults is often represented as a rotation rather than a planar movement and this results in particular geometric shapes for juxtaposition domains on a fault plane surface.  
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[bookmark: _Toc442353791]Figure 10. An example of an Allan diagram (left) that shows across fault juxtapostion of multiple stacked and folded sandstone reservoir layers. the resulting across fault hydraulic communication controls the hydrocarbon spill points and hydrocarbon column heights. The plan view of the same structure (right) shows the trap geometry relative to the fault trace (Allan, 1989).

[bookmark: _Toc442351510]Shale Gouge Ratio (SGR)
For any given point on a fault surface, SGR is equal to the net shale content of a given rock thickness which has moved past that point. Shale Gouge Ratio calculations can be conducted, as shown in 
Figure 11, according to Yielding et al. (1997), and these can be related to fault zone permeability (Sperrevik et al. 2002 and Gibson, 1998). The standard approach for calculating across fault pressure difference is to use the pressure profile on either side of the fault as described by Underschultz (2007). Bense (2004) demonstrated how fault zone parameterisation such as SGR had application in understanding fault zone hydraulic properties even at shallow depths where faults come to the surface.  Capillary seal capacity can be estimated with the following inputs:

· Stratigraphic heterogeneity characterisation: the different sedimentary facies within the strata on either side of a fault are important to know for SGR calculation as these relate to the volume of shale on either side of a fault. There is a correlation between this and the amount of shale gouge at any location on the fault plane as a function of throw (Yielding et al., 1997).
· Fault zone architecture: the geometry of the fault zone and the orientation of the various fault segments forms a key input to understanding the SGR.  The distribution of throw on the fault plane needs to be mapped and this forms an input parameter to the SGR calculation.
· Shale Gouge Ratio mapped on the fault plane: The SGR distribution on the fault plane will be calculated as a function of the shale volume distribution and the throw distribution.
· Pore pressure distribution (from groundwater bores or oil and gas wells): the detailed pore pressure in the strata on either side of the fault forms the important calibration parameter of across fault pressure difference.  This distribution will be mapped and plotted against SGR in order to obtain a permeability estimate for given SGR values.
· Map the across fault pressure difference sustainable prior to capillary seal failure and estimate the fault zone permeability distribution.
Development of SGR data for individual mapped fault surfaces will be done using software such as Petrel1, FaultRisk2, or TrapTester3. The data obtained from the SGR analysis leads to an estimate of the fault zone permeability distribution that can directly be utilised in populating regional groundwater models.
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[bookmark: _Ref432604781]
[bookmark: _Toc442353792]Figure 11. Example of shale gouge ratio method of calculation (Yielding et al., 1997) where Vsh is the volume of shale expressed as a % of clay minerals in a discrete bed thickness (z) and T is the fault throw. 
[bookmark: _Toc442351511]Movement of Fluids in Faulted Rocks
Knowledge of the fault zone permeability allows an assessment of the capillary seal capacity for the fault (or the capillary pressure (Pc) that the fault is capable of supporting before the non-wetting phase can enter the fault pore space). For utilizing this relationship in pre-drill prediction of fault seal capacity, case examples of hydrocarbon pools thought to be controlled by capillary fault seal can be used to calibrate calculated SGR against measured across-fault pressure differences (Pf). We can then use these same calibration techniques to predict fault permeability of other faults where there are no hydrocarbons trapped. The standard approach previously used for calculating Pf is to use the pressure profile on either side of the fault and regardless of the fluid type (gas, oil or formation water), simply calculate the difference in pressure at a given elevation. Bretan et al. (2003) presents an extensive pressure dataset from fields in globally distributed basins where the Pf is plotted against the SGR. Fields are selected that are thought to be filled to their fault capillary seal capacity and where other components contributing to the total seal capacity are thought to be minor. Brown (2003) and Underschultz (2007) identify that the distribution of formation pressure across the fault can have a significant contribution to the total seal capacity (explained in detail below) and this needs to be considered in the global Pf – SGR calibration data. The presence of a water pressure differential across a fault also indicates, in itself, that the fault is of sufficiently low permeability to sustain that pressure gradient over time.  Underschultz (2007) provided a means to assess and correct global calibration datasets based on formation pressure distribution. Yielding et al. (2010) used the principles outlined in Underschultz (2007) and revisited the global compilation of across fault pressure differences correlated with SGR (Breton et al., 2003) and applied a correction for those data that had sufficient information to do so. Yielding et al. (2010) discovered that the corrected data now define curved fault seal correlation envelopes that mimicked the theoretical curves derived by Sperrevik et al. (2002) from laboratory based experimentation. Several important implications are derived from Yielding et al. (2010):
