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Abstract 

This thesis analyses the present-day crustal stress field (from 0 to 40 km depth) in a wide variety of 
tectonic settings and spatial scales, using data compiled in Australia (an intraplate tectonic setting), 
New Zealand (a convergent boundary with transform faults) and Iceland (a spreading centre overlying 
a hot-spot). The contemporary stress patterns of 20 sedimentary basins were interpreted by the author 
using analysis of wellbore image and four-arm caliper logs in 750 wells, resulting in approximately 
1000 new quality-ranked stress indicators from wells. This extensive dataset of borehole breakout and 
drilling-induced fracture data was combined with over 300 additional wellbore stress indicators 
compiled from published or in-press sources. In addition, other sources of stress information, such as 
recent earthquake data, were compiled from various seismological catalogues and quality ranked 
according to the World Stress Map project (WSM) guidelines. The majority of the data analysed in 
this thesis are from regions where there were no, or sparse, in-situ stress information in the WSM 
database. 

The first part of the thesis presents extensive wellbore data analysis of the contemporary maximum 
horizontal stress orientation (SHmax) in the Australian continent, which is entirely located in the Indo-
Australian Plate. Previous studies on the stress field of Australia revealed that the complex stress 
pattern of the continent is controlled, at a first-order, by large-scale forces exerted at the plate 
boundaries. However, prior analysis of the contemporary Australian stress pattern has been unable to 
model or explain the stress pattern observed in most of eastern Australia, and has not extensively 
addressed the numerous smaller scale variations in stress orientation that are frequently observed in 
most basins. The recent development of unconventional reservoirs in Australia has resulted in a 
greatly increased amount of new data for stress analysis in previously unstudied or poorly-constrained 
areas in eastern Australia. In addition, stress analysis in conventional hydrocarbon, mineral and 
geothermal exploration wells in all other parts of the continent provided the opportunity to review and 
update the Australian Stress Map (ASM), and collect the first reliable and robust stress datasets from 
areas outside of sedimentary basins. The first part of this thesis presents an extensive analysis of 
borehole image and oriented-caliper logs in various parts of New South Wales (Gunnedah, Clarence-
Moreton, Darling, Gloucester, Bowen-Surat and Sydney basins), Queensland (Bowen, Surat, Cooper-
Eromanga and Galilee basins), South Australia (Officer, Cooper and Eromanga basins and 
mineral/geothermal wells), Western Australia (Browse Basin), Northern Territory (McArthur and 
Pedirka basins), Victoria and Tasmania (Gippsland, Otway, Bass and Sorell basins). In addition, all 
other published data for the stress analysis in the Australian continent was compiled to provide the 
most comprehensive stress map of Australia ever produced. This represents the first update of the 
ASM in 13 years, and raises the amount of stress data in the continent from 594 to 2140 data records, 
as well as an increase in the number of defined stress provinces to 30 (from 16 provinces in 2003). 
Analysis of stress provinces throughout the Australian continent reveals four major trends for the 
orientation of SHmax, including NE-SW in northern, northeastern Australia as well as Bonaparte and 
Canning Basins in northwestern Australia, E-W in most part of Western Australia and South Australia, 
ENE-WSW in most parts of eastern Australia and NW-SE in southeastern Australia. In addition, high-
density datasets in several sedimentary basins of eastern Australia reveal substantial stress 
perturbations at smaller scales (from tens of kilometres to the meter scale) owing to various geological 
structures, including basement structures, faults, fractures and lithological contrasts.  

Along with the Australian stress analysis conducted in this study, a 3D geomechanical-numerical 
model is constructed to predict the regional stress pattern of the continent. The model has several 
inputs, including various strength layers and rock mechanical data of different lithologies; and is 
subdivided into mantle, basement and sediment. The presented large-scale 3D model in this thesis fits 
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the first-order stress state of the Australian continent much better than previous published models. 
Hence, this predictive model can provide appropriate displacements or stress boundary conditions for 
high-resolution basin and reservoir-scale 3D geomechanical models. 

The second part of this thesis presents the first comprehensive stress map of New Zealand with 652 in-
situ stress data records, including 183 wellbore data records from the Taranaki, East Coast and 
Canterbury basins. The complex interaction of the Pacific and Australian plates at New Zealand 
provides a unique location to study the present-day stress field in a tectonically active area. Nine stress 
provinces are defined across New Zealand, which highlight the dominant role of Pacific Plate 
subduction beneath the Indo-Australian Plate, along the Hikurangi Margin, in the stress pattern of 
North Island’s New Zealand. The analysis of stress provinces in the North Island revealed two 
regional SHmax orientations, including an E-W trend around the eastern coast (~040°S) that is 
perpendicular to the subduction trench, and a prevailing NE-SW SHmax orientation in the intra-arc and 
back-arc regions that is parallel to the trench. The SHmax orientation in much of the South Island is 
ESE-WNW, which is sub-parallel to the absolute motion of the Pacific Plate in this region. The stress 
analyses across New Zealand revealed significant inconsistencies between the SHmax orientations and 
major active strike-slip faults (such as Alpine and Marlborough fault systems), which further supports 
the prevalent hypotheses that these large active tectonic features are weak.  

The third part of this thesis examines the stress pattern of Iceland which has a unique geological and 
tectonic setting. It is located above a hotspot and on an exposed portion of the Mid-Atlantic Ridge, at 
the boundary of the North American and Eurasian plates. The contemporary stress pattern of Iceland 
has not been comprehensively investigated prior to this study. This thesis presents the contribution of 
the author in the first extensive compilation of in-situ stress data across Iceland. In particular, the 
author analysed acoustic wellbore image logs in 57 geothermal wells. The wellbore results were 
combined with other stress indicators, including overcoring measurements, geological information and 
earthquake focal mechanism solutions resulting in a dataset with 495 SHmax orientation data records. 
Analysis of stress data in Iceland revealed four regional SHmax orientations across the island. The SHmax 
is parallel to the rift axes around the active spreading centres while it is parallel to absolute plate 
motion in regions that are located far away from the ridge such as Westfjords. The orientation of SHmax 
in the northern part is NNW-SSE that changes to N-S in central part and to NE-SW in the southern 
Iceland. 

The final part of this thesis presents the contribution the author has made to the forthcoming (2016) 
release of the WSM project, which is a collaborative effort that has involved dozens of researchers 
from across the world. This year marks the 30th anniversary of the WSM project, with significant 
improvements in the data qualities and quantities. The new release of the WSM project contains 42870 
data that is an increase of > 20,000 data records from the prior 2008 WSM release. The contribution of 
the author in the WSM includes the latest in-situ stress data compilations in Australia, New Zealand, 
Iceland and the Middle East, and represents the largest increases in borehole data stress data by any 
single contributor to the WSM. The resulting data increase shows stress orientation variability in 
several areas at regional and local-scale, which again questions one of the original findings of the 
WSM project, namely that the crustal present-day stress pattern is primarily controlled by plate 
boundary forces. This original hypothesis is again re-visited herein, and I show that, whilst these 
earlier ideas are still valid in principle, there are many areas in which present-day stress significantly 
deviates from plate motion, or the stress expected to arise purely from plate boundary forces and major 
sources of intra-plate stress. These deviations seem to be either due to different plate boundary forces 
acting in different directions, mantle drag forces, major structural heterogeneities or additional internal 
body forces. 
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1. Contextual Statement 
 

1.1. Subject of the Thesis 

The crustal present-day stress is defined as the contemporary state of tectonic stresses within the 

subsurface, and is commonly described by four components, namely the magnitudes of overburden 

stress (Sv), minimum and maximum horizontal stresses (Shmin and SHmax, respectively); and the 

orientation of SHmax (Engelder, 1993; Zoback, 2010). The study of crustal stress primarily examines 

the causes (sources) and consequences (application) of in-situ stress in the earth’s crust. The stress at 

any given point has several sources, including ‘long-term, ongoing and wide-scale’ and ‘short-term 

and local-scale’ sources (Cornet, 2015; Gaucher et al., 2015; Heidbach et al., 2007; Zoback, 1992).  

In order to better understand the crustal stress state, the analyses of both local- and wide-scale 

sources are required. Because there is a direct relationship between the stress sources and the 

application of the present-day stresses in various aspects of human’s life.  

The study of stress at large-scales, so called first-order, (> 500 km) provides information on 

geodynamic process, neotectonic deformation and seismic hazard assessments (Heidbach et al., 

2010; Zoback, 1992). The analyses of stress at smaller-scales have numerous applications in 

reservoir geomechanics, civil engineering and mining industry (Bell, 1996; Jaeger and Cook, 1979; 

Zang and Stephansson, 2010; Zoback, 2010). To date, numerous studies have investigated the stress 

analysis from different perspectives. However, the stress, in geosciences, is still enigmatic because it 

is a scale-dependant parameter. It means, stress variations can be studied at both the ‘spatial-scale’ 

and ‘temporal-scale’. This thesis aims to investigate the crustal stress pattern with a particular 

emphasis on the SHmax orientation at various spatial-scales, ranging from continental scales down to 

basin, field and wellbore scales, to better evaluate the role of various stress sources and their 

applications in the earth’s crust. The bulk of the data analysed in this thesis are from petroleum, 

geothermal and mineral wells, particularly in regions where there were no, or sparse, in-situ stress 

information in the World Stress Map database. 

Significance of the project: Crustal stresses are of extreme importance for understanding both 

natural processes (e.g. understanding neotectonics, earthquake and seismic hazard assessment) and 

anthropogenic activities (e.g. petroleum exploration and production, geothermal energy extraction, 

CO2 sequestration, mine stability) and, thus, the fundamental significance of this project lies in 

improving our knowledge on the nature and origin of stress in the earth’s crust. Whilst the global 

present-day stress pattern has been a topic of broad interest for over three decades, the stress field of 

some regions remain enigmatic (such as Australia) and/or poorly understood (such as New Zealand 

and Iceland). The main part of this thesis aims to investigate the stress pattern of Australia and the 

Indo-Australian Plate, which is unique amongst all major tectonic plates, as it is the only major plate 

1



in which present-day SHmax orientation is not broadly aligned to absolute plate motion. Therefore, the 

first part of this thesis presents the first major update of the Australian Stress Map since 2003. The 

new Australian Stress Map presented herein contains approximately double the information of the 

2003 version, both in terms of stress indicators as well as with regards to stress provinces 

investigated, and reveals that the stress pattern in Australia is far more complex than previously 

considered. The second part of the thesis examines New Zealand, which is located at the eastern 

boundary of the Indo-Australian and Pacific Plates, and provides the most comprehensive stress map 

of New Zealand produced to date. The stress data in New Zealand reveals the varying roles of plate 

boundary forces in the state of crustal stress in this micro-continent. The subduction of the Pacific 

Plate beneath the Indo-Australian Pate along the Hikurangi margin provides the major control on the 

stress pattern of this region in which the stress pattern in the fore-arc is almost trench-perpendicular 

while in the intra-arc and back-arc region is trench-parallel. The stress analyse in South Island show 

a consistent ESE-WNW pattern of maximum horizontal stress that is aligned to the absolute Pacific 

Plate motion in this region. The third part of this thesis highlights the contribution made by the 

author in developing greater understanding of the stress pattern in Iceland, as part of the Iceland 

Stress Map Project, which compiled the first ever detailed stress map at this unique tectonic setting 

(i.e. active onshore spreading centre with a hotspot). This project is particularly significant because 

it investigates the state of stress in three different tectonic settings, with a wide range of data at 

various spatial scales from wellbore to tectonic plate. Indeed, the author’s contribution in the 

interpretation and compilation of stress data, presented in this thesis has formed a significant part of 

the third major release of the World Stress Map Project to be released in late 2016. More detailed 

innovations of this project are summarised below.  

• The first ever examination of contemporary stress pattern in several Australian basins, 

including Gunnedah, Clarence-Moreton, Officer, Darling, Bowen, Surat, Galilee, Sydney 

and Gloucester basins. 

• The first ever wellbore investigation of SHmax orientation in mineral wells of South Australia 

and Victoria in regions mainly consisting of basement rocks. 

• The first major update of the Australian Stress Map for 13 years, with 2140 data records in 

30 stress provinces (compared to 549 data records in 16 provinces previously available). 

• An update to the stress-orders classification, in which ‘fourth-order’ stress sources are 

suggested as controls on the stress pattern in small-scales (< 1km). These small-scale stress 

sources, such as fractures, faults, lithological contrasts, have significant implications in 

exploration and production of geothermal and unconventional hydrocarbon reservoirs. 

• The first detailed 3D geomechanical-numerical model for the Australian continent that 

contains both stress regime and orientation.  

2



• The first comprehensive stress map of New Zealand with 652 present-day stress data 

records including 183 data records from petroleum wells. 

• The first detailed analysis of the SHmax orientation in Iceland inferred from borehole image 

logs in geothermal wells, where routine petroleum tools cannot be run due to high 

temperature conditions.  

 

1.2. Structure of the Thesis 

This thesis contains nine stress-related journal publications or manuscripts (Table 1; six published/in 

press, two in review; one in preparation), as well as the 2016 release of the World Stress Map 

project that has already been presented at three conferences (Table 2). The main emphasis of this 

thesis is on the stress pattern of Australia, which is presented in six papers or manuscripts (Tables 1) 

and seven conference papers (Table 2). In addition, this thesis presents the first comprehensive 

stress map of New Zealand in two papers including the Taranaki Basin (published) and whole New 

Zealand (in preparation). Finally, the contribution of the author towards stress data analysis in 

Iceland is presented, and which has resulted in the first comprehensive compilation of stress data in 

Iceland.  

A brief overview on each paper is presented below. In particular, I describe below how these papers 

are related to this thesis topic, and have resulted in the new release of the Australian Stress Map 

project. I then explain my contribution in the new release of the World Stress Map project, which 

marks the 30th anniversary of this significant scientific endeavour. The last part of the thesis 

highlights the author’s contribution in the study of magmatic intrusions and their roles in the coal 

seam gas reservoir characteristics (Papers J-10 and C-16 in Tables 1 and 2 respectively).  
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Table 1: continued… 

No. Detail Status 

J-1 

Rajabi, M., Tingay, M., King, R., Heidbach, O., 2016. Present-day stress orientation 

in the Clarence-Moreton Basin of New South Wales, Australia: a new high density 

dataset reveals local stress rotations. Basin Research. DOI: 10.1111/bre.12175 

Published 

online 

J-2 

Rajabi, M., Tingay, M., Heidbach, O., 2016. The present-day stress field of New 

South Wales, Australia. Australian Journal of Earth Sciences 63, 1-21. DOI: 

10.1080/08120099.2016.1135821 

Published 

J-3 

Rajabi, M., Tingay, M., Heidbach, O., 2016. The present-day state of stress in the 

Darling Basin, Australia: Implications for exploration and production. Journal of 

Marine and Petroleum Geology 77, 776-790. DOI: 10.1016/j.marpetgeo.2016.07.021 

Published 

J-4 

Rajabi, M., Tingay, M., Belton, D., Balfour, N., Bendall, B., 2016. New constraints 

on the neotectonic stress pattern of the Flinders and Mount Lofty Ranges, South 

Australia. Exploration Geophysics. DOI: 10.1071/EG16076. 

Published 

online 

J-5 
Rajabi, M., Tingay, M., Heidbach, O., Hillis, R., Reynolds, S., in-review. The 

present-day stress field of Australia, Under-review in Earth-Science Reviews. 
in review 

J-6 

Rajabi, M., Heidbach, O., Tingay, M., Reiter, K., Prediction of the present-day stress 

field in the Australian continental crust using 3D geomechanical-numerical models. 