· Above SGR values of ~0.5, further increase in SGR has progressively less impact on added seal capacity;
· At lower SGR values (the cut off value is dependent on fault depth), lateral seal capacity is effectively lost;
· There is general agreement between laboratory  and field  observations; and
· More robust global correlation data sets may further improve the definition of the seal capacity calibration envelopes (particularly at high and low SGR).
In order to evaluate fault zone permeability for input to regional groundwater models, a geological model is required that can estimate the volume of clay material in the stratigraphic layers either side of the fault.  The fault throw distribution is also required and can be obtained from seismic data analysis.  Finally the vertical formation pressure distribution is required on either side of the fault and this can be gained directly from multi-level monitoring bores or oil and gas wells with wireline test data or indirectly from formation water hydraulic head (Hw) distribution maps.
[bookmark: _Toc442351512]Multi-Phase Fluids and Capillarity
For the purpose of SGR-Pf calibration, Underschultz (2007) shows that P across the entire seal thickness (top seal or fault seal) has to be accounted for (not just the reservoir seal interface) or it could lead to an erroneous calibration. Schematic Figure 12A shows a simple trap geometry in order to demonstrate the principle of total seal capacity being effected by hydraulic head.  A real fault will have a much more complicated permeability distribution. The reservoir, fault and top seal are considered isotropic and reservoir permeability (kres) >> fault zone permeability (kfz) >> top seal permeability (kts). Figure 12B and C consider the details of the reservoir adjacent to the fault with high Hw on the left and right sides respectively and each with a complementary capillary pressure curve for the fault rock.
In Figure 12B, Hw on the left side of the fault is higher than on the right. Once the hydrocarbon column reaches a height where the capillary pressure (Pc) is equal to the Pt of the capillary seal, the first pore of the fault is breached. Note that the Hw within the fault decreases towards the right; therefore once the first pore of the seal is breached, the hydrocarbon column has sufficient Pc to penetrate the entire fault zone. Also, in this example Pc never greatly exceeds the threshold pressure (Pt), thus the hydrocarbon saturation (Sh) within the fault zone remains low. 
Figure 12C differs from the Figure 12B only in that the Hw on the left side of the fault is less than on the right. In this case, once the hydrocarbon column reaches a height such that the Pc is equal to the Pt, the first pore of the fault is breached. In order to breach the second and subsequent pores, however, the Pc must increase to match the increasing excess pore pressure within the fault zone. The higher Hw on the right side of the fault zone effectively increases the total capillary seal capacity (Ptc) allowing a larger hydrocarbon column to be trapped by the same permeability contrast. Under these conditions, note that the Pc required to breach the entire fault zone exceeds the Pt (by ΔP, the total increase in hydraulic head Hw across the fault zone) and thus it is expected that the hydrocarbon saturation Sh in the fault zone will be higher than in the previous case. Or in other words, the water saturation Sw will be lower, as gas and water saturation are related by Sh + Sw = 1.
While the theoretical examination of hydrodynamics and capillary seal capacity by Underschultz (2007) helps in the understanding of total fault seal capacity rather than just the Pt for a given permeability contrast, it only considers the case of hydrocarbons on one side of a fault. Underschultz (2007) limited the analysis to hydrocarbons on one side of the fault because it remained unclear if formation water pressure was likely to be transmitted through the hydrocarbon column at irreducible water saturation (Swi). In recent years various authors (e.g. Teige et al., 2006; Moria 2011; Manzocchi and Childs 2013) have begun to address this question with current thinking suggesting that for water wet systems, the relative water permeability may become very small, but in practice never reach zero even towards the top of a hydrocarbon column. 
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[bookmark: _Ref432604792][bookmark: _Toc442353793]Figure 12. Schematic presentation of a fault zone at its capillary seal capacity (A) trapping a hydrocarbon pool. B and C depict a zoom in of the fault zone-reservoir interface under different hydrodynamic conditions with a corresponding capillary pressure curve of the fault rock in question.  The rock properties of the reservoir and fault seal are constant but the total seal capacity (Ptc) is demonstrated to change where in B) the hydrocarbon is pooled on the high hydraulic head side of the fault, and in C) the hydrocarbon is pooled on the low hydraulic head side of the fault (Underschultz and Strand, 2016).
There has been debate in the literature regarding the implication of excess pressure (P) and estimation of Pt for a seal using field data where a hydrocarbon pool is thought to be at the capillary seal capacity of its seal (Equation 1), and if modification to Equation (2) is required (Bjorkum et al. 1998; Clayton 1999; Rodgers 1999; Brown 2003; Teige et al. 2005; Moria 2011; Manzocchi and Childs 2013). 

	Pt = gh (Equation 1)

For our purpose here P is considered the difference between the excess pressure in the aquifer below the free water level (FWL) and that within the first pores of the seal, ρ is the in situ density difference between the hydrocarbon and formation water, g is the gravitational constant and h is the height of the hydrocarbon column. In the case of fault seals, Brown (2003), and in the case of top seals, Clayton (1999), accept that towards the top of the hydrocarbon column, water saturation (Sw) approaches irreducible water saturation (Swi) and relative permeability to water (krw) approaches zero. As a result, excess pressure (P) must be incorporated into equation (2) as: 

	Pt = gh - P (Equation 2)

where P is defined by the aquifer pressure on the opposite side of the seal (depicted graphically in Figure 13). Bjorkum et al. (1998) suggest that in a water-wet system, there exists a vertical water pressure gradient between the aquifer at the FWL and the top of the reservoir, even within the irreducible water phase and thus P has no effect on calculated Pt. Rodgers (1999) pointed out that even if not zero, krw at the top of the reservoir would be much less than that in the aquifer, and that P is still required to understand Pt (depicted at the seal-reservoir interface on Figure 13). Teige et al. 2005 suggest (based on one experiment with a highly permeable core plug) that the P effect described by Rodgers (1999) is negligible. Teige et al. (2006) subsequently tested a range of plugs with variable reservoir properties and found that low permeability reservoirs at high Pc could sustain a significant P effect as described by Rodgers (1999) but the core plug still transmitted water at low Sw. The results of Teige et al. (2006) imply that in some situations (e.g. low Hw on the opposite side of a seal from a low kres) the Ptc will be reduced by the effect of P at the reservoir-seal interface.  Underschultz (2007) shows that seal breach needs to be considered across the entire seal thickness and that consideration of P only at the reservoir-seal interface is insufficient. Figure 14 shows a schematic capillary pressure curve for both a reservoir and seal rock on the same plot. The reservoir rock only requires a small amount of Pc to significantly reduce the Sw but then a significant Pc is required to achieve Swi. Once the hydrocarbon column is sufficiently large to induce a Pc equal to the Pt of the seal rock, the reservoir rock has a very low Sw but not Swi. Teige et al. (2005 and 2006) found that krw in the reservoir rock remained higher than the kts required to hold back a hydrocarbon column of sufficient height to obtain the low Sw. Moria (2011) use an alternative adapted Mercury Injection Capillary Pressure (MICP) approach and concluded that the effective krw remained on the order of 10-2 to 10-3 mD even at several hundred metres above the FWL (assuming a water wet reservoir for the samples tested) independently corroborating the findings of Teige (2005 and 2006). It follows, that the capillary seal will typically be breached prior to the hydrocarbon column in the reservoir being large enough to reach Swi. From the point of view of reservoir engineering that considers reservoir performance on the human time-scale, the semantics of Sw being very low but not absolutely Swi is normally inconsequential and the assumption of Swi is normally valid. When characterizing seal capacity and reservoir behaviour at the geological time-scales of trapping however, very low but non-zero krw has an important implication for predicting capillary seal capacity. With evidence mounting that the formation water phase likely transmits a continuous pressure gradient even for low degrees of water saturation (i.e. near Swi), we can now take the results of Underschultz (2007) and extend them to other hydrocarbon fault seal cases that make up global fault seal calibration datasets even more robust (Underschultz and Strand, 2016). The notion of non-zero Swi is of crucial importance for using SGR global calibration data to estimate fault zone permeability.
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[bookmark: _Ref432604851][bookmark: _Toc442353794]Figure 13. Pressure-Depth plot with a hydrocarbon column equal to top seal Pt. In this case Pt is estimated to be the difference in the hydrocarbon and water pressure at the top of the column. P is the equivalent pressure difference between Hw on either side of the seal (after Rodgers, 1999).
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[bookmark: _Ref432604872][bookmark: _Toc442353795]Figure 14. A schematic capillary pressure graph plotted against water saturation for both a typical reservoir (solid curve) and seal rock (dashed curve). Pce is the capillary entry pressure and Pt is the threshold pressure. Swi is irreducible water saturation.

[bookmark: _Toc442351513]Consideration of Aquitards that are Hydrocarbon Wetting
It is interesting to note that in all of this report we consider systems where the hydrocarbon phase is assumed to be non-wetting.  In unconventional reservoirs where the strata is both the source rock for the hydrocarbon and the reservoir, the reservoir itself is normally high in organic content and is often either mixed wetting or hydrocarbon wetting.  This is true for most coal seam gas and shale gas reservoirs.  In this case, the reservoir is normally very low permeability (acting as an aquitard) and the formation water is either mixed wetting or the non-wetting phase. Here the formation water must overcome capillary displacement pressure to migrate through the pore space. In the case of regional groundwater models, a regionally extensive unconventional gas reservoir that is hydrocarbon wet has profound implications for hydraulic communication across these strata.   Relative permeability curves for the groundwater need to be considered and implemented in a modelling code that can handle multiphase flow.  These data are normally obtained in laboratory experiments using core plug samples.  Since absolute permeability is highly variable, the relative permeability values are too; meaning that a large number of samples are required to gain confidence that the permeability is adequately represented.  Both the American Association of Petroleum Geologists and the Society of Petroleum Engineers are professional organisations that host web sites with general background information on “wettability” and “relative permeability” that serve as general references[footnoteRef:6][footnoteRef:7][footnoteRef:8]. Historical early references to wettability and relative permeability include Corey (1955) and Brooks and Cory (1966). There are a number of laboratory procedures that can be employed to measure relative permeability on core samples as described by Josh et al. (2012), Pini and Benson (2013) and Donaldson and Alam (2013). [6:  http://wiki.aapg.org/Relative_permeability ]  [7:  http://wiki.aapg.org/Wettability ]  [8:  http://petrowiki.org/Relative_permeability] 

[bookmark: _Toc442351514]Case Studies and Conceptual Flow Models in Faulted Rock

It is extremely rare to have sub-surface hydrodynamic data (formation pressure, temperature, or fluid chemistry) from within a fault zone (a notable exception is Seebeck et al. (2014)).  As such, in order to use our theoretical knowledge of fluid behaviour within various fault zone architectures under certain conditions of stress, we need to derive conceptual hydrodynamic models grounded in hydrodynamic data that are located in the vicinity of faults.  With a characterisation of the fault zone physical characteristics and an appropriate conceptual hydrodynamic model, we can then have a process to constrain a realistic interpretation of the fault zone hydraulic characteristics to be upscaled into a regional groundwater model.  In this section we use case study examples to illustrate how a well-informed conceptual hydrodynamic model of faulted strata can be developed. We draw on the public domain literature for examples of how others have approached this problem and many of these involve conventional hydrocarbon pools as part of the characterisation.  As stated earlier, often the motivation for these studies is to better understand the seal performance of retaining hydrocarbons in conventional faulted reservoirs, however to do this all methods ultimately rely on a characterisation of the fault rock property prediction.  For this reason, it is appropriate to use the same approaches and techniques and apply them in the context of unconventional reservoirs to understand the role of faults in unconventional gas development and how faults may influence cumulative effects of adjacent aquifers.  Armed with methodology for characterising fault zone rock properties we then have the basis of up-scaling representative fault zone hydraulic characteristics to parameterise regional groundwater models.

Standard hydrodynamic approaches to characterizing flow systems in unfaulted confined aquifers include the analysis of pressure data, both in vertical profile (e.g. pressure-elevation plot), and within the plane of the aquifer after conversion to hydraulic head.  Monitoring bore data can also be used if water level data is corrected for density effects.  All data of course need to pass through a quality assurance process. Pressure data are supplemented with formation water analysis and formation temperature data to aid in the evaluation of the flow system. Bachu and Michael (2002), Otto et al. (2001), Bachu (1995), and Dahlberg (1995) provide an overview of hydrodynamic analysis techniques. Evaluation techniques for the culling and analysis of formation water samples are described by Underschultz et al. (2002), and Hitchon and Brulotte (1994). Techniques for the evaluation of formation temperature are described by Bachu et al. (1995), and Bachu and Burwash (1991). 