Under-review in the Australian Journal of Earth Sciences. 

in review 

J-7 

Rajabi, M., Ziegler, M., Tingay, M., Heidbach, O., Reynolds, S., 2016. 

Contemporary tectonic stress pattern of the Taranaki Basin, New Zealand. Journal of 

Geophysical Research: Solid Earth 121, 6053-6070. DOI: 10.1002/2016JB013178 

Published 

J-8 
Rajabi, M., Tingay, M., Heidbach, O., Ziegler, M., in-prep. Present-day crustal 

stress pattern of New Zealand. In-preparation. 
in preparation 

J-9 

Ziegler, M., Rajabi, M., Heidbach, O., Hersir, G.P., Ágústsson, K., Árnadóttir, S., 

Zang, A., 2016. The stress pattern of Iceland. Tectonophysics 674, 101-113. DOI: 

10.1016/j.tecto.2016.02.008 

Published 

J-10 

Salmachi, A., Rajabi, M., Reynolds, P., Yarmohammadtooski, Z., Wainman, C., 

2016. The Effect of Magmatic Intrusions on Coalbed Methane Reservoir 

Characteristics: A Case Study from the Hoskissons Coalbed, Gunnedah Basin, 

Australia. International Journal of Coal Geology 165, 278-289. 

DOI:10.1016/j.coal.2016.08.025 

Published 

 

 

 

Table 1: An overview on the journal papers presented in this thesis. 
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Table 2: continued… 

No. Detail Type 

C-1 
Rajabi, M., Tingay, M., King, R., Cooke, D., 2015. The present-day stress field of 
Australia: New release of the Australian Stress Map. ASEG Extended Abstracts 
2015, 3 pages. DOI: http://dx.doi.org/10.1071/ASEG2015ab303 

Peer-reviewed 
(extended 
abstract) 

C-2 

Rajabi, M., Tingay, M., Heidbach, O., King, R., 2015. The role of faults and 
fractures in local and regional perturbation of present-day horizontal stresses - an 
example from the Clarence-Moreton Basin, eastern Australia, 77th EAGE 
Conference & Exhibition 2015. EAGE, IFEMA Madrid, Spain, 5 pages. DOI: 
10.3997/2214-4609.201413346 

Peer-reviewed 
(extended 
abstract) 

C-3 
Rajabi, M., Tingay, M., 2016. Pattern and origin of the present-day tectonic stress in 
the Australian sedimentary basins. ASEG-PESA 2016, ASEG extended abstracts. 

Peer-reviewed 
(extended 
abstract) 

C-4 
Rajabi, M., Tingay, M., Heidbach, O., King, R., 2015. The Pattern of In Situ Stress 
in Onshore Basins of New South Wales, AAPG International Conference & 
Exhibition. AAPG Datapages, Melbourne, Australia. DOI: 10.1190/ice2015-2210249 

Abstract 

C-5 

Rajabi, M., Tingay, M., Heidbach, O., King, R., Cooke, D., 2015. The New Release 
of the Australian Stress Map: Controls on the Stress Pattern From the Plate to Field 
Scale, AAPG International Conference & Exhibition. AAPG, Melbourne, Australia.: 
DOI: 10.1190/ice2015-2210754 

Abstract 

C-6 
Rajabi, M., Tingay, M., Heidbach, O., King, R., 2015. The contemporary state of 
stress in Australia from regional to local scale, Presented in: the Geology of 
Geomechanics. The Geological Society of London, London. 

Abstract 

C-7 

Rajabi, M., Tingay, M., Heidbach, O., 2016. The present-day tectonic stress pattern 
of Australia: the new release of the Australian stress map project, Neotectonics on the 
Australian Plate. Presented in invited symposium: New Science for Energy, Mineral 
and Groundwater Systems, and Hazard Assessment. Geoscience Australia, Canberra. 

Abstract 

C-8 

Rajabi, M., Tingay, M., 2013. Applications of intelligent systems in petroleum 
geomechanics - prediction of geomechanical properties in different types of 
sedimentary rocks, International Workshop on Geomechanics and Energy – The 
Ground as Energy Source and Storage. EAGE, Lausanne, Switzerland. 5 pages. DOI: 
10.3997/2214-4609.20131949 

Peer-reviewed 
(extended 
abstract) 

C-9 

Ziegler, M., Heidbach, O., Rajabi, M., Páll Hersir, G., Ágústsson, K., Árnadóttir, S., 
Zang, A., 2015. The stress pattern of Iceland, in: Manzella, A., Nardini, I. (Eds.), 
IMAGE (Integrated Methods for Advanced Geothermal Exploration) Mid-Term 
Conference, Advanced Exploration Concepts for Geothermal Systems CNR, Pisa, 
Italy. 

Abstract 

C-10 
Ziegler, M., Rajabi, M., Heidbach, O., Hersir, G.P., Ágústsson, K., Árnadóttir, S., 
Zang, A., 2016. The Stress Pattern of Iceland, European Geosciences Union (EGU) 
General Assembly 2016. EGU, Vienna, Austria. 

Abstract 

C-11 

Rajabi, M., Tingay, M., Heidbach, O., 2014. The Present-day stress pattern in the 
Middle East and Northern Africa and their importance: The World Stress Map 
database contains the lowest wellbore information in these petroliferous areas, 
International Petroleum Technology Conference. International Petroleum Technology 
Conference, Doha, Qatar. DOI: http://dx.doi.org/10.2523/IPTC-17663-MS 

Peer-reviewed 
(full paper) 

C-12 

Heidbach, O., Rajabi, M., Ziegler, M., Reiter, K., WSM-Team, 2015. The World 
Stress Map Project – an ILP Success Story in: Rudloff, A., Scheck-Wenderoth, M. 
(Eds.), 35 Years of ILP "Celebrating excellence in solid earth sciences", ILP’s Third 
Potsdam Conference (Potsdam 2015). GFZ German Research Centre for 
Geosciences, Potsdam, Germany. DOI: http://doi.org/10.2312/GFZ.ILP.2015 

Abstract 

 Table 2: An overview on the international conference papers presented in this thesis. 
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No. Detail Type 

C-13 

Heidbach, O., Rajabi, M., Ziegler, M., Reiter, K., Team, t.W., 2016. The World 
Stress Map Database Release 2016 - Global Crustal Stress Pattern vs. Absolute Plate 
Motion (EGU2016-4861), European Geosciences Union (EGU) General Assembly 
2016. EGU, Vienna, Austria. 

Abstract 

C-14 

Heidbach, O., Custodio, S., Kingdon, A., Mariucci, M.T., Montone, P., Müller, B., 
Simona, P., Rajabi, M., Reinecker, J., Reiter, K., Tingay, M., Williams, J., Ziegler, 
M., 2016. New crustal stress map of the Mediterranean and Central Europe 
(EGU2016-4851), European Geosciences Union (EGU) General Assembly 2016. 
EGU, Vienna, Austria. 

Abstract 

C-15 

Heidbach, O., Rajabi, M., Ziegler, M., Reiter, K., WSM-Team, 2016. The World 
Stress Map Database Release 2016 - Global Crustal Stress Pattern vs. Absolute Plate 
Motion Arthur Holmes Meeting 2016 – The Wilson Cycle: Plate Tectonic and 
Structural Inheritance During Continental Deformation. Geological Society of 
London, London, Great Britain, p. Abstract Book Page 129. 

Abstract 

C-16 

Salmachi, A., Wainman, C.C., Rajabi, M., McCabe, P., 2015. Effect of Volcanic 
Intrusions and Mineral Matters on Desorption Characteristics of Coals (Case Study), 
SPE Asia Pacific Unconventional Resources Conference and Exhibition. Society of 
Petroleum Engineers, Brisbane, Australia. DOI: 10.2118/176841-MS 

Peer-reviewed 
(full paper) 

C-17 

Burgin, H., Amrouch, K., Rajabi, M., 2016. 4D fracture distribution as a signature of 
structural evolution in the Otway Basin, Australian Earth Science Convention 
(AESC) - Uncover Earth’s Past to Discover our Future. Geological Society of 
Australia, Adelaide, South Australia, p. 63. 

Abstract 

1.2.1. Journal Papers about the Australian Stress Pattern: New Phase of the Australian Stress Map 

Project 

Papers J-1 and J-2: Stress Pattern of Sedimentary Basins in New South Wales 

These two papers demonstrate detailed analysis of crustal stress in New South Wales with 340 stress 

data records inferred from seven sedimentary basins, including the Clarence-Moreton, Darling 

Gunnedah, Gloucester, Bowen, Surat and Sydney basins. Prior to these studies, there were only 101 

data records available in New South Wales, mostly from shallow engineering measurements in the 

Sydney Basin. Hence, stress information throughout most New South Wales sedimentary basins was 

largely based upon geomechanical-numerical model predictions of the stress pattern, from 20 

available publications, rather than being able to use direct observations and measurements. In these 

two papers, wellbore image logs in 135 coal seam gas and conventional petroleum wells, with a total 

length of 58.6 km, were analysed to interpret the orientation of SHmax. This stress analyses resulted in 

the identification of seven new stress provinces that show a variable stress pattern across New South 

Wales. The Clarence-Moreton, Gloucester, Gunnedah and Sydney basins are characterised by a NE-

SW SHmax orientation, which rotates to E-W in the Darling Basin. The mean SHmax orientation in the 

 Table 2: continued…
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South East Seismogenic Zone is NW-SE, which is in agreement with the regional stress pattern in 

southeastern Australia. These two papers clearly demonstrate significant deviation between 

observational stress data and the predicted results from previously published geomechanical-

numerical models. Further investigations of high resolution image logs, presented in these papers, 

show numerous spectacular small-scale perturbations of wellbore breakouts in the vicinity of 

fractures and faults in this region. 

These papers have two major outcomes for the Australian stress pattern. Firstly, the published-

geomechanical numerical models for the Australian stress pattern need to be re-evaluated in terms of 

their modelling strategy and boundary conditions, as all prior numerical models completely fail to 

replicate the complexity of stresses in this region. Secondly, local geological structures have 

significant impacts on the SHmax orientation at different scales. This perturbation of stress has 

numerous implications in unconventional reservoirs, particularly where hydraulic fracturing is 

crucial for the economic development of these reservoirs. This issue is particularly important for 

New South Wales, which contains vast amounts of coal seam gas reserves. Hence, the results of 

these papers clearly demonstrate that “hydraulic fracture designs based on regional stress 

orientations can significantly affect stimulations”, which in turn has significant implications of 

fracture containment and potential aquifer contamination. Therefore, it is necessary to carry out 

comprehensive analysis of present-day stress, in order to adequately determine the regional and 

local-scale stress perturbations, prior to undertaking fracture stimulation. 

 

Paper J-3: State of Stress in the Darling Basin, Central Western New South Wales 

This paper examines all components of the stress tensor, including the orientation of SHmax and the 

magnitude of vertical (Sv), maximum and minimum horizontal stresses, in the Darling Basin in 

central western New South Wales. Recent explorations in the Late Cambrian/Silurian to Early 

Carboniferous Darling Basin provide sufficient data to undertake a comprehensive geomechanical 

study in this basin. Statistical analysis of stress orientation data, including determining ‘stress 

provinces using the Raleigh test’ and interpolation using a ‘search-radii algorithm’, indicates a 

prevailing E-W SHmax orientation in the region. This inferred SHmax orientation is consistent with 

surface neotectonic thrust faults around the basin. However, there appears to be some inconsistency 

between the stress regime inferred from neotectonic structures and that estimated from petroleum 

data. The analysis of stress magnitude indicates a transition between thrust and strike-slip stress 

regime in the Darling Basin, which is slightly different from geological information that show 

predominant pure reverse faulting stress regime. I also compiled three reliable 3D stress data points, 

inferred from overcoring measurement in the region, and found that the overcoring data further 

supports the interpretation from petroleum data that a present-day strike-slip/thrust stress regime 
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exists. This paper suggests two possible reasons for the inconsistency of stress regime inferred from 

geomechanical and young geological features. Firstly, the stress regime in the region changes with 

depth from thrust at the surface (indicated by geological data) to strike-slip in deeper part of the 

crust (indicated by geomechanical data). Secondly, the neotectonic features likely formed in the 

transition between thrust and strike-slip stress regime rather than pure thrust. The last part of this 

paper explains the implication of the results for petroleum geomechanics applications, such as 

wellbore stability and the risk of fault/fracture reactivation in the Darling Basin. 

 

Paper J-4: Neotectonic Stress Pattern of Mount Lofty and Flinders Ranges – South Australia 

This paper examines the first analysis of the SHmax orientation using petroleum technologies in 

mineral wells of the Flinders and Mount Lofty ranges, South Australia. This region marks one of 

four seismically-active zones of Australia, and is characterised by numerous Neogene-to-Recent 

active reverse faults. Prior to this study, most of our information about the stress pattern of this 

region was based on young geological structures and five single focal mechanism solutions of 

earthquakes, which show variable stress orientations. However, analysis of borehole breakouts and 

drilling-induced fractures in 16 wells in this region demonstrate a prevailing E-W SHmax orientation. 

In this paper, I also determine the SHmax orientation and stress regime from a temporary seismometer 

deployment that further confirms the E-W SHmax orientation from wellbore data. The analysis of 

tectonic stress regime in this region indicates a dominant thrust faulting stress regime, which is 

consistent with neotectonic features. However, this study also highlights the existence of some 

localised zones of strike-slip and normal faulting stress regimes, which has not been suggested 

extensively prior to this study.   

 

Paper J-5: The Present-Day Stress Field of Australia 

This in-review manuscript is the ‘key paper’ of this thesis in that it forms a comprehensive ‘review 

paper’ summarising more than 25 years of research that has been conducted on the Australian stress 

field to date and, more importantly, presents the new release of the Australian Stress Map (ASM). 

Despite the extensive and widespread stress analysis undertaken in the early phases of the ASM 

project (Hillis and Reynolds, 2000, 2003), the stress field for many parts of Australia, and 

particularly eastern Australia, remained poorly resolved, with the dataset primarily comprised of 

shallow engineering test data and predictions based on numerous geomechanical-numerical models. 

The 2016 ASM database has been increased from 549 to 2140 present-day stress data records. This 

large expansion of the ASM database has come from extensive analysis in individual basins, such as 
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papers J-1, J-2, J-3 and J-4 (Table 1), as well as additional data analysis throughout other basins and 

regions. 

The new compilation of the ASM highlights the inability of all prior geomechanical models to 

reliably predict the stress pattern in eastern Australia. In this study, the regional stress field in 

Australia is described and interpolated using various statistical methods including ‘defining stress 

provinces using the Rayleigh test’, ‘stress trajectory’ and ‘search-radii’ methods, These analysis 

reveal four major trends for the orientation of SHmax in the Australian continent, including a NE-SW 

SHmax orientation in northern, northeastern Australia as well as Bonaparte and Canning basins in 

northwestern Australia, E-W SHmax orientation in most part of Western Australia and South 

Australia, ENE-WSW SHmax orientation in most parts of eastern Australia that rotates to NW-SE in 

southeastern Australia. In addition to this regional variability, high density datasets in sedimentary 

basins of eastern Australia revealed substantial stress perturbations at smaller scales due to different 

geological features such as basement structures, fractures, faults and lithological contrasts. In 

addition to SHmax orientation, the analysis of tectonic stress regimes, based on 211 data records, in 

onshore Australia suggests that a thrust faulting stress regime predominately exists in the upper two 

km of the Australian continental crust. Furthermore, the compiled database indicates that the stress 

regime changes in deeper parts of the crust, where a strike-slip stress regime is prevailing. 