The characterization of formation pressure in faulted aquifers requires careful analysis. Inferences about the fault zone hydraulic characteristics need to be made by evaluating formation pressure data from reservoir or aquifer quality rock adjacent to the fault. Yassir and Otto (1997) and Underschultz et al. (2005) describe some theoretical patterns of Hw in faulted aquifers for various flow conditions, and pressure gradients on pressure elevation plots for faults with various hydraulic properties. For faulted aquifers, the hydraulic head distribution is first characterised in unfaulted blocks of the aquifer. Then the hydraulic head distributions in adjacent blocks are compared, and built as a patchwork into a flow model that is representative of the faulted strata as a whole (Underschultz et al. 2005, and Underschultz et al. 2003).  At this stage the patterns in both hydraulic head and formation water chemistry or formation temperature can be assessed relative to the theoretical distributions one would expect given certain fault sealing or conduit characteristics. 

Underschultz et al. (2005) describe that if a fault is acting as a conduit, with higher permeability along the fault than the aquifer it crosscuts, and if the fault zone permeability pathway is vertically continuous to either a separate aquifer or the land surface (or seabed), then the aquifer will “see” the fault as either a source or a sink for fluids. The hydraulic head distribution in the aquifer will form either a closed high or low against the fault surface, indicating that formation water is either emanating from the fault zone into the aquifer (fault = source) or flowing from the aquifer into the fault zone (fault = sink), respectively (Figure 15a). This analysis can be supplemented by evidence such as thermal springs at the land surface or pock marks and seeps on the sea floor (Talukder et al. 2013), or thermal and chemical anomalies of the formation water in the aquifer adjacent to the fault. If, for example, a fault zone is acting as a conduit recharging an aquifer at depth, it is expected that the formation water in the aquifer would be relatively fresh and have a meteoric ionic signature, such as elevated HCO3 and/or SO4. The likelihood of an aquifer being in hydraulic communication with the land surface can be deduced by comparing the hydraulic head in the aquifer with the elevation of the water table (commonly similar to the topographic elevation in many parts of the world but in arid regions such as parts of Australia this may not be true). If the hydraulic head in the aquifer is similar to the water table elevation, it is possible that the water table elevation is in hydraulic communication with the aquifer.

At any one location, the vertical hydraulic communication can be examined by pressure-elevation plot analysis. If two vertically separated aquifers are in hydraulic communication via a fault zone conduit, the pressure data from the two aquifers near the fault should define a near-common hydrostatic gradient on a pressure-elevation plot (Figure 15b). In this schematic example, the hydraulic head in the deeper aquifer is slightly higher than the shallower aquifer, which allows for the flow up the fault zone. For this reason, the Wire Line Test  (WLT) pressure data in aquifer 2 fall slightly above the pressure gradient defined by the data in aquifer 1 on the pressure-elevation plot (Figure 15b).  It should be noted that vertical continuity of a hydrostatic pressure gradient between two aquifers may also simply be coincidental.  This observation on its own is not conclusive evidence of vertical hydraulic communication between the two zones. It also assumes that pressures being observed are pre-production.  Even if on geological time-scales there is hydraulic communication, a pressure transient induced by producing one aquifer  will take some time (dependent on the permeability and cross sectional area) to propagate up a fault to another aquifer level.

An actual example of this type of fault characteristic resulting in a closed hydraulic head high or low against a fault intersecting an aquifer can be seen in Figure 16. In this case there is a discontinuity in hydraulic head across the Challis field bounding fault with lower values on the north side.  On the south side of the fault there is a closed hydraulic head high against the field bounding fault indicating the formation water is migrating up the fault and then out into the Challis aquifer migrating to the south underneath the hydrocarbon accumulation.
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[bookmark: _Ref432604884][bookmark: _Toc442353796]Figure 15. Schematic fault hydrodynamics (modified from Otto et al., 2001). (a) Hydraulic head distributions in two stacked aquifers connected by a crosscutting conduit fault; (b) cross section of the conduit fault in (a) with upfault flow, and the corresponding pressure-elevation plot of WLT data from the two aquifers at the well location (Underschultz et al. 2005).
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[bookmark: _Ref432604926][bookmark: _Toc442353797]Figure 16. Hydraulic head in the Challis aquifer supporting the Challis hydrocarbon accumulation on Australia’s North West Shelf. Blue contours are fresh water hydraulic head (m), orange arrows represent flow directions, pink dashed lines represent fault traces, the black line is the approximate edge of the oil pool with an oil water contact at ~-1417m elevation, green dots are oil wells and blue dots are wells with formation water recovery (Unpublished Underschultz et al. CSIRO IPETS consortia).

When a fault zone has lower permeability than the aquifer it crosscuts, the flow direction in the aquifer adjacent to the fault will tend to be parallel to the plane of the fault (Figure 17a). This nature of the flow often leads to a relatively abrupt contrast in hydraulic head values in the aquifer directly across the fault (a hydraulic head discontinuity). The more significant the fault is as a barrier, either because of juxtaposition or low fault rock permeability, the more severe the hydraulic head discontinuity potentially could be, although this is not a necessary criterion. In this schematic example (Figure 17a), there is a 70 m drop in hydraulic head across the fault zone. If the fault zone could be examined at a small scale, the discontinuity in hydraulic head would actually be a very steep hydraulic head gradient along the plane of the fault (see Figure 18), thus leading to some leakage across the fault plane, but the flux would be negligible compared to that moving parallel to the fault plane in the adjacent aquifer. Figure 18 shows a schematic cross section perpendicular to a sealing fault.  In this direction there is a hydraulic gradient from right to left with a steep gradient through the fault.  The flux through the fault will be relatively small due to the low permeability whilst in and out of the line of section the flux will be relatively higher. The shape of the hydraulic head contours through the hydrocarbon reservoir demonstrates the effect of the reducing relative permeability to the water phase with height up the hydrocarbon column (see Figure 13 and Figure 14 as discussed previously). Corroborating evidence for fault zone barriers are the accumulations of hydrocarbon on one side of the fault, and discontinuities in the formation water chemistry across the fault. At any one location, the vertical hydraulic communication can be examined by pressure-elevation plot analysis for a well near to, or crosscut by a fault (b). Zones of low hydraulic transmissivity manifest themselves as a break in the observed pressure gradient with depth (Dahlberg, 1995).
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[bookmark: _Ref432604937][bookmark: _Toc442353798]Figure 17. Schematic fault hydrodynamics (modified from Otto et al., 2001). (a) Hydraulic head distributions in two stacked aquifers crosscut by a barrier fault; and (b) cross section of the barrier fault in (a) with no upfault flow and the corresponding pressure-elevation plot of WLT data from the two aquifers at the well location. Underschultz et al. (2005)

There are multiple case study examples of faults compartmentalising aquifers where the hydraulic head is represented as a discontinuity.  Figure 19 shows an example of regionally mapped hydraulic head in faulted Plover strata in the Vulcan sub-basin (Underschultz et al. 2002).  Similarly, Figure 20 is a hydraulic head distribution mapped for the Barrow aquifer in the vicinity of the Pyrenese-Macedon oil and gas fields (Bailey et al. 2006).  In these cases, accurate understanding of the hydraulic head and seal capacity allows for predictive estimation of hydrocarbon pressure distributions, hydrocarbon compartmentalisation and reservoir performance that can be calibrated with historical production data. The notion of hydraulic connectivity and fault architecture also relates to how strain is transferred from one fault to the next through what are normally described as relay ramps (Figure 21). These relay ramps can provide a path of hydraulic continuity that can be mapped (Bense and Van Balen, 2004) in terms of hydraulic head (Figure 22).
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[bookmark: _Ref432604955][bookmark: _Toc442353799]Figure 18.  Schematic cross section across a sealing fault with a theoretical hydraulic head distribution (black contours lines) in this dimension.  Flow paths are marked with arrows. The bulk of the flux is likely occurring perpendicular to the line of section because the fault zone has a very low permeability resulting in the tight hydraulic head gradient.
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[bookmark: _Ref432605017][bookmark: _Toc442353800]Figure 19. Fresh-water hydraulic head (m) distribution for the Plover aquifer system, Vulcan Sub-basin (Underschultz et al. 2002).  

Hydraulic head discontinuity is however not restricted to the deep subsurface.  Bense and Van Balen (2004) examined shallow groundwater systems in the lower Rhine Graben of the Roer Valley Graben and they noticed hydraulic head discontinuities controlled by fault distributions (Figure 23).  Here the faults appear to be acting mainly as barriers where hydraulic head discontinuities occur across fault traces and flow is parallel to the fault trace.

[image: ]
[bookmark: _Ref432605029][bookmark: _Toc442353801]Figure 20. Hydraulic head distribution map for the Barrow aquifer for the P–M fields. Inset shows alternative interpretation for head distribution in the compartment between Pyrenees-2 and West Muiron-5. Grey shading that define the contours representing fresh water hydraulic head (m).  Heavy black lines represent major fault traces (Bailey et al. 2006).

[image: http://gsabulletin.gsapubs.org/content/118/3-4/430/F1.large.jpg]

[bookmark: _Ref432605040][bookmark: _Toc442353802]Figure 21. A schematic diagram of the main features of a structural relay ramp (Di Bucci et al. 2006).
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[bookmark: _Ref432605046][bookmark: _Toc442353803]Figure 22. Detail of the model showing the groundwater flow patterns (black lines with arrows) around the fault relay. Contour interval is 10m (Bense and Van Balen 2004). 
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[bookmark: _Ref432605053][bookmark: _Toc442353804]Figure 23. Hydraulic head in a shallow aquifer of the Lower Rhine Embayment of the Roer Valley Graben. Contour lines are fresh water hydraulic head (m) and heavy black lines with tick marks are major fault traces.  Well locations are indicated by open circles (Bense and Van Balen, 2004).
Similarly, hydraulic head and salinity distribution in the foothills of the Western Canadian Sedimentary basin mapped by Underschultz et al. (2005) show compartmentalisation and hydraulic head discontinuities across thrust faults that displace Mississippian strata, but vertical hydraulic communication at lateral ramps with faults acting as conduits creating vertical transmissivity between Mississippian and Devonian aquifers. This data is also supported by the location of thermal springs at some lateral ramp locations.  In this case, the fault zone orientation relative to the prevailing stress regime correlates to sealing and dilatant fault segments. Finally, Figure 24 also shows the en-echelon fault architecture in the foothills east of the Rocky Mountain main ranges and the nature of flow systems in this region where hydraulic continuity is achieved around fault tips where strain is shifted to the next sub-parallel fault.  A schematic NW-SE oriented cross-section of the Brazeau thrust sheet across the lateral ramp that terminates its extent (see Figure 24) is displayed in Figure 25. It demonstrates the geometry of the flow systems (head and salinity) in the Mississipian and Devonian Woodbend aquifers in relation to the lateral ramp.
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[bookmark: _Ref432605070][bookmark: _Toc442353805]Figure 24. Hydraulic head (m) distribution for the Mississippian aquifer western Canada (Underschultz et al. 2005). The white line in the SE corner of the map is the location of the cross section depicted in Figure 25 to follow.
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[bookmark: _Ref432605087][bookmark: _Toc442353806]Figure 25. Schematic strike cross section of the Brazeau thrust sheet (Underschultz et al. 2005, based on Begin and Spratt, 2002) the location of which is marked by a white line in the SE corner of Figure 24..