 

Paper J-6: Prediction of the Present-Day Stress Field in the Australian continental Crust 

This in-review manuscript presents a 3D geomechanical-numerical model for the Australian 

continent that predicts the SHmax orientation and stress regime for whole the continent. In the 

published literature there are over 20 papers that aimed to investigate the stress pattern of Australia 

using geomechanical-numerical models. However, extensive stress analysis in this thesis revealed 

that there are significant differences between the modelling results and the observed stress data in 

many provinces and regions. Furthermore, almost all the published models only predicted the SHmax 

orientation and did not provide tectonic stress regime information (or produced stress regime 

predictions that also fail to match with observations). Hence, I created a physical-based 3D 

geomechanical-numerical model to predict the stress state in Australia, particularly in areas where 

no stress data is yet available. This model, which contains several inputs, is calibrated against the 

Australian stress provinces (presented in paper J-5). The best-fit model in most areas is in good 

agreement with the observed regional SHmax orientations and the stress regime. Hence, this model is 

suggested as a reference model for Australia, and can be used to provide initial and boundary 

conditions for local and reservoir-scale 3D geomechanical models across Australia. 
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1.2.2. Journal papers about the stress pattern in New Zealand 

Paper J-7: Stress Map of the Taranaki Basin, New Zealand 

This paper examines the first comprehensive analysis of wellbore data for the analysis of the SHmax 

orientation in New Zealand. In this study, 129 caliper and image logs in the Taranaki Basin were 

analysed in order to determine the regional pattern of in-situ stress across this basin. The Taranaki 

Basin marks the western boundary of neotectonic deformation due to the Pacific Plate subduction 

beneath the Indo-Australian Plate along the Hikurangi margin. Analysis of wellbore stress data, 

along with 47 stress data records inferred from earthquake data, suggest a mean SHmax orientation of 

N068°E (±22°) that is consistent with extensive geological data across the basin. In this study, the 

SHmax orientation derived from wellbore and earthquake data were compared and revealed that these 

two different methods of stress measurements provide similar results in the vicinity of plate 

boundaries, which is an issue that had been previously highlighted in World Stress Map data 

collection (Heidbach et al., 2010). Furthermore, the ENE-WSW SHmax orientation in the Taranaki 

Basin is sub-parallel to the subducted slab and, hence, it is suggested that the subduction process, 

and associated forces, control the regional pattern of stress in this region. In addition, two 

hypotheses are proposed to try to explain the ~20° deviation between the determined regional SHmax 

orientation and the trend of the subducting slab, namely the clockwise rotation of overriding plate 

and the gravitational instability due to variable lithospheric thickness in this region. 

 

Paper J-8: Stress Map of New Zealand 

The stress analysis in this ‘in preparation’ manuscript resulted in the first comprehensive stress map 

of New Zealand, containing 652 data records including 183 wellbore data, 466 earthquake data and 

three stress data inferred from geological indicators (increased from only 67 data records in the 2008 

release of the WSM project). Nine stress provinces are defined across New Zealand, which highlight 

the dominant role of Pacific Plate subduction beneath the Australian Plate, along the Hikurangi 

Margin, in the stress pattern of New Zealand’s North Island. The stress pattern in the North Island 

shows a margin-normal orientation at the forearc region (~ 40°S), margin-parallel in the central 

North Island and ENE-WSW in the Taranaki Basin in the western part. The SHmax orientation in 

much of the South Island is WNW-ESE, which is a strikingly high angle between the SHmax 

orientation and the trend of major strike-slip Alpine Fault, and suggests this major active tectonic 

feature to be a weak fault. Comparisons between the tectonic stress field and active faults of New 

Zealand show significant consistencies between normal and thrust faults. However, as outlined 

above, the SHmax orientations are almost perpendicular in major strike-slip faults (such as Alpine and 
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Marlborough fault system) and furtherly support that “plate-bounding strike-slip faults are 

frictionally weak”. 

1.2.3. Journal paper about the stress pattern of Iceland 

Paper J-9: Stress Pattern of Iceland 

This paper demonstrates the stress pattern of Iceland, which was poorly understood in the 2008 

release of the WSM project. Iceland has a unique geological and tectonic setting, as it is located 

above a hotspot and on an exposed portion of the Mid-Atlantic Ridge, at the boundary of the North 

American and Eurasian plates. There was significant potential to analyse the stress pattern of Iceland 

because of its numerous seismic and volcanic activates, as well as a vibrant geothermal industry. 

However, there were only 38 SHmax data records for Iceland in the 2008 release of the WSM project, 

which is unlikely to properly represent the complex tectonic stress of Iceland. Hence, the Iceland 

Stress Map project was initiated in order to investigate the present-day stress pattern using various 

datasets. The presented map in this paper comprises 495 data records inferred from geological 

information, earthquake focal mechanism solutions and wellbore data. The contribution of the 

author in this paper was the analysis of acoustic wellbore image logs in 57 geothermal wells. Note 

that normal petroleum image logs cannot be run in hot geothermal Icelandic wells (due to high 

temperature conditions) and, hence, this study used a tool that was specially developed by the Island 

GeoSurvay to study subsurface geological structures. Analysis of the stress data in Iceland revealed 

four regional SHmax orientations across this island. The SHmax is parallel to the rift axes around the 

active spreading centres while it is parallel to absolute plate motion in regions that are located far 

away from the ridge such as Westfjords. The orientation of SHmax in the northern part is NNW-SSE 

that changes to N-S in central part and to NE-SW in the southern Iceland. 

1.2.4. Contribution of This Thesis in the New Release of the WSM Project 

The World Stress Map is the only public-domain project that has compiled, since 1986, global 

information on the crustal stress state. The WSM project has had three phases so far: 

• The first phase of the project (1896-1992) with collaboration of more than 30 scientists

across the world that resulted to compilation of ~7700 data records. The key finding of this

phase of the project was that the “forces that drive plate motions provide the first-order

controls on the crustal stress pattern” (Zoback, 1992; Zoback et al., 1989).

• The second phase of the project (1995-2008) with cooperation of dozens of researchers from

across the world resulted in 21750 data records and revealed that “tectonic plate boundary
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forces are not enough to explain the crustal stress pattern”, and highlighted the potentially 

significant role of ‘third-order’ stress patterns in some regions (Heidbach et al., 2007; 

Heidbach et al., 2010; Sperner et al., 2003). 

• Since 2009, the WSM project has been in its third phase and, during the last seven years, a

large international team has analysed and compiled data, with a particular focus on regions

that previously had sparse or no published stress data.

Significant cooperation of the author in data analysis in Australia, New Zealand, Iceland and Middle 

East (Table 2, Paper: C-11) resulted in the co-authorship in this project. This year marks the 30th 

anniversary of the WSM project and, hence, the author is actively working with the WSM team to 

publish the new WSM project. In this thesis the major results of the 2016 WSM project have already 

been presented in three conferences (Table 2, C-12, C-13, C-14 and C13), and is expected to be 

published as a journal article in 2017.  

1.2.5.  Contribution of the Author to Other Publications 

Paper J-10: Effect of Magmatic Intrusions on Coalbed Methane Reservoir Characteristics 

In the detailed analysis of borehole image logs in the Gunnedah Basin, the author observed that 

geological structures, including faults, fracture and magmatic intrusions, strongly perturbed stresses 

in the region (Paper J-2). The presence of magmatic rocks in the vicinity of coals, along with the 

observed stress perturbations, helped to initiate a separate research project to investigate the effect of 

magmatic intrusions in coal seam gas reservoir characteristics in the Gunnedah Basin. This paper 

aims to investigate the impact of magmatic intrusions on fluid flow characteristics, gas content and 

quality in the Hoskissons coal seam. The contribution of the author in this paper is the interpretation 

of borehole image logs for analysis of subsurface fractures. Different sets of wellbore data, 

including drill stem tests and borehole image logs, revealed the active role of natural fractures and 

cleats in fluid flow of the Hoskissons coal seam. Interestingly, the wells that have variable SHmax 

orientation also have the lowest amounts of permeability. 

1.3. Stress Map Databases 

As outlined above, this thesis provides the stress information in various regions. Hence, these 

databases are presented in an attached CD-ROM. as the appendix of this thesis.
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2. Literature Review: the Concept of Stress Tensor, Methodology and

Sources of the Contemporary Stress Field

2.1. Introduction 

Analysis of present-day stresses has been undertaken extensively over the past 50 years in order to 

better understand the concept of plate tectonics (Hast, 1969; Heidbach et al., 2007; Heidbach et al., 

2010; Müller et al., 1992; Richardson, 1978; Richardson et al., 1976, 1979; Sbar and Sykes, 1973; 

Sperner et al., 2003; Zoback and Zoback, 1980a; Zoback et al., 1989). In particular, numerous studies 

on the pattern of crustal stress have conclusively demonstrated that the forces driving plate motions 

also control the contemporary tectonic stress pattern in intraplate regions (Coblentz et al., 1998; 

Heidbach et al., 2010; Reynolds et al., 2002; Richardson, 1992; Zoback, 1992). In addition to 

understanding tectonics, the contemporary stress in the lithosphere has also been shown to have 

important implications in economical, scientific and societal aspects of human’s life (Bell, 1996b; 

Zoback, 2010). For example, knowledge of the present-day stress provides significant information on 

the neotectonic deformation and earthquake hazard (Clark et al., 2012; Hillis et al., 2008; Müller et 

al., 2006; Sandiford et al., 2004), induced seismicity (Grünthal, 2014; Hillis, 2001; Kraft and 

Deichmann, 2014; Segall, 1989; Zang et al., 2014), stability of underground opening (tunnels, mines 

and boreholes), subsurface fluid extraction (petroleum and geothermal) and injection (CO2 

sequestration, nuclear waste disposal and enhanced oil recovery), (Reinecker et al., 2006; Tingay et 

al., 2005b; Zang and Stephansson, 2010; Zoback, 2010). 

Along with improvements in understanding causes and consequences of stress in the earth’s crust, the 

measurement and estimation of stress has also received significant attention in the past 30 years 

(Amadei and Stephansson, 1997; Bell, 1996a; Cornet, 2015; Engelder, 1993; Zang and Stephansson, 

2010; Zoback, 2010). There are numerous methods to investigate the stress state at different depth 

ranges (Amadei and Stephansson, 1997). Mining industry and groundwater investigations generally 

require the stress state at quite shallower depths (typically <1 km depth), while petroleum and 

geothermal activities involve understanding the stress state and intermediate depths (typically 1-5 km 

depth) and seismological analysis generally focusses on deeper stresses (typically 5-40 km depth) 

(Amadei and Stephansson, 1997). This wide range of applications has resulted in variable stress and 

geomechanics terminology in the published literature, which I have summarised them in Table 1.  

The primary aim of this literature review chapter is to explain the concept of the crustal stress tensor. 

Herein, I first review different methods for estimation of the present-day stress orientation and 

magnitude at different depth intervals, which are all used to map out the stress in this thesis. I then 

briefly explain the concept of geomechanical-numerical modelling as an alternative method for 
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prediction of the crustal stress before, finally, reviewing our current knowledge of the crustal stress 

sources that has resulted from 30 years of studies compiled by a wide range of authors and as part of 

the World Stress Map (WSM) Project.  

Table 1: A brief overview on the stress terminology in the field of geomechanics and structural geology 
(Amadei and Stephansson, 1997; Heidbach and Reinecker, 2013; Jaeger et al., 2007; Zang and 
Stephansson, 2010; Zoback, 2010). 

Term Synonyms Definition/Comment 

In-situ Stress 
Field 

Present-Day Stress 
Contemporary Stress 
Neotectonic Stress 
Current-Day Stress 
Modern-Day Stress 
Virgin Stress 

The state of natural stress at the present-day within the 
subsurface. This is commonly simplified (by assuming the 
overburden stress to be a principal stress) as consisting of four 
components, namely the direction of maximum horizontal stress 
and the magnitude of the vertical, minimum and maximum 
horizontal stresses. 

Induced Stress 

Disturbed In-situ 
Stresses 
Anthropogenically-
Altered Stress 

According to Amadei and Stephansson (1997): “man-made 
stress due to addition or removal of material”. 
Hence, any alteration in the natural state of stress due to 
human’s activity such as drilling, mining, impoundment, fluid 
injection and withdrawal can be considered as induced stress. 

Tectonic 
Stress 

Far-Field Stress 
Primary Stress 

The stresses that are generated by large plate tectonic forces. 
The term ‘far-field stress’ is also often used to describe the in-
situ, or unaltered stress state. 

Non-tectonic 
Stress 

Local Stress 
Third-Order Stress 

Stresses that do not have tectonic origin, such as pressure 
solution (Cornet and Magnenet, 2016) or any local sources of 
stress such as local geological structures that deviate the 
regional stress pattern. See Residual stresses for more detail. 

Gravitational 
Stress 

Gravitational 
Potential Energy 

The self-gravity of the earth that is equal to the overburden 
weight (Zang and Stephansson, 2010). In this respect the 
gravitational stress is similar to vertical stress. The gravitational 
stress considers the effect of topography on the lithospheric 
stresses (Amadei and Stephansson, 1997). 
Gravitational Potential Energy: is a general term to describe the 
stresses due to mountain belts. 

Residual 
Stress 

Remnant Stress 

According to Ameen (2003): “the locked stresses in the rock 
during the past episodes of tectonic and gravitational forces”  
Amadei and Stephansson (1997) have used term ‘residual’ for 
our non-tectonic stresses. In addition, Amadei and Stephansson 
(1997) separated the residual and remnant stresses in which the 
remnant stress is involved with tectonic stress such as faulting, 
fracturing and boudinage. In this thesis, I consider the residual 
stress as the later of these two. 

Terrestrial 
Stress 

Stresses due to “seasonal and diurnal temperature variations, 
Coriolis force, Moon pull” (Amadei and Stephansson, 1997). 

Transient 
Stress 

In contrast to far-field stresses, which are consistent over large 
areas (>1000 km) and long time periods (> 100 ka), transient 
stresses are defined as perturbed stress that is more localised and 
changes through the time. For example, Gaucher et al. (2015) 
mentioned that that sedimentation, erosion, aseismic creep and 
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Table 1: continued… 
Term Synonyms Definition/Comment 

regional seismic cycle are transient sources of stress with 
intermediate scales (spatial and temporal). In particular, 
localised and temporal changes in stress are often observed 
following major earthquakes or volcanic eruptions. Temporal 
stress variations are more pronounced in transient stresses, 
which are generally natural, in comparison with induced stresses 
and residual stresses. 

Stress Pattern 

The state of stress over a region (sedimentary basin, country, 
tectonic plate and global). The stress pattern is a general term to 
explain the spatial pattern of one and/or all component of stress 
tensor. The term stress pattern is most frequently used to 
describe the orientation of SHmax over a region. For example, the 
World Stress Map project investigates the pattern of maximum 
horizontal stress on the global scale (Heidbach et al., 2010; 
Sperner et al., 2003; Zoback et al., 1989). 

Compressive 
Stress 

Generally there is a convention in structural geology, 
geomechanics and tectonophysics that pairs of traction oriented 
toward each other are considered as ‘compressive’ and is 
denoted as a ‘positive’ value (Twiss and Moores, 2007; Zoback, 
2010).  According to Zoback (2010) “compressive stress exists 
everywhere at depth in the earth”. Another way to consider 
compressive stresses is that they result in negative strains (i.e. 
they result in a material reducing in size of volume). 

Tensile Stress 

If the pair of traction (see above) is oriented away from each 
other the stress is considered to be tensile, which is generally 
characterised by ‘negative’ value. According to Zoback (2010) 
the “tensile stress do not exist at depth in the earth” because the 
rock tensile stress is generally negligible and the presence of 
fluid phase in rock pores at depth. Another way to consider 
tensile stresses are that they result in positive strains (i.e. they 
result in a material increasing in length of volume) 

Principal 
Stresses 

The stress tensor is a symmetric second degree tensor. Hence, it 
can be transformed into a tensor in which no shear stress is 
acting on each plane (Twiss and Moores, 2007; Zoback, 2010). 
In a principal stress tensor, the principal stresses are the three 
normal stresses (with shear stresses all equal to zero), and are 
typically denoted as σ1, σ2 and σ3. 

Differential 
Stress 

The difference between the largest and smallest principal stress. 

Deviatoric 
Stress 

It is calculated by “subtracting the mean of the normal stress 
component (σm) from each diagonal component in the stress 
tensor” (Engelder, 1994). Therefore, the deviatoric stress is a 
matrix as: 

 �
𝜎𝜎1 − 𝜎𝜎𝑚𝑚 0 0

0 𝜎𝜎2 − 𝜎𝜎𝑚𝑚 0
0 0 𝜎𝜎3 − 𝜎𝜎𝑚𝑚

� 

Horizontal 
Differential 
Stress 

It is expressed as: SHmax-Shmin that demonstrates the difference of 
two horizontal principal stresses. 

Effective “The difference of the total applied stress and pore fluid 
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Table 1: continued… 
Term Synonyms Definition/Comment 
Stress pressure” (Terzaghi, 1943).  It is an important because the 

effective stress controls the rock deformation.  

Vertical Stress 
Overburden Stress 
Lithostatic Stress 

The vertical stress is generally considered as the weight of 
overburden. In petroleum geomechanics, it is calculated based 
on the integration of density log data (Tingay et al., 2003). 

Orientation of 
Horizontal 
Stresses 

 

If we assume that the overburden stress is one of the principal 
stresses at the subsurface, we then have two horizontal principal 
stresses, with the larger one being the maximum horizontal 
stress and the smaller one called the minimum horizontal 
stresses. These two horizontal stresses are perpendicular to each 
other. Note that the SHmax is the orientation of maximum 
horizontal principal stress in horizontal plane and generally is 
given in terms of degrees from north. 

Tectonic 
Stress Regime 

 

A term to describe the relative magnitude of the principal 
stresses. According to Anderson (1905) there are there types of 
stress regime in the earth’s crust that control the relative motion 
of along fault planes. The tectonic stress regime is classified to 
strike-slip, normal and thrust faulting. 

Regime Stress 
Ratio (RSR) 

 

A continuous scale for expression of stress regime that 
developed by Simpson (1997) based on combination of the 
tectonic stress regime and ratio. The RSR varies from ‘zero’ to 
‘three’ in which ‘0.5’ shows the normal, ‘1.5’ denotes the strike-
slip and ‘2.5’ demonstrates thrust faulting stress regime.   

Orders of 
Stress Pattern 

 

According to the World Stress Map project, sources of stress 
can be classified into three orders including the first-order that 
control the stress pattern a large scales (> 500 km), the second-
order that control the stress pattern between 100 and 500 km) 
and third-order which control the state of stress at small–scales 
(< 100 km) such as sedimentary basins (Heidbach et al., 2007; 
Heidbach et al., 2010; Zoback, 1992). 

Stress 
Gradient 

 
The average gradient given by the magnitude at a depth divided 
by that depth (and it is not a first derivative or instantaneous 
gradient). 

 

2.2. The Concept of Stress Tensor 

2.2.1.  Force, Traction and Stress 

Force, as a vector quantity, is the fundamental concept of mechanics. In Newtonian or classical 

mechanics a force (�⃗�𝐹) is defined as the interaction of the mass (m) and acceleration (�⃗�𝑎), which has 

both magnitude and direction. 

F�⃗ = m. a�⃗             (1) 

Generally, forces are classified as two types, namely internal and external forces (Twiss and Moores, 

2007). The internal forces are internally balanced and do not produce any deformation or motion. 
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These forces include mechanical properties such as stiffness, hardness and strength and, in the 

geoscience community, these forces are described by rock attributes such as Poisson’s ratio, friction 

coefficient, cohesion and Young’s modulus (Twiss and Moores, 2007). 

The external forces, which cause failure and motion, are classified into surface and body forces 

(Twiss and Moores, 2007). Body forces act on all elements of a volume. The most notable example of 

a body force, particularly in structural geology and geomechanics, is gravity that affects every particle 

within rocks. Surface forces are related to the interaction of two parts (or two bodies) along a shared 

surface. For example, by pushing a rock block, we produce a surface force on the contact area of the 

block (Twiss and Moores, 2007). 

The force intensity, so called traction (∑), is then defined as “force per unit area on a surface of a 

specific orientation” (Equation 2). Traction and pressure have similar unit, however traction is 

represented by an orientation (Twiss and Moores, 2007). 

∑ =  F
→

A
(2) 

Stress (σ), in geomechanics and structural geology, usually describes the traction when its orientation 

and magnitude varies on a surface or within a three dimensional cube (Twiss and Moores, 2007). The 

stress is always demonstrated as two perpendicular and independent components, including shear 

stress (σs) that is parallel to the surface and normal stress (σn) that acts perpendicular to the surface, 

(Engelder, 1993; Twiss and Moores, 2007) as following: 

σn =  F
��⃗ n
A

(3) 

σs =  τ =  F
��⃗ s
A

(4) 

To have an equilibrium condition, a pair of opposite and equal forces (or traction) are required to act 

on the opposite side of any surface. The surface stress is then explained as the equal and opposite pair 

of tractions on any oriented surfaces (Twiss and Moores, 2007). Consequently, there are a pair of 

normal and shear component of the surface stress that are always opposite and equal to each other. In 

order to characterise the nature of these opposite pair of components, standard sign convention are 

used to describe them (Twiss and Moores, 2007; Zoback, 2010).  

In tectonophysics, structural geology, rock mechanics and geomechanics, compressive stress is 

considered as positive, which means a pair of normal tractions are toward each other, while tensile 

stress is considered as negative, meaning that the pair of normal tractions are oriented away from each 

other (Twiss and Moores, 2007; Zoback, 2010). The component of shear stress is also characterised 

by their sense of motions in which they are ‘positive’ if they are contraclockwise (sinistral) and are 
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‘negative’ if they are clockwise (dextral) (Twiss and Moores, 2007). This sign convention is 

implemented in the Mohr Circle, which is a graphical representative of stress in geoscience (Engelder, 

1993; Twiss and Moores, 2007; Zoback, 2010). 

 

2.2.2.  Stress Tensor and Principal Stresses 

As outline in the previous section, stress is often resolved into two components, the normal (σn) and 

shear (σs) stresses. Hence, the stress on any plane can be defined by normal stress (σn) and a pair of 

shear stress acting on the plane (τx and τy in Figure 1a) (Meyer, 2002). Therefore, the stress tensor in 

two dimensions is expressed as the following tensor (Figure 1b): 

σ =  �
σxx σxy
σyx σyy�           (5) 

When considered in three dimensions (Figure 1c), the stress tensor can be defined by nine 

components, including a normal stress and a pair of shear stress for each of the three orthogonal 

planes as in the following tensor (Engelder, 1993; Twiss and Moores, 2007; Zoback, 2010): 

σ = �
σxx σxy σxz
σyx σyy σyz
σzx σzy σzz

� = �
σxx σxy σxz
σxy σyy σyz
σxz σyz σzz

�        (6) 

As the 3D stress tensor is a ‘symmetric second order tensor’, the full stress tensor can be simplified to 

six independent components (σij = σji). Note that σii represent the normal stress in the i direction, while 

σij show the shear stress that acting on the plane perpendicular to the i direction (Engelder, 1993; 

Twiss and Moores, 2007; Zoback, 2010). 

 

 

Figure 1: (a) The stress components on a plane including normal stress (after Meyer, 2002) (σn), shear 
stress in x- and y- directions (τx and τy). (b) Shows the 2D stress components acting on a square and (c) 
shows three-dimensional stress components acting on a cube (Twiss and Moores, 2007). 
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Furthermore, each stress tensor can be transformed into a principal stress tensor, by a rotation matrix, 

such that no shear stress is acting on each orthogonal plane. Consequently, principal stresses 

directions are the normals to these planes. Hence, the full stress tensor can be constrained by the 

directions of two principal stresses and three principal stress magnitudes as following: 

σ = �
σxx 0 0
0 σyy 0
0 0 σzz

� = �
σ1 0 0
0 σ2 0
0 0 σ3

� (7) 

where σ1, σ2 and σ3 respectively represent the largest, intermediate and smallest principal stress. 

There is no shear stress on the earth’s surface and gravity is generally considered to be major force 

acting on all parts of the earth, hence, generally the vertical stress is considered as one of the principal 

stresses. Consequently, the two other principal stresses, which must be perpendicular to the vertical 

stress, are commonly assumed to be approximately horizontal (Engelder, 1993; Twiss and Moores, 

2007; Zoback, 2010). This assumption leads us to typically define the crustal stress tensor (Figure 2), 

used in this thesis, as being comprised of the maximum horizontal stress (σHmax or SHmax), minimum 

horizontal stress (σhmin or Shmin) and vertical stress (σv or Sv). 

Figure 2: Schematic diagram to show the component of reduced stress tensor in sedimentary basins. In 
this example the vertical stress (Sv) is parallel to well axis, in vertical well, and orthogonal to the 
orientation of horizontal stresses (minimum: Shmin and maximum: SHmax). Drilling-induced fractures 
(DIF) and Breakouts (BO) are drilling-related stress indicators that are used to estimate the horizontal 
stress directions in the wellbore geomechanics (see section 2.3.2 for more detail). 
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2.2.3. Tectonic Stress Regime 

The magnitudes of three principal stress orientations control the relative motion along fault planes in 

the earth’s crust (Anderson, 1905; Anderson, 1951; Kanamori and Brodsky, 2004). In this thesis I use 

the standard Andersonian classification (Anderson, 1905) that classifies the tectonic stress regime as 

follows: 

Normal faulting stress regime: Sv > SHmax > Shmin 

Strike-slip faulting stress regime: SHmax > Sv > Shmin 

Reverse or Thrust faulting stress regime: SHmax > Shmin > Sv 

The stress regime is also expressed by “Regime Stress Ratio” (RSR) (Simpson, 1997) which is a 

combination of tectonic stress regime and ratio. In this method, the stress regime is represented by 

index n inferred from standard classification of Anderson (1905) (n=0 for normal, n=1 for strike-slip 

and n=2 for the thrust stress regime). The stress ratio (Bott, 1959) in RSR method is defined by ratio 

of stress magnitude as: 

R = �S2 − S3
S1 − S3� � (8) 

Where S1, S2 and S3 denote the magnitude of principal stresses. 

The RSR is then summarised as (Simpson, 1997): 

RSR =  (n + 0.5) + (−1)n(R− 0.5)  (9) 

The RSR provide a continuous scale for three faulting stress regime including RSR=0.5 (normal stress 

regime), RSR=1.5 (strike-slip stress regime) and RSR=2.5 (reverse stress regime). 

2.3. Methods for Estimation of the Contemporary Stress Orientation 

During the past three decades, several methods have been developed for the determination of the 

SHmax orientation at different depth intervals (Amadei and Stephansson, 1997; Bell, 1996a; Cornet, 

2015; Engelder, 1993; Zang and Stephansson, 2010; Zoback, 2010). In this thesis, I compiled stress 

data from near surface of the earth’s crust down to 40 km using methods suggested by the WSM 

project to investigate the crustal stress (Heidbach et al., 2010; Sperner et al., 2003; Zoback, 1992). 

The state of crustal stress in the deeper intervals (5 to 40 km) is estimated from the earthquake focal 

mechanism solutions (Heidbach et al., 2010; Lund and Townend, 2007; McKenzie, 1969; Zoback, 

1992). Wellbore derived stress indicators, including drilling-induced fractures and wellbore breakouts, 
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generally provide stress information on the upper five kilometres of the earth crust (Bell, 1996a; 

Schmitt et al., 2012; Zoback, 2010). The state of crustal stress at shallow depths (typically < 1km) can 

be determined from engineering methods such as overcoring and hydraulic fracture measurement 

(Amadei and Stephansson, 1997; Bell, 1996a; Zang and Stephansson, 2010). Finally, geological 

indicators, such as volcanic vent alignments and fault slip of younger than Quaternary age are used to 

estimate the present-day stress at near surface (Sperner et al., 2003; Sperner and Zweigel, 2010). 

Table 2 summarises the common methods for stress measurement. Herein I briefly explain the 

methods that are used in this thesis. 

Table 2: Common methods for measurement and estimation of in-situ rock stress (Amadei and 
Stephansson, 1997; Engelder, 1993; Heidbach et al., 2010; Schmitt et al., 2012; Sperner et al., 2003; Zang 
and Stephansson, 2010; Zoback, 1992). Highlighted rows show those methods that the World Stress Map 
project uses for stress data compilation. 

Method Examples 

Geological 

Volcanic Vent Alignment 

Fault Slip 

H-Stylolites 

Calcite Twins 

Relief 

Surface Relief Methods 

Undercoring 

Borehole Relief Methods (Overcoring, Slotter, etc.) 

Large Rock Volume Relief (Bored Raise, Under-Excavation Technique, etc.) 

Jacking 
Flat Jack 

Curved Jack 

Strain Recovery 
Differential Strain Curve Analysis  

Anelastic Strain Recovery 

Hydraulic 

Hydraulic Fracturing 

Sleeve Fracturing 

Hydraulic Tests on Pre-Existing Fractures 

Wellbore 

Wellbore Breakouts 

Drilling-Induced Tensile Fractures 

Shear Sonic Anisotropy 

Poroelastic (Strain-Based) Method 

Seismological 

Formal Inversion of Focal Mechanism Solutions (FMF) 

Single Focal Mechanism Solutions (FMS) 

Average and Composite Focal Mechanism Solutions (FMA) 

Other 

Petal Centreline Fractures 

Drilling-Induced Core Fractures 

Core Disking 
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2.3.1.  Focal Mechanism Solution of Earthquakes 

The most common source of information for the lithospheric stress state is inferred from earthquakes 

(Heidbach et al., 2010; McKenzie, 1969; Raleigh et al., 1972; Zoback, 1992). Indeed, earthquakes 

provide stress information, in deeper intervals (>5 km) that are usually inaccessible by other methods 

(Table 2) (Heidbach et al., 2010; Tingay et al., 2010a). In the WSM database, three types of focal 

mechanism solutions are usually employed to determine the state of stress, namely, individual 

solution of focal mechanisms (FMS), composite or average focal mechanism solutions (FMA) and 

formal inversion o stress from several focal mechanism solutions (FMF). 

The FMS method uses the orientations of the P-, B-, and T- axes of a single-event focal mechanism 

solution as a proxy to determine the orientation of stress field (McKenzie, 1969). However, these axes 

are not usually equal to the orientation of principal stresses (Célérier, 2010; Heidbach et al., 2010; 

McKenzie, 1969). A limiting factor for the derivation of the principal stress axes is that the maximum 

principal stress is, strictly speaking, only constrained to be within the same (dilatational) quadrant of 

the focal mechanism as the P-axis, which allows for potentially large uncertainties (Arnold and 

Townend, 2007; McKenzie, 1969).  Hence, the orientation of SHmax inferred from FMS always has, at 

best, a ±25° standard deviation based on to the WSM ranking scheme (Table 3), (Heidbach et al., 

2010; Zoback, 1992). 