While Underschultz et al. (2005) considers both head and salinity data, Bense et al. (2013) describe temperature anomalies associated with up and down fault flow systems (Figure 26).  The distribution of multiple independent data sets each associated with the flux of formation water can be utilised to decipher flow system geometry in the vicinity of fault systems.

[image: ]
[bookmark: _Ref432605100][bookmark: _Toc442353807]Figure 26. Shallow Fault zone with A) water level scenarios, and B) and C) negative and positive thermal anomalies respectively. (Bense et al. 2013). 
This section described the issue of scale in representing hydraulic head distributions (and other parameters such as formation water chemistry and formation temperature) in faulted strata.  Even though in reality the distribution of these parameters is represented by a continuum, at regional scale this is often not possible to capture and we revert to representing these parameters as a discontinuity across faults.  This is simply because there may be such steep gradients within the thickness of the fault zone that it is not possible to depict at regional scale.  A numerical simulation however needs to accommodate this continuity in some way. Strategies such as nested model grid refinement may provide at least partial solutions.  
[bookmark: _Toc442351515]Groundwater Springs and Faults
Groundwater springs have been a topic of interest to humans for millennia as they mysteriously emanate from rocks or sediments and provide a source of water at ground surface (Fensham et al., 2014).  A major category of research and reporting concerns the occurrence of groundwater springs located along faults that come to surface.  In the Australian context there has been substantial work conducted on classifying and studying springs of the GAB.  (Habermehl, 1982) describes faults as being one of three categories to classify the origin of GAB springs and describes the first artesian bores drilled in New South Wales and South Australia (in the south and southwest part of the GAB) to be located near springs.  By examining the temperature of the spring it is possible to consider the depth from which the formation water comes under various permeability assumptions (Lopez & Smith, 1995). If temperature observations are coupled with geochemistry, the prediction of circulation depth can be even more accurately estimated (Grasby & Hutcheon, 2001). Even further constraints can be gained by examining isotopic data (Keppel et al., 2013). Other researchers considered the state of stress and fault zone geometry and related this to the flux of observed groundwater spring discharge at surface (Gudmundsson, 2000) and further observed that seismically active faults coincide with variable spring discharge rates coincident with slip events. In the Surat Basin the Office of Groundwater Impact Assessment has done extensive work on understanding springs and the risk of impact from coal seam gas development (Queensland-Water-Commission, 2012).  The work on springs provides us with two useful results: 1) there is plenty of evidence that under certain conditions, faults can provide hydraulic conduits to surface capable of significant flux, and 2) the measurement of spring temperature, geochemistry and isotopic signatures can provide valuable calibration data to constrain fault zone hydraulic parameters and rock properties.  Regional groundwater models extended to include solute transport capability that incorporate fault zone hydraulic properties can be calibrated and/or validated against the flux and geochemistry of observed springs.
[bookmark: _Toc442351516]More Detailed Fault Representations
In the examples of flow systems geometries in the vicinity of faults that have been shown thus far, the fault zone itself is generally represented as a plane. Faults in the subsurface are represented as simplistic planar surfaces because there is normally not enough information (wells or seismic) to understand and represent more complexity than that. The reality is that fault systems can be much more complex and it is important to consider if a simplistic realisation misrepresents the hydraulic processes that are actually occurring. This can be grounded in outcrop analogues where faults are exposed and we can observe the range of detailed strain that may occur in various scenarios of deformation. Through this consideration there could be insights to up-scaling considerations that will be important for incorporating fault zone hydraulic characteristics in regional groundwater flow models.

Bense et al. (2013) focuses on characterising faults in shallow aquifer systems. Figure 27 describes the type of information one might have at surface in observations of fracture permeability and how this might relate to faulting at depth. They describe how this might compare to information accessible from bore holes at depth.  This difference in detail of information relates to how faults are often treated in numerical simulations.  Bense et al. (2013) then consider the distribution of fracture permeability more holistically both in the damage zone and how that relates to the clay smear in the fault core (Figure 28). This distribution can be related to the amount of throw on the fault at the location of interest.  Bense et al. (2013) also correlate the representative permeability profile across the damage and fault core zones of a fault.  With this distribution one then considers that a fault could have a core that prevents across fault hydraulic communication however the higher permeability of the adjacent damage zone may enhance flux laterally and vertically parallel to the fault plane core potentially providing vertical hydraulic communication.  Figure 28 does not, however, consider the implications of these observations in regard to the fault continuing up through a top seal that has different rheology.  It only considers the parameterisation of this complicated fault zone geometry within aquifer (reservoir) rock. Bense et al. (2013) extend this characterisation to a multi-layered system of inter bedded aquifer and aquitard lithologies (Figure 29).

Depending on depth of the fault zone and rheology of the rock framework, Bense et al. (2013) demonstrate how the distribution of the fault core and the damage zone can be expected to be developed. They also indicate the relative permeability ellipse that can be associated with each of the zones.  In addition, one might expect that the situation described by Bense et al. (2013) will also be dependent on the throw of the fault. It raises the question of how this complicated distribution of fault zone permeability could be up-scaled and represented in a meaningful way in regional groundwater flow models.  In the case of CSG reservoir development and impacts on adjacent aquifer systems, just considering the permeability distribution of these complex systems may not be sufficient.  The relative permeability and the associated capillary forces may also need to be considered in the case of gas transport.

Seebeck et al (2014) have made further advances in considering the details of fault zone architecture and how this relates to hydraulic properties.  They examined faults in New Zealand that had been instrumented to estimate fluxes of water in different locations of the fault.  Figure 30 shows a sample of a complicated fault zone architecture and the distribution formation water flux where “fault and fracture networks capable of sustaining low to moderate (<5 x103 m3/s) and high (>5 x103 m3/s) flow rates shown by light and dark blue shading, respectively. The location, rate, and direction of flow (red filled circles and arrows) in this study is considered a function of the proximity to primary slip surfaces (zones) and the connectivity of a fault and fractures to other hydraulically conductive elements within the groundwater system. The connectivity of the network is largely controlled by the longest faults”.
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[bookmark: _Ref432605111][bookmark: _Toc442353808]Figure 27. Complex fault zone hydrogeology for a shallow aquifer horizon where A) shows surface focused investigations and B) shows subsurface focused investigations (Bense et al. 2013). 
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[bookmark: _Ref432605119][bookmark: _Toc442353809]Figure 28. Complex fault zone hydrogeology for an aquifer horizon where A) is a block model, B) is a detailed scan through one fault core, C) is a detailed scan line through three fault cores, D) is the fracture density and permeability distribution on scan line B, E) is the fracture density and permeability distribution on scan line C, and F) categorisation matrix of damage zone width vs. permeability of fault core into flow characteristics (Bense et al. 2013). 
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[bookmark: _Ref432605142][bookmark: _Toc442353810]Figure 29. Complex fault zone hydrogeology for an interbedded sequence of aquifers and aquitards where A) unlithified siliciclastic rheology, B is lithified siliciclastic rheology, C is crystalline rock rheology, and D) is carbonate rock rheology (Bense et al. 2013). 
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[bookmark: _Ref432605157][bookmark: _Toc442353811]Figure 30. Fluid flow in fault zones from an active rift. Geometry of the detailed fault zone architecture related to the flux distribution of formation water where low to moderate (<5 x103 m3/s) and high (>5 x103 m3/s) flow rates shown by light and dark blue shading, respectively. The red dots show location and direction and relative rate of flow (Seebeck et al. 2014).
The three dimensional model of Seebeck et al. (2014) can be analysed in cross section through the fault as a series of high and low permeability zones that have associated fluxes and fracture densities. Figure 31 shows a schematic distribution of hydrogeological properties for a complicated fault zone architecture (after Faulkner et al., 2010) where: “(a) is a single high strain slip zone surrounded by a lower strain damage zone (e.g. Chester and Logan, 1986); (b) is an anastomosing pattern of multiple high strain slip zones bounding variably strained protolith (e.g. Wallace and Morris, 1986). The bulk physical properties of these two end-members is dependent on the scale of observation. A critical fracture density (Cf) is required before macro-scale permeability occurs. Fault zone architecture is comprised of four main elements; 1) Fault rock (gouge, breccia, cataclasite), 2) Fault bound lenses of variably strained wall rock, 3) Fractured wall rock and 4) Protolith. Filled blue circles indicate locations of water flow”. 

The complex distribution of permeability and flux associated with fault zone architecture and supported by field data described by Seebeck et al. (2013) is mainly related to basement rheologies, however it compliments similar concepts described by Bense et al. (2013) and highlights the challenges of characterising fault zone hydraulic properties in regional groundwater flow models.  In many cases detailed nested models may be required to understand key hydraulic processes that can then be used to upscale certain properties to regional scale groundwater flow models. Traditional approaches of examining hydrocarbon systems that have either been sealed or not by fault zones provide an interesting estimate of bulk fault zone hydraulic properties.  The differences between these two scales may be related to the nature of the damage zone as a fault crosses top seal lithology that has more ductile rock physics properties.  In other words, the required detail to which fault zone hydraulic properties should be scaled up may be host rock specific. 
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[bookmark: _Ref432605167][bookmark: _Toc442353812]Figure 31. Fluid flow in fault zones from an active rift. Geometry of the detailed fault zone architecture related to the fracture density, permeability and flux distribution of formation water (Seebeck et al. 2014).
[bookmark: _Toc442351517]Discussion and Summary of Fault Assessment, Sealing Capacity and Reactivation Potential

It should be noted that our understanding of how faults initiate and develop is to a large extent based on literature where faults in basement have been studied.  Some researchers have tried to apply this to faults in siliciclastic strata but there is no clear agreement if this is appropriate or not (e.g. Figure 32).  It is clear that the detailed fault zone architecture is influenced by the rheology of the host rock and by pre-existing planes of weakness.  There is also a depth relationship with rheology that is associated with temperature and pressure. This extends from the shallow unconsolidated to the intermediate brittle and finally the deep ductile domains.  For example, this can influence the extent to which a fault damage zone might extend outwards from the fault plane core. The tectonic and burial history are also important as the current depth of faults may not be representative of the depth at which the fault was initially formed.  In a sedimentary pile with observable faults one might be able to discern the degree and extent of a damage zone by examining wellbore image logs and characterising fracture density as a function of proximity to the identified fault zone.  
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[bookmark: _Ref432605211][bookmark: _Toc442353813]Figure 32.  Typical architectural and structural elements of fault zones (Loveless et al. 2011). a) Fault zone in crystalline rocks (e.g. Caine et al., 1996) with a fault core (FC) and damage zone (DZ). b) Fault zone in poorly lithified sediment (e.g. Heynekamp et al., 1999; Rawling and Goodwin, 2003; Rawling and Goodwin, 2006), the mixed zone (MZ) is a third architectural element. 