The FMF, which uses stress inverted from several seismic events in spatial proximity, provides more 

accurate stress information in comparison to other seismological methods (Heidbach et al., 2010; 

Zoback, 1992). In contrast to FMS, the application of an inversion allows to significantly reduce the 

uncertainties of the stress orientations as it minimises the difference between the direction of slip and 

maximum shear stress of earthquakes (Angelier, 1984; Bott, 1959; Gephart and Forsyth, 1984; 

Michael, 1984). The WSM quality ranking criteria uses this misfit angle to assign the data record 

quality (Table 3) (Heidbach et al., 2010; Zoback, 1992). More recently, a probabilistic approach is 

suggested by Arnold and Townend (2007) to identify the orientation of principal stress axes. Hence, 

the FMF method can provide more significant and better quality estimates of the stress state (A and B 

quality based on to the WSM ranking criteria) compared to FMSs (Heidbach et al., 2010; Zoback, 

1992). 

The FMA method aims to determine the stress state using the average (Leitner et al., 2001; Webb et 

al., 1986; Zoback and Zoback, 1980b) or composite (Sbar et al., 1972) of  P-, B-, and T- axes of 

several focal mechanism solutions. This method is less reliable, in comparison to FMF and FMS 

methods (Heidbach et al., 2010; Lund and Townend, 2007), and has a standard deviation of ±25° to 

±40°, and thus receives a D-quality in the WSM ranking criteria (Heidbach et al., 2010). 
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2.3.2.  Drilling-Related Stress Indicators 

Drilling a well in pre-stressed rock essentially provides a ‘stress free surface’ where there is no shear 

stress on the borehole wall (Meyer, 2002; Reynolds, 2001). This can lead to the alteration of far-field 

stress and formation of drilling-induced fractures and wellbore breakouts that are used to determine 

the direction of horizontal stresses (Bell and Gough, 1979; Kirsch, 1898). Kirsch (1898) derived, by 

analytical solutions, the stress distribution due to effective minimum and maximum principal stresses 

in an isotropic, elastic and homogeneous plate with a circular hole. In a vertical well, three principal 

stresses can be assumed, including effective axial stress (σzz), effective radial stress (σrr) and effective 

hoop or circumferential stress (σθθ) (Kirsch, 1898). Note that the hoop stress acts perpendicular to 

axial and radial stresses in horizontal orientation and is tangential to the borehole wall (Meyer, 2002). 

Hence, the Kirsch (1898) equations can be expressed as: 

σθθ =  1
2

(SHmax′ +  Shmin′ ) �1 + R2

r2
� − 1

2
(SHmax′ −  Shmin′ ) �1 + 3 R4

r4
� cos2θ −  ∆PR

2

R2
   (10) 

σrr =  1
2

(SHmax′ +  Shmin′ ) �1 + R2

r2
� − 1

2
(SHmax′ −  Shmin′ ) �1 − 4 R2

r2
+ 3 R4

r4
� cos2θ −  ∆PR

2

r2
  (11) 

τrθ =  1
2

(SHmax′ +  Shmin′ ) �1 + 2 R2

r2
− 3 R4

r4
� sin2θ       (12) 

where r is distance from the hole centre, θ is the angle for the SHmax orientation, R is the hole radius, 

SHmax′  and Shmin′  are effective maximum and minimum horizontal stresses, ΔP is the difference of 

formation pore pressure (Pp) and wellbore pressure (Pw). 

At the borehole wall (R=r) the equations can be rewritten: 

σθθ = SHmax′ +  Shmin′ − 2 (SHmax′ −  Shmin′ ) cos2θ − ∆P      (13) 

σrr =  ∆P            (14) 

τrθ =  0            (15) 

 

The axial stress at the borehole wall can be presented as (Fairhurst, 1968): 

σzz = Sv′ − 2ʋ(SHmax′ −  Shmin′ ) cos2θ                         (16) 

in this equation the ʋ denotes the Poisson’s ratio and 𝑆𝑆𝑣𝑣′  shows the effective vertical stress. 
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All the equations in this section are based on effective stresses and hence can be rewritten: 

σθθ = SHmax +  Shmin − 2 (SHmax −  Shmin) cos2θ − Pw − Pp                    (17) 

σrr =  ∆P  (18) 

σzz = Sv − 2ʋ (SHmax −  Shmin) cos2θ − pp  (19) 

Figure 3: Left ) Circumferential or hoop stress around the borehole and its relation to the formation of 
the wellbore breakout and drilling induced fractures (after Hillis et al., 1998). Right) A typical example of 
breakouts (outlined in blue) and drilling-induced fractures (outlined in green) in Formation MicroImager 
Log. Breakouts initiate where the tangential stress is more than the compressive strength of rock and 
show the orientation of minimum horizontal stress. In electrical wellbore image logs, the breakouts are 
characterised as a pair of conductive zone which is separated from each other by 180°.  Tensile fractures 
that are oriented in the maximum horizontal stress form when the hoop stress is less that tensile strength 
of the rock. In electrical borehole image logs, the DIFs are interpreted as a subset of conductive vertical 
fractures on the opposite side of the well. 

2.3.2.1. Borehole Breakouts 

Analysis of wellbore breakouts is a well-established method to determine the SHmax orientation, in the 

upper five km of the earth’s lithosphere (Amadei and Stephansson, 1997; Bell, 1996a; Zoback, 2010). 

The use of borehole breakouts for stress analysis in wellbores has a long history and dates back to the 
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invention of the oriented caliper logs in petroleum industry. Cox (1970) and Cox (1972) by 

interpretation of High-Resolution Dipmeter Tool, observed the preferential “ovalisation” of several 

boreholes in the Alberta Basin. Babcock (1978) used the term “breakout” for these oriented 

elongation of the wellbore wall. Bell and Gough (1979) proposed that borehole breakouts form 

parallel to the Shmin, where the concentrated stress on the wellbore wall exceeds compressive rock 

strength, and thus that breakouts could be used to determine stress orientation (Figure 3 and 4) (Bell, 

1996a; Bell and Gough, 1979). Since then, the systematic interpretation of breakouts in oriented 

caliper logs has provided significant in-situ stress information from various sedimentary basins 

around the world (Bell, 1996a; Heidbach et al., 2010; Hillis and Reynolds, 2000; Tingay et al., 2010a; 

Tingay et al., 2005b; Zoback, 2010; Zoback et al., 1989). Interpretation of breakouts from four-arm 

caliper logs requires particular attentions because there are various types of borehole enlargements 

that can be misinterpreted as breakout (Figure 5) (Bell, 1990; Plumb and Hickman, 1985; Reinecker et 

al., 2003). Hence, the WSM project suggested a criteria based on Plumb and Hickman (1985) and Bell 

(1990) to identify and interpret breakouts from oriented caliper logs (Reinecker et al., 2003). 

More recently, wellbore image logs, which produce a picture of the wellbore wall, are also used to 

provide a more reliable interpretation of breakouts and analyses of crustal in-situ stress (Barton et al., 

2009; Bell, 1996a; Schmitt et al., 2012; Zoback, 2010). Figure 3 and 5 demonstrate the interpretation 

of breakouts in borehole image and caliper logs. 

 

 

Figure 4: Wellbore breakouts in cross section based on CSIRO (Division of Geomechanics) lab test. The 
ellipsoid shape of the borehole is due to distribution of conjugate fractures (modified from Reinecker et 
al., 2003). 
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2.3.2.2. Drilling-Induced Tensile Fractures (DIFs) 

DIFs are another well-established method for the determination of the SHmax orientation in boreholes 

(Aadnoy, 1990a, b; Bell, 1996a). The initiation of DIFs is similar to the formation of induced 

hydraulic fracture tests (Bell, 1996a; Bell and Babcock, 1986; Hubbert and Willis, 1957), in which 

fracture initiation results from the perturbation of far-field stress due to drilling operations. DIFs form 

parallel to the SHmax orientation when hoop stress is less than tensile rock strength (Figures 2 and 3) 

(Kirsch, 1898; Scheidegger, 1962) and can only be observed via borehole image logs. 

The first usage of DIFs as a method for wellbore stress determination in petroleum wells is not clear. 

The “borehole televiewer” was introduced by Zemanek et al. (1969) as the early generation of image 

logs to produce a pseudo-picture of the borehole wall. Although Zemanek et al. (1969) showed clear 

examples of induced-fractures in image logs, the first use of image logs for interpretation of induced 

fractures, as a method for stress determination, are those studies that run image logs after hydraulic 

fracturing operation in boreholes to observe induced-hydraulic fractures (Bell, 1996a; Bell and 

Babcock, 1986; Blomberg, 1971; Keys, 1980; Paillet, 1983; Paillet, 1985; Stock and Healy, 1988). 

McCallum and Bell (1994a, 1994b, 1994c, 1995) and Bell (1996a) used borehole image logs for 

interpretation of DIFs in determination of SHmax orientation in Western Canadian wells. The DIFs in 

borehole image logs of vertical wells are characterised as a pair of conductive vertical fracture on 

opposite side of the wellbore wall (Figure 3). 

Figure 5: Different types of borehole elongation and interpretation of them using four-arm calipers 
(Plumb and Hickman, 1985; Reinecker et al., 2003). Note that only breakout provides information of the 
horizontal stress and particular care need to distinguish them from other types of enlargements. 
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2.3.3.  Geological Indicators to Estimate the SHmax Orientation 

Young geological features, so called neotectonic structures that are formed in the contemporary stress 

state, can be used as an indicator of the contemporary tectonic stress state (Heidbach et al., 2010; 

Sperner et al., 2003; Sperner and Zweigel, 2010; Zoback, 1992). Variations in the lower time-limit for 

neotectonic features have resulted in various definitions for the term of ‘neotectonics’ (Table 3). 

According to the published literature, there is not a clear-cut boundary between paleo-stress and 

present-day stress (Hancock and Williams, 1986; Slemmons, 1991; Steward and Hancock, 1994). In 

this respect, the WSM project includes geological structures such as fault slip data and volcanic vent 

alignments as indicators of present-day stress if they are not older than Quaternary (i.e. 2.85 Ma) 

(Sperner et al., 2003; Zoback, 1992). 

 

Table 3: Different definitions of Neotectonics based on the literature. 

Definition References 
“The study of the recent movements only taking place at the end of the Tertiary 
and the first half of the Quaternary”. 

Gerbova and Tikhomirov 
(1982) 

Any history of geology since Neogene. Murawski (1972) 
The study of post-Miocene history. Bates and Jackson (1980); 

Gary et al. (1972) 
The time after the last major tectonic events. Şengör et al. (2004) 
The neotectonic phase of a particular region can be considered as the 
establishment of the present-day configuration of the plate boundaries in that 
region. 

Hancock and Williams (1986) 

Post-Pleistocene isotactic evidences. Doornkamp (1986) 
‘The study of late Cainozoic deformation’. Vita-Finzi (1986) 
Neotectonic needs to be defined based on the modern-day stress of a region . Slemmons (1991); Steward 

and Hancock (1994) 
The neotectonic is defined as the “youngest period of tectonic activity and up to 
the present”. The ‘transitional time interval’ can be considered as when the 
evidences of both neotectonic and paleo-tectonic are present and its length 
depends on the geology of the region. If there is a long transitional interval, the 
neotectonic time is the earliest time when the majority of the tectonic activity 
had occurred. 

Becker (1993) 

Different intervals for the begging of neotectonic stage were defined based on its 
case studies. For example Miocene for the Carpathian system in Czechoslovakia 
and Oligocene for the Bohemian Massif. 

Radan (1992); Kopecky 
(1972) 

The neotectonic stage commenced during Oligocene. Leonov (1972); Sitdikov 
(1979); Radan (1992) 

Neotectonics “means new, living, recent or active tectonics and involves 
Neogene to Recent deformation”. 

Bloom (1978) 

All aspects of geoscience need to be taken to account for definition of 
neotectonic. It is time interval from Badenian (middle Miocene) to the recent. 

Radan (1992) 
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2.3.4. Other Methods for Estimation of the SHmax Orientation 

As demonstrated in Table 2, there are some other methods such as overcoring and hydraulic fracturing 

tests for the determination of the SHmax orientation. Since, these methods also provide stress 

magnitude; I explain them in section 4. 

2.3.5.  World Stress Map Quality Ranking Criteria for the Orientation of the SHmax 

As explained in the previous sections, different methods use different concepts to estimate the SHmax 

orientation at various depths. The assessment and comparison of these methods is one of the critical 

issues that have led the WSM project to develop a ranking system (Heidbach et al., 2010; Sperner et 

al., 2003; Zoback, 1992). According to the most up-to-date release of the WSM project (Heidbach et 

al., 2010), all the SHmax data are classified from A to E quality (see Table 3). In this worldwide 

accepted ranking criteria, the A-quality (the most reliable data records) are the most accurate data 

records while the E-quality is the least reliable data records. Actually the E-quality is used when no 

stress information can be determined or the results have standard deviation of > ±40° (Table 4, 

Heidbach, et al., 2010). The WSM project suggests that the A-C quality data are reliable data records 

which represent the regional (far-field) SHmax orientation and can be used for investigation of 

geodynamic process. While particular attention needs to be given to the D-quality data because they 

might represent the regional stress pattern (Reiter et al., 2014; Tingay et al., 2010a), or show the local 

stress state that is deviated from regional trends (Hillis and Reynolds, 2000, 2003). The WSM quality 

ranking criteria for the SHmax orientation, inferred from different methods, is demonstrated in Table 4 

(Heidbach et al., 2010). 

2.4. Methods for Estimation of the (One Dimensional) Present-Day Stress Magnitude 

Similar to determination of the SHmax orientation, the magnitude of Shmin, SHmax and Sv, that determine 

the tectonic stress regime, can be estimated from different mining and petroleum industry methods. A 

brief overview of each method, with a particular emphasis on petroleum methods used primarily in 

this thesis, is summarised briefly below. 
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Table 4: The quality ranking of maximum horizontal stress orientation developed by the World Stress Map project (Heidbach et al., 2010). 



2.4.1.  Vertical Stress: Integration of Density Log 

The magnitude of overburden stress (vertical, Sv, or lithostatic stress) can be determined using the 

integration of rock densities (Bell, 1996a; King et al., 2010; Tingay et al., 2003; Zoback, 2010). In the 

petroleum industry, the rock density is commonly measured by wireline logging tools in wellbores. 

Hence, Sv can easily be calculated as following: 

Sv =  ∫ ρ(z)g dzz
0     (20) 

where ρ is the rock density at any given depth (z) and g is the gravity acceleration (~9.81 ms-2). 

Petrophysical log data in general, and the density log in particular, is highly prone to errors, 

particularly in washout or rugose zones where there is a poor contact between the pad of the density 

tool and the wellbore wall (Ellis and Singer, 2007). Hence, different types of corrections, such as 

environmental correction and data formatting, need to be applied on the raw density data to filter 

erroneous data (Tingay et al., 2003). In addition, petrophysical logs are not usually available for 

whole well intervals because petroleum companies are more interested to determine petrophysical 

properties of reservoir sections. Hence, rock density needs to be predicted from the top of the well log 

to the surface (King et al., 2010; Tingay et al., 2003). In this respect, there are numerous methods for 

the prediction of average density including: 

• density measurement from near surface sediments, particularly rock cores (Niemann, 2002);

• sonic to density conversions using different empirical methods (Anselmetti and Eberli, 1993;

Brocher, 2005; Christensen and Stanley, 2003; Gardner et al., 1974; Ludwig et al., 1970).

Sonic data in this method can be obtained from sonic logs (if available) or check shot velocity

from seismic surveys.