Once a fault has been initiated within a rock matrix, it is clear that further strain is often preferentially localised on certain parts of the existing structures resulting in a wide range of transient strain accumulation across a population of faults and fractures.  Often there are patterns to the spatial distribution of observed fault zone size distribution and this may allow for the prediction of other faults and fractures yet to be identified.  In the historic literature there is often a tendency for a particular type of strain mode to be “popular” at the time and this can influence the style of faulting interpreted from seismic and outcrop data.  For example a, strike-slip component to fault displacement for very long coalesced fault planes was a commonly favoured interpretation for certain periods while recently the interpretation of relay ramps is often invoked.

From this literature review and assessment of commonly used fault analysis methodology, we collected several case study examples of fault systems and their hydraulic behaviour and make the following general observations:

· Faults can exhibit the full range of hydraulic characteristics between providing a hydraulic barrier sufficient to trap hydrocarbons for millions of years to being a conduit with transmissivities capable of transmitting groundwater from depth to surface thermal springs;
· Faults can exhibit different hydraulic properties at different locations on the fault plane;
· The hydraulic behaviour exhibited by faults is related to a combination of: 1) the geometry or architecture of the fault complex, 2) the rheology of the host rocks that the fault plane crosses, and 3) the distribution and orientation of in situ stress;
· Faults occur in predictable populations representing a power law distribution of fault size (or throw).  The observed strain together with the predicted fault size distribution can be used to estimate the unobserved (sub-seismic) strain;
· In scenarios of coal seam gas development where the formation pressure is reduced regionally over time by groundwater abstraction associated with gas production, there is an associated change in the effective stress and thus potential for a change in the sealing properties of faults.  Coupled geomechanical and hydrodynamic processes are required to characterise these transient processes;
· Fault hydraulic properties can depend on the environmental conditions (pressure, temperature, depth and stress) both at the time the fault formed and the present day; and
· Observations of springs occurring along faults including spring discharge flux, temperature and geochemistry can be used to calibrate and validate the hydraulic characteristics estimated for fault zones.
[bookmark: _Toc442351518]Implications for up-scaling to Regional Groundwater Models
Concerns of aquifer pressure depletion, fugitive methane migration and degradation of aquifer water quality due to CSG development effects propagating up faults can be investigated through the use of regional groundwater models, if they are appropriately parameterised.  A key aspect of this investigative approach is to develop and parameterise regional groundwater models that accurately represent the properties of the rock framework and its contained fluids.  In this review we consider methodologies for estimating the properties of faults and how these can be represented in regional groundwater models. There are a number of key parameters and processes that need to be assessed at a detailed scale and then up-scaled for parameterisation of regional models.  For the incorporation of fault properties these include:
· Details of the host rock facies distributions and lithologies;
· Details of the fault throw distributions;
· Details of the in situ stress distribution;
· Details of the fault zone damage zone distribution and fault core distribution;
· Details of the mechanical strength of the fault plane and damage zone;
· Details of the host rock rheology, depth, temperature and how these relate to the tectonic and burial history (this is important for both the aquifer and aquitard layers transected by the fault);
· Details of the fluid pressure distribution in both the aquifers and aquitards on either side of the fault;
· Details of the various fluid types, densities, surface tensions and wettabilities;
· Details of other supporting fluid data such as formation water chemistry and formation temperature;
· Details of the transient nature of predicted reservoir and adjacent aquifer pressure depletion that could impact the effective stress; and
· Well characterised analogues from outcrop or sub-surface features that can be used to interpolate key characteristics not well enough constrained by data at the site location of interest.
This review provides the framework that can be used to guide research (the next stage of work after this review) into appropriate methodologies and procedures of fault zone hydraulic characterization applied to regional groundwater models.
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as the rock wedge containing e (B) Reverse fault (B) Rotational (hinge) fault
g Cluster 2 93 1530 480 8.6 367.0 | 1.0] 2.0 1.0 | 506.0 | 160.0 1.0 | 0.9 0.10 | 0.005 3.16 0.01 : . e
N the maximum stress axis moves R
. Cluster 3 48 3060 | 1725 82 |636.0 20| 99 | 1.0 |395.0| 696.0 | 1.0 [0.9] 040 | 0.022 | 0.57 0.00 inward. The angle between the S
Cluster 4 127 1060 10 7.4 146.0 | 3.0| 38.0 | 17.3|302.5 | 126.0 | 30.1 | 0.1 | 0.83 | 0.028 2.40 0.24 maximum stress axis and the <
i Cluster 5 51 2900 10 8.2 634.0 | 2.7| 20.0 | 4.0 | 315.0 | 710.0 | 191.0] 0.2 | 0.61 | 0.033 0.44 0.27 shear plane is called the angle
- Cluster 6 42 6365 97 7.5 1180.0|9.1| 1245|679 | 311.9 | 2125.0| 77.4 | 0.2 | 1.90 | 0.054 0.15 0.04 of internal friction, and studies
. Cluster 7 23 205 10 69 | 31.0 [1.8] 15 [ 04| 880 | 100 | 1.0 [0.2] 120 | 0.019 | 8.80 0.10 show that this angle is about 30°
N *= parameter included in hierarchical cluster analysis for most rocks. (C) Strike-slip fault (F) Scissor (Pivot) fault
2= parameter not included in hierarchical cluster analysis Anderson’s  stress  model %2
"~ is strictly applicable if we L
- assume that the deforming o
@ Table 2 - Cluster membership of major hydrostratigraphic units rock is isotropic (homogeneous : o, ~
5
e throughout fault surface) and g
that structural deformation is s £
coaxial (the stress axes do not %
rotate). In reality, rock types placementKEIP  b are translational (ip-sip) faults;E- are rotatonal faults g
exhibit  different mechanical <

strengths and inherit pre-  Sketches showing principal stress axes and slip classifications of various faults. Note that in theory all faults
existing fractures, and in the have a rotational component because displacement even in a dip-slip fault varies along the fault length.
However, in a rotational fault the variation is too great between two nearby points along the fault strike.
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