• intelligent approaches such as fuzzy logic, genetic algorithms and neural networks. The inputs

of these models are usually determined based on the data availability in each well (Cuddy and

Glover, 2002; Finol et al., 2001; Rajabi et al., 2010).

2.4.2.  Engineering Methods to Estimate SHmax and Shmin Magnitudes 

In this thesis, no new overcoring (OC) and hydraulic fracturing tests (HF) were undertaken by the 

author. However, numerous existing data from the literature is compiled and reassessed, particularly 

for analysis of the crustal stress in Australia and Iceland. Hence, these two methods are briefly 

described in the following section. 
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2.4.2.1. Hydraulic Fracturing Tests 

Hydraulic fracturing (HF) was originally developed for reservoir stimulation in petroleum wells 

(Clark, 1949). Hubbert and Willis (1957) used elasticity theory to suggest that recorded pressure and 

induced-hydraulic fracture are comparable to in-situ stresses. Scheidegger (1962) and Fairhurst (1694) 

suggested this method for the measurement of in-situ stresses (Amadei and Stephansson, 1997). 

Although this method is originally developed in petroleum industry, nowadays it is also frequently 

used for the measurements of in-situ stresses for mining and civil engineering purposes (Amadei and 

Stephansson, 1997; Bell, 1996a). This method was conducted in the KTB project to estimate the in-

situ stresses at depths between 6 and 9 km (Amadei and Stephansson, 1997; Brudy et al., 1995). The 

HF method aims to initiate a fracture, generally parallel to the orientation of the SHmax, in an isolated 

interval of a borehole using increasing fluid pressure (Figure 6) (Enever, 1993). The direction of the 

initiated fracture that represents SHmax orientation can be determined by oriented impression packer or 

image log over the fracture zone (Enever, 1993). 

Figure 6: Schematic diagram for the concept and equipment of hydraulic fracture that aims to initiate a 
planar fracture that opens against the minimum principal stress. Modified from Bell (1996a). 

2.4.2.2. Overcoring Measurements 

As explained in Table (2), overcoring (OC) is a ‘stress relief technique’ for the characterisation of 

three-dimensional in-situ stress in the near surface in mines and geotechnical constructions (Amadei 

and Stephansson, 1997; Engelder, 1993; McGarr and Gay, 1978; Obert, 1962). This method uses 

instruments in boreholes and is based on the expansion of the rock body when a cylinder of rock is 
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isolated from the stress field (Engelder, 1993). The OC measurement involves drilling two types of 

holes namely small pilot hole and larger core hole. The strain gauge is installed in the small hole and 

drilling the second hole, which is cored centred. In this step the cored rock is released form the stress 

of the earth and the amount of rock expansion is monitored by strain gauge monitors (Bell, 1996a). 

The stress is then determined from the strain using the elastic property of the rock sample (Engelder, 

1993). Although OC is the only approach to measure the full 3D stress, it is considered as an 

expensive technique that usually collects stress information from near surface (Bell, 1996a; McGarr 

and Gay, 1978; Zang and Stephansson, 2010). In addition, nearby excavations, geological structures 

and topography significantly affect the result of this technique (Engelder and Sbar, 1984). Due to 

these limitations, OC measurements generally do not provide far-field stress information and are more 

representative of the local stress pattern (Zoback, 1992). 

2.4.3.  Petroleum (wellbore) Methods for Estimation of Shmin Magnitude 

In petroleum wells the minimum horizontal stress magnitude is commonly estimated using data 

collected from “leak-off tests” (LOTs), “extended leak-off tests” (XLOTs) and minifracture tests. 

LOTs are usually undertaken immediately below a casing point to estimate the maximum limit of mud 

weight in drilling operations for kick tolerance and to prevent significant damage to the wellbore wall 

(Addis et al., 1998; Bell, 1996a; White et al., 2002). LOTs involve the increase of mud pressure 

within a short,  isolated and open interval of wellbore, immediately below the casing shoe (and 

rathole), in order to initiate a small tensile fracture (Addis et al., 1998; Bell, 1996a; White et al., 

2002). Fluid pressure is monitored until the pressurising rate decreases, and so called ‘leak-off’ is 

observed (Figure 7) (Bell, 1996a; Engelder, 1993; Meyer, 2002). The leak-off pressure (LOP) is 

determined as the point at which the deviation from linearity in the pressure increase occur on the 

LOT pressure-time chart (Meyer, 2002). The initiated fracture at leak-off is opened against the 

direction of Shmin in a vertical well. If the test is stopped prior to a fracture being initiated (prior to the 

leak-off pressure being reached), it is called a Formation Integrity Test (FIT) (Meyer, 2002; White et 

al., 2002). The XLOT are a longer LOT in which pumping is continued after LOP to determine the 

fracture closure pressure (Figure 7). XLOTs involve of one or more full cycles of LOP, formation 

breakdown, fracture closure pressure (FCP), fracture propagation pressure and instantaneous shut-in 

pressure (ISIP) (Li et al., 2009; Meyer, 2002; White et al., 2002). Figure 7 illustrates various stages of 

FIT, LOT and XLOT. 

Depending on the test type and available data, Shmin magnitude is usually estimated from the LOP, 

ISIP and FCP using Equation 21 (Meyer, 2002; White et al., 2002). However, it should be noted that 

the LOP is less reliable than ISIP or FCP because it is a measurement of fracture opening, and not 

closing and thus may tend to over-estimate the magnitude of Shmin (Meyer, 2002; White et al., 2002). 
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Hence, when XLOT data, and thus FCP and ISIP values are available (particularly the FCP of 

subsequent cycles), this data is generally considered to yield a more reliable estimation of the Shmin 

(Meyer, 2002). 

Shmin = FCP + (depth × mud weight × 9.81)         (21) 

 

Minifracture tests are similar to extended leak-off tests, but are conducted within a specifically 

targeted and isolated section of the wellbore (and not restricted to being immediately below the casing 

shoe). Similar to hydraulic fracture tests, expandable packers are used in order to separate the uncased 

interval of the borehole (Figure 6) (Engelder, 1993; Meyer, 2002). The concept of a minifracture test 

is similar to the XLOT, in which pumping continues until the fracture propagates several meters 

beyond the near-wellbore stress field, and the test generally involves one or more full cycles of leak-

off, breakdown, propagation, ISIP and fracture closure being measured (Enever, 1993; Meyer, 2002). 

The tensile rock strength is reduced to ~zero after the FBP in the first cycle of minifracture tests (and 

XLOTs). Therefore, the fracture re-opening pressure of subsequent cycles is lower than FBP. In order 

to estimate the Shmin from minifracture test, the fracture closure pressure is used that provide an 

accurate estimate of Shmin magnitude (Engelder, 1993; Meyer, 2002; Tingay, 2003). 

 

Figure 7: An ideal example of Extended Leak-Off Test that shows different stages in a time-pressure test 
(White et al., 2002). 
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2.4.4.  Petroleum (Wellbore) Methods for Estimation of SHmax Magnitude 

Estimation of the SHmax magnitude is the most challenging part of stress component because there is 

no direct method in the petroleum industry for measuring this parameter (Bell, 1996a; King et al., 

2008; Meyer, 2002; Zoback, 2010). However, there are several methods that estimate the SHmax 

magnitude, or a magnitude range, with some assumptions (Bell, 1996a; King et al., 2008; Meyer, 

2002; Nelson and Hillis, 2005; Nelson et al., 2006; Tingay et al., 2009; Zoback, 2010). 

2.4.4.1. SHmax Estimates from Extended Leak-Off and Minifracture Tests 

Fracture reopening and/or fracture initiation pressures determined from XLOT and minifracture tests 

can be used to estimate the SHmax magnitude (Bell, 1996a; Haimson and Fairhurst, 1967; Hubbert and 

Willis, 1957; Meyer, 2002). These pressures are affected by the disturbed stress around the borehole 

(Meyer, 2002). The minimum stress at the borehole wall is given by (Bell, 1990; Hubbert and Willis, 

1957; Kirsch, 1898): 

σθθmin = 3Shmin − SHmax −  Pw −  Pp (22) 

where Pw is the borehole fluid pressure at fracture initiation and Pp is the pore pressure 

As described in section 2, the tensile strength (T) in this thesis is considered as a negative value. 

Hence, in order to have tensile fracture, the concentrated stress on the wellbore wall needs to be less 

than tensile rock strength: 

𝜎𝜎𝜃𝜃𝜃𝜃𝑚𝑚𝜃𝜃𝜃𝜃 = 3𝑆𝑆ℎ𝑚𝑚𝜃𝜃𝜃𝜃 − 𝑆𝑆𝐻𝐻𝑚𝑚𝐻𝐻𝐻𝐻 −  𝑃𝑃𝑤𝑤 −  𝑃𝑃𝑝𝑝 ≤ 𝑇𝑇  (23) 

The fracture initiation pressure (Pw) is equivalent to the leak-off pressure (LOP): 

3𝑆𝑆ℎ𝑚𝑚𝜃𝜃𝜃𝜃 − 𝑆𝑆𝐻𝐻𝑚𝑚𝐻𝐻𝐻𝐻 −  𝐿𝐿𝐿𝐿𝑃𝑃 −  𝑃𝑃𝑝𝑝 = 𝑇𝑇  (24) 

Then, assuming that FCP determined from XLOT is equal to the Shmin (Equation 21): 

𝑆𝑆𝐻𝐻𝑚𝑚𝐻𝐻𝐻𝐻 = 3𝐹𝐹𝐹𝐹𝑃𝑃 −  𝐿𝐿𝐿𝐿𝑃𝑃 −  𝑃𝑃𝑝𝑝 –𝑇𝑇  (25) 

In this equation, the tensile strength can be determined from core samples in laboratories. However, if 

the fracture reopening pressure (Pr) is determined from subsequent XLOT test cycles, it can be used 

instead of FCP because the rock tensile strength has essentially become zero (Bredehoeft et al., 1976; 

Meyer, 2002): 

SHmax = 3FCP −  Pr −  Pp (26) 
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SHmax estimation from this method is subject to some uncertainties and errors (Meyer, 2002). 

Generally, the presence of natural fractures affects the reliability of this method because the XLOTs, 

as losses into these may make test data hard to interpret or be reactivated during the test. Furthermore, 

this method assumes that the rocks are perfectly elastic, isotropic, homogeneous and impermeable – 

none of which are fully valid assumptions, particularly for LOTs and XLOTs. It is also generally 

assumed that the effect of tensile strength has been removed in the FCP of subsequent cycles, though 

it is common to still see some residual strength effects, particularly in the second test cycle (Meyer, 

2002). Finally, the Pr in some stress states, particularly the strike-slip tectonic stress regime, is small 

and is difficult to interpret (Evans et al., 1989; Meyer, 2002). 

 

2.4.4.2. SHmax Estimation from Frictional Limit Theory 

The frictional limit theory assumes that the maximum to minimum effective stress ratio cannot be in 

excess of that essential to cause slip on a cohesionless, pre-existing fault plane (Sibson, 1974). Hence, 

the frictional limit can be expressed as (Jaeger and Cook, 1979): 

S1−Pp
S3− Pp

≤  �(1 + µ2)
1
2 + µ�

2
          (27) 

where the maximum and minimum principal stresses are represented by S1 and S3, μ is coefficient of 

friction on a cohesionless, pre-existing fault, optimally orientated which can be considered as 0.6 

(Byerlee, 1978; Zoback and Healey, 1984) and rewrite the Equation 27 to: 

S1−Pp
S3− Pp

≤  3.12            (28) 

The frictional limit method assumes the existence of faults and estimates the upper bound for the 

SHmax magnitude (McGarr, 1980; Meyer, 2002; Tingay et al., 2009; Zoback, 2010; Zoback and 

Healey, 1984). 

 

2.4.4.3. SHmax Estimation from the Occurrence of DIFs and Breakouts 

Drilling-induced failures including DIFs and breakouts form due to concentration of stress at the 

wellbore wall (Barton and Moos, 2010; Bell, 1996a) and, hence, can be used for estimation of SHmax 

magnitude. As explained in section 2.3.2.2, the initiation of DIFs are similar to the formation of 

induced hydraulic fracture (Bell, 1996a; Bell and Babcock, 1986; Engelder, 1993; Hubbert and Willis, 

1957), but DIFs occur under mud weight conditions during drilling (Meyer, 2002). Therefore, for the 
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intervals that the DIFs are picked in wellbore image log, the Equation 18 can be used for the SHmax 

estimation. If we assume that the mud weight under which DIFs form is known (a significant 

challenge, as the mud pressure locally varies during drilling due to pumping, friction and wellbore 

effects), then the only unknown parameter is tensile strength that can be ignored because the tensile 

strength of rocks is too small and can be considered as zero (Brudy and Zoback, 1999; Zoback, 2010). 

Similarly, the breakouts occur when stress on the wellbore wall exceeds the compressional rock 

strength (Bell, 1996a; Bell and Gough, 1979; Zoback, 2010): 

σθθmax = 3SHmax − Shmin −  2Pp ≥  C              (29) 

where σθθmax is the maximum hoop stress, Pp is pore fluid pressure and C is the compressional strength 

of the rock. 

The unknown parameter in Equation 29 is the compressional rock strength. Generally the uniaxial 

compressive strength (C0) of rock sample is an appropriate value for C (Meyer, 2002). However, the 

formation of breakouts is due to polyaxial conditions (Meyer, 2002; Wiebols and Cook, 1968). Note 

that rocks are stronger in polyaxial conditions in comparison to uniaxial conditions, but under biaxial 

conditions are weaker. Hence, the uniaxial (C0) and biaxial (Cb) relationship is (Meyer, 2002; Wiebols 

and Cook, 1968): 

𝐹𝐹𝑏𝑏 =  𝐹𝐹0(1.0 + 0.6𝜇𝜇)  (30) 

where μ is the friction of coefficient (Wiebols and Cook, 1968). Hence, assuming μ=0.6  the 

applicable rock strength for the formation of the breakout is C0 ≤ C ≤ 1.36C0 (Balfour et al., 2005; 

Byerlee, 1978; Moos and Zoback, 1990; Zoback, 2010). 

2.4.4.4. Poroelastic Equations for the Estimation of Horizontal Stress Magnitude 

Poroelastic equations for the continuous estimation of SHmax and Shmin magnitudes are generally used 

in petroleum wells from well log and rock mechanical data (Blanton and Olson, 1999; Brooke-Barnett 

et al., 2015; Johnson et al., 2010; Mildren et al., 2013; Thiercelin and Plumb, 1994). This strain-

derived method calculates stress magnitude using linear elasticity equations with estimates on the 

tectonic strain (Blanton and Olson, 1999): 

Shmin =  ʋ
1−ʋ

�Sv −  α. Pp� +  E
1−ʋ2

 . εh +  Eʋ
1− ʋ2

 . εH +  α. Pp  (31) 

SHmax =  ʋ
1−ʋ

�Sv −  α. Pp� +  E
1−ʋ2

 . εH +  Eʋ
1− ʋ2

 . εh +  α. Pp  (32) 
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where Shmin and SHmax are the horizontal stress magnitudes, E is the Young’s Modulus, Pp is pore fluid 

pressure, ʋ is Poisson’s ratio, Sv is vertical stress , α is Biot’s constant , εh and εH are the strain in the 

orientation of horizontal stresses. 

Note that the rock mechanical property in these equations needs to be ‘static’. However, in the 

absence of static elastic properties, the log derived or ‘dynamic’ rock mechanical properties must be 

calibrated and converted to static elastic properties. In addition, the presence of single point stress 

data, inferred from LOTs and XLOTs, as well as interpreted drilling-induced fractures and breakout is 

required for calibration of the poroelastically-estimated stress magnitudes (Brooke-Barnett et al., 

2015; Mildren et al., 2013). 

2.5. Methods for Prediction of Three Dimensional Present-Day Stress: 3D Geomechanical-

Numerical Modelling 

A part of this thesis aims to present a geomechanical-numerical model for the Australian continent 

that contains both stress orientations and magnitudes. Hence, in this section, a brief literature review 

on geomechanical-numerical modelling is presented, with a particular emphasis on the previous 

studies for the Australian continent in the published literature. 

Geomechanical-numerical modelling is the representation of stress state in a reservoir, field, basin, 

continent or tectonic plate using numerical methods (Buchmann and Connolly, 2007; Coblentz et al., 

1995; Dyksterhuis et al., 2005; Fischer and Henk, 2013; Hergert et al., 2015; Reiter and Heidbach, 

2014; Reynolds et al., 2002). The observational stress data in the earth’s crust are distributed sparsely 

and all the methods explained in the previous sections aim to estimate the component of stress tensor 

in a single point or in one-dimension. Hence, the component of stress tensor in the regions where 

there is no stress information cannot be estimated, particularly in stable intraplate regions that are 

characterised by low earthquake activity in comparison with plate boundaries (Clark et al., 2014; 

Johnston et al., 1994). Interpolation of stress data using statistical methods is the easiest approach for 

estimating stress in ‘data gaps’, but stress state depends on various geological factors such as faults 

(Barton and Zoback, 1994; Bell, 1996b; Yale, 2003; Zoback, 2010), lithological contrasts 

(Dyksterhuis et al., 2005; Zhang et al., 1994; Zhang et al., 1996) and detachment horizons (Tingay et 

al., 2011, 2012; Tingay et al., 2006) and thus there can be significant issues in assessing whether or 

not the results of statistical interpolation methods will be reliable. 

2D geomechanical numerical modelling is an appropriate tool for geomechanical investigations at 

large scales, such as tectonic plates, in order to examine the impact of gravitational potential energy 

and plate boundary forces in the neotectonics of plate interiors (Cloetingh and Wortel, 1986; Coblentz 

et al., 1995; Coblentz et al., 1998; Dyksterhuis et al., 2005; Dyksterhuis and Müller, 2008; Hillis et 
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al., 1997; Müller et al., 2012; Müller et al., 2015). In the published literature, there are almost 20 

papers that involve predicting the SHmax orientation in the Australian continent using 2D 

geomechanical-numerical methods (Burbidge, 2004; Cloetingh and Wortel, 1985, 1986; Coblentz et 

al., 1995; Coblentz et al., 1998; Dyksterhuis et al., 2005; Dyksterhuis and Müller, 2008; Hillis et al., 

1997; Müller et al., 2012; Müller et al., 2015; Reynolds et al., 2003). These studies demonstrated that 

the contemporary state of stress in Australia, at the first-order, is primarily controlled by large plate 

tectonic forces generated at the boundary of the Indo-Australian Plate. However, one major concern is 

that almost all the previously published models for the Australian stress pattern have aimed to 

understand the stress pattern of a 3D heterogeneous body by using just a 2D homogeneous model 

geometry (Dyksterhuis and Müller, 2008). Hence, Dyksterhuis et al. (2005) included realistic 

geomechanical provinces into their 2D model and predicted the SHmax orientation across the Australian 

continent. However, these models, even the complex ones, have been unable to satisfactorily estimate 

the observed stress data in north-eastern Australia, where stress data displays a clear E-W orientation 

of SHmax in the Cooper Basin and N-S SHmax trend in the Bowen and Amadeus basins. Furthermore, 

present-day stress magnitude analyses indicates high horizontal differential stress magnitudes in the 

Amadeus, Cooper, Otway and Gippsland basins, whilst numerical models typically predict relatively 

low horizontal differential stress magnitudes in these regions (Dyksterhuis et al., 2005; Reynolds et 

al., 2003). The poor correlation between observational stress data and published geomechanical 

models suggest that more detailed 3D numerical models are required in order to more reliably 

replicate the present-day stress orientations and magnitudes.  

Three-dimensional geomechanical-modelling is proposed as an alternative approach at various 

smaller scales, such as in sedimentary basins, reservoirs and wellbore, to predict 3D stress tensor and 

understand the role of geological structures on the present-day stress field. These models typically 

utilise the finite element method (FEM), which is suggested as being the best technique for the 

prediction of the 3D stress tensor (Buchmann and Connolly, 2007; Fischer and Henk, 2013; Hergert 

and Heidbach, 2010, 2011; Hergert et al., 2011; Hergert et al., 2015; Reiter and Heidbach, 2014). The 

FEM is an appropriate discrete solution to investigate geomechanical characteristics. This method 

enables us to define mechanical and structural heterogeneities by assigning various mechanical 

properties throughout the model’s geometry (Hergert et al., 2015; Reiter and Heidbach, 2014). 

There are several parameters that improve the reliability and predictions of geomechanical-numerical 

models (Buchmann and Connolly, 2007; Fischer and Henk, 2013; Hergert and Heidbach, 2011; Reiter 

and Heidbach, 2014). 

1. The structural model or the realistic 3D geological model. Note that the complexity of the 

model depends on its scale. 
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2. Definition of the initial stress field, which determines the pre-stress condition in the absence

of any lateral force (or push and pull).

3. The presence of model-independent stress data in order to calibrate the models.

In order to provide a 3D predictive model for the stress state of Australia, in this thesis I apply a 

modelling strategy that has been tested in several case studies including the Rhine Graben in Germany 

(Buchmann and Connolly, 2007), Marmara Sea in Turkey (Hergert and Heidbach, 2010, 2011), 

Alberta Basin in Canada (Reiter and Heidbach, 2014) and Alpine foreland in Switzerland (Hergert et 

al., 2015). This geomechanical-numerical modelling approach starts with construction of model 

geometry from realistic lithospheric and/or geological structures. The 3D geometry is then discretised 

into meshes in order to define different geomechanical characteristics (Young modulus, density and 

Poisson’s ratio) for each layer. The initial stress state is the next step that is required to be included in 

the model, in order to mimic the real pre-stress condition. In order to solve the “partial differential 

equations of the equilibrium forces” (Equation 28), the Abaqus finite element software is 

implemented because it connects the detached meshes, even with different sizes, by contact surfaces 

(Reiter and Heidbach, 2014). The calculated stress tensor then needs to be compared with 

observational data in order to present the best model with respect to both stress orientations and 

magnitudes (Buchmann and Connolly, 2007; Reiter and Heidbach, 2014) using the equation: 

∂σij
∂xi

+  ρxi = zero  (33) 

where ∂σij is total stress changes, ∂x is the length changes, ρ is the density and ρx is the weight of the 

rock volume. 

2.6. The Stress State in the Earth’s Crust 

Early studies on regional compilations of the present-day stress information aimed to understand the 

relationship between plate boundary forces and crustal stress state. Hast (1969) performed in-situ 

stress measurements in various locations, including Fennoscandian bed rock, Iceland, Ireland, 

Portugal and Zambia, and highlighted the presence of compressive horizontal stresses and temporal 

changes of stress during geological time . Since then, numerous researchers compiled the regional 

stress pattern, in different regions worldwide, in order to examine the major sources of crustal stress 

(Denham et al., 1979; Fitch et al., 1973; Haimson and Voight, 1977; McGarr and Gay, 1978; Ranalli 

and Chandler, 1975; Sbar and Sykes, 1973; Worotnicki and Denham, 1976). The increasing 

importance of the current-day stress, in various aspect of geoscience, led researchers to build a global 

compilation of current-day stress data, with a particular emphasis on the SHmax orientation (Heidbach 

et al., 2010; Sperner et al., 2003; Zoback, 1992). The first release of the World Stress Map (WSM) 
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project with ~7700 data records revealed that there is a significant consistency between the SHmax 

azimuth and absolute plate motion in major stable continental regions such as North America, 

Western Europe and South America (Zoback, 1992; Zoback et al., 1989). Consequently, these studies 

concluded that large plate tectonic forces, including “ridge push” at mid-ocean ridges, “suction” at 

trench zones, “slab pull” at subduction zones, “resistance forces” at collision zones, “gravitational 

potential energy” at mountain belts and basal “shear traction” provide the major (first-order) control 

on the crustal stress field (Zoback, 1992; Zoback et al., 1989). These studies also demonstrated there 

are some local-scale controls on the stress pattern, such as buoyancy forces, lateral density changes in 

the crust and topography that control the crustal stress at a second-order (Figure 8). Further studies by 

the WSM team during the second (1995-2008) phase of the project provided 21750 SHmax data records 

across the world (Figure 9) (Heidbach et al., 2008b, 2010) and highlighted that “the large plate 

boundary forces are not enough” to explain the stress pattern of smaller scales. In addition, numerous 

smaller scales studies, particularly in sedimentary basins, highlighted the role of second-order and 

third-order sources of stress in the stress pattern (Table 4) (Heidbach et al., 2007; Müller et al., 2010; 

Reinecker et al., 2010; Tingay et al., 2006; Tingay et al., 2005b). Figure 9 shows the 2008 release of 

the WSM project with emphasis on Australia, New Zealand and Iceland, where this thesis aims to 

present new in-situ stress information. 

Figure 8: Controls on the contemporary tectonic stress. Major controls or first-order stress sources are 
shown by large blue arrows and local stress sources or second-order sources are shown by small blue 
arrows (Tingay et al., 2005b; Zoback et al., 1989). 
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Table 5: Controls on the present-day crustal stress (Heidbach et al. 2007; Reiter et al. 2014; Zoback 1992; Zoback et 
al. 1989; Tingay, 2006). 

Order of 
Stress 
Sources 

Extent Sources of the crustal stress Examples 

First >500 (km) 

Plate boundary forces: slab pull, ridge 
push, basal tractions of mantle 
convection, trench suction, mountain 
ranges and their gravitational potential 
energy. 

(Coblentz et al., 1998; Ghosh and Holt, 
2012; Ghosh et al., 2006; Heidbach et 
al., 2007; Heidbach et al., 2010; 
Lithgow-Bertelloni and Guynn, 2004; 
Richardson, 1992; Sperner et al., 2003; 
Steinberger et al., 2001; Zoback, 1992; 
Zoback et al., 1989) 

Second 100-500 (km) 

Seamount loading, isostatic 
compensation, sediment loading. 

(Bott and Dean, 1972; Cloetingh and 
Wortel, 1986; Heidbach et al., 2008a; 
Heidbach et al., 2007; Zhang et al., 
1998) 

Lateral density and strength contrasts. 
(Dyksterhuis et al., 2005; Heidbach et 
al., 2007; Zhang et al., 1994; Zhang et 
al., 1996) 

Large fault zones. 
(Mount and Suppe, 1987, 1992; 
Zoback et al., 1987) 

Erosion and topography. 
(Coblentz et al., 1998; Heidbach et al., 
2008a; Heidbach et al., 2007; 
Reinecker et al., 2010) 

Basin geometry and basement 
topography. 

(Brooke-Barnett et al., 2015; King et 
al., 2009; Tingay et al., 2005a; Tingay 
et al., 2006; Yassir and Zerwer, 1997) 

Third <100 (km) 

Fluid injection and withdrawal within 
the subsurface, man-made excavation, 
impoundment dams, lowering of the 
water table. 

(Klose, 2007, 2008; Quinn et al., 2008) 

Faults, diapirs and folds. 

(Bell, 1996b; Heidbach et al., 2007; 
King et al., 2012; Morley, 2010; Mount 
and Suppe, 1987; Tingay et al., 2010b; 
Yale, 2003; Zoback, 1987, 2010) 

Other geological structures such as 
basal detachment. 

(Ask, 1997; Bell, 1996b; Brereton et 
al., 1991; Heidbach et al., 2007; Hillis 
and Nelson, 2005; Müller et al., 2010; 
Tingay et al., 2011, 2012; Tingay et al., 
2006) 
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Figure 9: The 2008 version of the World Stress Map (Heidbach et al., 2008b, 2010) contain 21750 maximum horizontal stress (SHmax) data records. This thesis aims 
to investigate the stress pattern of three regions including Australia (a), New Zealand (b) and Iceland (c). The Australian continent which is the main objective of 
this thesis is presented as the Australian Stress Map (ASM) which originally developed by Hillis et al. (1998) and Hillis and Reynolds (2000, 2003). The latest release 
of the ASM contained 594 A-E quality (142 A-C) data records in 16 regions. However, the stress pattern of most eastern Australia is poorly understood. In this map, 
New Zealand (b) which is located at the boundary of Indo-Australian and Pacific plates is represented by 67 A-E quality (62 A-C) data records inferred from single 
focal mechanism solution of earthquakes. Iceland which is located at the border of the North American and Eurasian plates (on the Mid-Atlantic Ridge) contained 
38 A-E quality (11 A-C) SHmax data records inferred from shallow engineering method. 
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a b s t r a c t

Knowledge of the full present-day stress tensor and pore pressure has significant applications in t
exploration and production of conventional and unconventional hydrocarbon reservoirs. The Darli
Basin of New South Wales, Australia, is an old sedimentary basin (Late Cambrian/Silurian to Ear
Carboniferous) in which there was limited information about the present-day stress field prior to th
study. In this paper we evaluate the contemporary stress field of the Darling Basin using a dataset fro
recent exploration wells and perform a geomechanical risk assessment with respect to borehole stabili
fracture/fault generation and reactivation. Our interpretations of borehole failures in borehole image lo
reveal a prevailing east-west orientation of the maximum horizontal stress throughout the Darling Bas
The estimates of the magnitudes for the vertical, minimum and maximum horizontal stress in t
studied wells indicate a transition between thrust and strike-slip faulting stress regime at 600e700
depths, where the magnitude of vertical stress and minimum horizontal stress are close to each oth
However, the presence of borehole breakouts and drilling-induced tensile fractures, that we observe
the image logs at greater depths (900e2100 m) indicate a transition into a strike-slip tectonic stre
regime below a depth range of approximately 700e900 m. These findings are in agreement wi
overcoring stress measurements east and west of the investigated wells. Furthermore, there are sever
Neogene-to-Recent geological structures in the study area that indicate thrust faulting with an east-we
oriented maximum horizontal stress orientation around this old sedimentary basin. The consisten
between the orientation of maximum horizontal stress determined from wellbore data and neotecton
structures is significant, and implies that horizontal stress orientations derived from very rece
geological features may be valuable inputs to geomechanical models in the absence of wellbore or oth
data. However, the recent surface geological structures suggest a thrust faulting stress regime that is
slight contrast to the transition between thrust and strike-slip stress regime (SH > Sh ~ Sv) indicated
petroleum data, and highlights a potential pitfall of using neotectonic structures in geomechanic
models. In particular, careful attention and verification should be made when using neotectonic stru
tures for input, calibration or confirmation of geomechanical models, especially in intraplate tecton
settings such as Australia.

© 2016 Elsevier Ltd. All rights reserve
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1. Introduction

Geomechanics has been demonstrated over the past 20 years
having key importance in the hydrocarbon industry, and is used in
range of applications throughout the life cycle of geo-reservoir
from early exploration to field abandonment (Barton and Moo
2010; Bell, 1996b; Tingay et al., 2005b; Zoback, 2007
of
n
d

u (M. Rajabi).
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Geomechanics controls the initiation and propagation of hydrau
fractures, and is thus an essential input for designing and op
mizing hydraulic fracture stimulation (Bell, 1996b; Busetti an
Reches, 2014). The stability of wells, particularly deviated an
horizontal wells, is also controlled by the geomechanical param
ters, with wellbore instability being the largest contributor to no
productive time in drilling operations (Dodson et al., 2004). P
troleum geomechanics can also be used to assess the likelihood
faults to be reactivated in the present-day stress field, which ca
help assess whether hydrocarbon traps may have been breache
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also to assess hazards associated with completions and pro-
ction (Barton and Moos, 2010; Grünthal, 2014; Jones and Hillis,
03; Mildren et al., 2002, 2005; Nicol et al., 2011). Furthermore,
roleum geomechanics has additional applications for water
oding, sand production, enhancing production in naturally
ctured reservoirs, drilling safety and well design, and CO2 geo-
uestration (Barton and Moos, 2010; Bell, 1996b; Moos et al.,
03; Rutqvist, 2012; Zoback, 2007).
A comprehensive geomechanical investigation of petroleum
lls includes evaluation of several components such as the
entation and magnitude of stresses, rock mechanical properties,
re pressure and their interaction; and the distribution and
entation of faults and fractures. Assuming the vertical stress is
e of the three principal stresses, the stress tensor in sedimentary
ins is typically reduced to having four independent compo-
ts: the vertical stress (SV) magnitude, maximum horizontal

ess (SHmax) magnitude, minimum horizontal stress (Shmin)
gnitude and the orientation of the SHmax (Bell, 1996a). The stress
sor varies throughout sedimentary basins, both in depth and
erally, and thus, a key aspect of petroleum geomechanical anal-
s is the mapping of variations in stress magnitudes and orien-
ion within fields (e.g., Bell, 1996b; Heidbach et al., 2007; Rajabi
al., 2016a, 2016b; Tingay et al., 2005b; Zoback, 2007).
To date, numerous studies have been carried out on the in-situ
ess of Australia (e.g., Coblentz et al., 1998; Hillis and Reynolds,
03; Hillis et al., 2008; Rajabi et al., 2016a; Reynolds et al.,
06; Reynolds et al., 2005). The present-day stress orientation
oughout Australia is the most variable of any major continent,
, unlike other major tectonic plates, does not show any con-

tency with absolute plate motion despite the fact that the Indo-
stralian Plate has the highest absolute plate motion which
uld lead to rather frictional stresses at the base of the plate
blentz et al., 1998; Hillis and Reynolds, 2003; Richardson, 1992).
wever, most of the studies focused on the orientation of SHmax
generally limited analyses are undertaken on the absolute

ess magnitude, other than in a few regions generally associated
th major hydrocarbon provinces (Bailey et al., 2012; King et al.,
08, 2012; Mildren et al., 2002; Nelson et al., 2006; Reynolds
al., 2006). This study focuses on both the orientation and
gnitude of the present-day stress in the Darling Basin region.
The Darling Basin region is located in the central western part of
w South Wales (Fig. 1) and, prior to this study, contained only
y limited stress information from three overcoring measure-
nts in the east and west of the basin (Heidbach et al., 2010; Hillis
Reynolds, 2003). The study of the present-day stress field in the

rling Basin, which is a Late Cambrian to Early Carboniferous
imentary basin, is particularly important for several reasons.
stly, the basin is located between five stress provinces that all
w different stress orientations. For example, the Cooper-
manga and Flinders stress provinces in the northwest and
theast display an east-west SHmax orientation (Fig. 1) (Reynolds
al., 2005), the Otway and Gippsland basins (Fig. 1) in the
thwest and southeast of the Darling Basins display a northwest-
theast SHmax orientation (Hillis and Reynolds, 2003) and
shore sedimentary basins of New South Wales, in the east, show
nificant perturbations of the SHmax orientation due to the pres-
e of local stress sources (Hillis et al., 1999; Rajabi et al., 2016a,
6b). The stress orientations observed in individual adjacent
ions have been proposed to be driven by far field plate boundary
ces, particularly continental collision at New Zealand, New
inea and India (Reynolds et al., 2002; Sandiford et al., 2004), as
ll as being affected by local influences like basement structure
faulting (Hillis et al., 1999; Rajabi et al., 2016a, 2016b). The

rling Basin region also contains several neotectonic reverse faults
t generally show east-west orientations for the palaeo-SHmax
100
ark et al., 2012; Geoscience Australia, 2016). Hence, the present-
stress field interpreted from wellbore data herein is also sig-
cant, as it can be compared with young geological information
see if the geological structures can be used as reliable sources of
present-day stress in geomechanical assessment. Finally, the

rling Basin has potential for CO2 storage and petroleum/
thermal exploration (e.g., Bunch, 2014; Cooney and Mantaring,
07; HDR, 2010; Kobussen and Dick, 2011), for which the
owledge of the stress tensor is essential in order to examine the
ential for fault reactivation and seal failure during CO2 injection.
In this paper we determine the components of the reduced
ess tensor from petroleum data in three recently drilled explo-
ion and stratigraphic wells in the Darling Basin and discuss the
nges of the stress state with depth that are consistent with
blished overcoring measurements. In particular, we interpret
sent-day stress orientations from borehole breakouts and
lling-induced tensile fractures (DIFs), and then compile pore
ssure and density data as well as two extended leak-off tests.
e data are used to estimate the magnitudes of the vertical and
rizontal stresses. We demonstrate that the present-day tectonic
ess regime in the studied wells is at the transition between
ust and strike-slip stress regime (SHmax > Sv ~ Shmin) with an
roximately east-west SHmax orientationwhich is consistent with
rcoring measurements and focal mechanism solutions of
thquakes, but it is slightly different from surface neotectonic
uctures that would be interpreted to have formed in reverse
ess regime. Finally, we show some implications of our deter-
ned stress in the risk of fault/fracture reactivation and borehole
bility in the region.

Geological setting and neotectonics of the Darling Basin

The Darling Basin is one of the largest onshore sedimentary
ins in Australia that covers an area of over 100.000 km2 in
stern New South Wales (Fig. 1), (Cooney and Mantaring, 2007).
e Late Cambrian (or Silurian) to Early Carboniferous Darling Ba-
accommodated thick sedimentary sequences (mostly Devonian)
several sedimentary sub-basins (Figs. 1 and 2) or troughs
oney and Mantaring, 2007; Kobussen and Dick, 2011; Stewart
Adler, 1995).

The basin was probably formed in the Late Cambrian as a mar-
al basin over a series of fault blocks along the eastern margin of
ndwanaland (Khalifa and Mills, 2014; Stewart and Adler, 1995).
merous orogenic events during Palaeozoic affected the tectonic
ting of the basin (Fig. 2) and changed it to a foreland basin and
n to a non-marine sedimentary basin (Khalifa and Mills, 2014;
wart and Adler, 1995). Hence, the basin contains a wide range
sediment types from alluvial to open marine (Fig. 2). Although
Darling Basin comprises a large area in western New South
les, it has not been explored extensively yet. Several studies
e reported that the basin has potential for successful petroleum
loration (e.g., Brown et al., 1982; Cooney and Mantaring, 2007;
wart and Adler, 1995). For example, Cooney and Mantaring
07) explained all elements of a petroleum system in this ba-
. In addition, the Darling Basin, along with the Murray and
klands basins, has been investigated for potential geothermal
rgy generation (HDR, 2010), which highlighted that the heat
w in these basins is almost 14% above of the global average for
ks with similar age.More recently, the basin has been studied for
2 storage and the results revealed that some parts of the basin
y have potential for carbon storage (Bunch, 2014; Kobussen and
k, 2011).
The Australian continent is located far away from the Indo-
stralian Plate boundaries. However, unlike many intraplate re-
ns, numerous studies have revealed that Australia has a high
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Fig. 1. Location of the study area and wells with respect to the Australian continent. A) is published information about the present-day stress in the region from Heidbach et al.
(2010) and Rajabi et al. (2016a). Note that there are five different stress orientations in different basins around the Darling Basin B) Neotectonic features in and around the Darling
Basin, along with the location of the studied wells in the basin. The red beach balls are earthquake focal mechanism solutions from Leonard et al. (2002), while the black beach ball
is based on neotectonic fault movements for the Mundi Mundi Fault (Quigley et al., 2006). Green lines show the strike of neotectonic reverse faults in this region from Clark et al.
(2012). The background image is the 9s digital elevation model of Australia (Geoscience Australia, 2008). C) Location of studied wells superimposed on the basement map of the
Darling Basin region (Pearson, 2003), which clearly shows different troughs and fault-bounded basement highs within the basin. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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level of neotectonic faulting and seismicity (e.g., Clark et al., 201
Hillis et al., 2008; Quigley et al., 2006; Sandiford et al., 2004
Several neotectonic faults have been reported in and around th
Darling Basin (Table 1), which generally show an east-west stre
regime (Clark et al., 2012; Quigley et al., 2006). The age of th
youngest deformed sediments by these faults (Table 1) suggest th
they are active in the present-day stress field. For example, Quigl
et al. (2006) investigated the Mundi Mundi Fault, in the east of th
Daring Basin, and clearly show that the SHmax orientation, inferre
from field measurements, is approximately east-west (Fig. 1). Th
Darling Basin is not seismically active in comparison to the Flinde
and SE seismic zones (Hillis et al., 2008) that are located in the we
and east of the basin respectively. However, we found three foc
mechanism solutions of earthquakes with M > 4.5 in the vicinity
the Darling Basin including the White Cliffs event (ML: 5.1), We
Wyalong (ML: 4.6) and Temora earthquakes (5.2) that show var
able tectonic stress regimes and orientations (Heidbach et al., 201
Leonard et al., 2002).
10
It should be noted that almost all the neotectonic faults in th
study region, and even in the Australian continent, show thru
movement, and that no pure active strike-slip faults have bee
reported. This is generally suggested to be due to strike-slip faul
having not built sufficient topography to be distinguished (Cla
et al., 2012; Geoscience Australia, 2016; Quigley et al., 2006
However, Quigley et al. (2006), in an extensive kinematic analys
suggested reverse-oblique fault movement on three major faults
the vicinity of our study area, including the Mundi Mundi Fault.

3. Methodology used to determine the present-day stress
field of the Darling Basin

The quantification of the present-day stress tensor is an impo
tant part of petroleum exploration and production because it co
trols both natural and induced fluid flow (Bell, 1996b; Tingay et a
2005b; Zoback, 2007). However, due to a lack of essential data,
is often not possible to calculate the full stress tensor for each we
1
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Fig. 2. Generalised stratigraphy of the Darling Basin region modified from Kobussen and Dick (2011). The tectonic events are from Pearson (2003). In this stratigraphy chart the
Snake Cave Sandstone (used by Kobussen and Dick (2011)) now is superseded by the Wana Karnu Group, based on the Australian Stratigraphic Units Database (ASUD, 2015).
Similarly, the Mootwingee Group is superseded by the Mutawintji Group.
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example, there are approximately 2250 wellbores with reliable
ess orientations in the World Stress Map database release 2008,
t only 38 of these wells are assigned with a stress magnitude and
ess regime information (data extracted from Heidbach et al.,
0). There are several methods to calculate the parameters of
stress tensor in petroleumwells (e.g., Amadei and Stephansson,
7; Bell, 1996a; Engelder, 1993; Zoback, 2007). In this section we
efly describe the methods which we applied in this study.
102
. Orientation of maximum horizontal stress

The orientation of maximum in-situ horizontal stress (SHmax) is
important component of the stress tensor which has received
ensive attention in the petroleum industry in the last two de-
es (Barton and Moos, 2010; Bell, 1996b; Tingay et al., 2005b;
ack, 2007). It is a key parameter in fluid flow in fractured res-
oirs (Barton et al., 1995; Finkbeiner et al., 1997b; Sibson, 1996),
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Table 1
Neotectonic features in and around the Darling Basin region (Geoscience Australia, 2016). These young geological structures show a predominantly reverse faulting stress
regime. The confidence levels are from Geoscience Australia's ranking criteria for neotectonic faults based on demonstrable evidence of neotectonic movement (Geoscience
Australia, 2016), in which A-level shows definite neotectonic feature, B- and C-levels are probable and possible neotectonic features.

Feature name Length Displacement Sense of movement Average strike Dip direction Age of the youngest deformed deposit Confidence level

Iona Ridge 96.2 65 Reverse 202 West Pliocene A
Kantappa Scarp 88 30 Reverse 357 East Quaternary A
Kinchega Scarp 21.9 20 Unknown 33 Unknown Early Pleistocene B
Mundi Mundi Fault 160 100 Reverse 11 East Pleistocene A
Neckarboo Ridge 186 30 Reverse 216 West Pliocene A
Walgett Scarp 34.5 4 Reverse 154 Southwest Quaternary C
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borehole stability (Hillis and Williams, 1993; Moos et al., 200
Zoback, 2007) and hydraulic fracture stimulation (Bell, 1996
Seidle, 2011). Interpretation of stress-induced failures, includin
breakouts and DIFs, in borehole image logs is the most commo
method in petroleum wells to determine the orientation of SHm
(Bell, 1996a; Bell and Gough, 1979; Zoback, 2007).

Borehole breakouts, which are spalling of rocks on opposite sid
of the wellbore wall, form in those parts of the borehole whe
circumferential stress exceeds compressive rock strength (Bell an
Gough, 1979; Kirsch, 1898). This causes an oval shape for the we
bore (in cross section) in which the long axis orients in the Shm
orientation perpendicular to the SHmax orientation (Bell and Goug
1979; Kirsch, 1898), (Fig. 3). However, DIFs form where circumfe
ential stress is less than tensile rock strength in the borehole wa
(Aadnoy, 1990; Barton and Moos, 2010). The DIFs are two (su
vertical fractures parallel to the wellbore axis on the opposite sid
of the boreholewall (Fig. 3), (Aadnoy,1990; Barton andMoos, 2010
Fig. 3. Borehole failure characteristics and examples used in this study to determine th
Mena Murtee-1 and Tiltagoonah-1 respectively. As illustrated, the BOs (a and b) are orth
block diagram is modified from Anderson et al. (2003).

10
In this study we interpreted three borehole image log
including two Compact Microimager (CMI) logs and one Formatio
Microimager (FMI) log (Table 2). Both CMI and FMI are electric
image logs which provide a picture of the borehole wall based o
resistivity contrast of rock and fluids. Hence, breakouts are inte
preted as pair of enlarged conductive zones while DIFs are tw
parallel and conductive fractures that are developed on both sid
of the wellbore that are separated from each other by approx
mately 180�. Fig. 3 shows examples of these features in the studie
wells in the Darling Basin.

3.2. Vertical stress magnitude

The magnitude of vertical stress (Sv, lithostatic or overburde
stress) is, generally assumed to be the easiest component of stre
tensor to determine (Bell, 1996a; Tingay et al., 2003) since it can b
calculated by integration of density logs:
e orientation of maximum horizontal stress (SHmax). The CMI and FMI examples are from
ogonal to the SHmax direction while DIFs (c and d) are parallel to SHmax in a vertical well. The

3
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Table 2
Location of studied wells and other in-situ stress measurements in the Darling Basin region. Studied wells are those that indicated by having BO (breakout) or DIF (drilling-
induced fracture) type of stress measurements. The Q (quality), count (number of stress indicators in each well), total length and S.D. (standard deviation) are included for each
well, as recommended for using the World Stress Map (WSM) ranking system (Heidbach et al., 2010) to investigate the reliability of our stress measurements. The depth of
White Cliffs focal mechanism solution (FMS) is uncertain, as different sources show a range of 2e10 km (Leonard et al., 2002). In addition, the quality of two overcoring (OC)
measurements (ZC Mine Broken Hill and North Broken Hill) were reassessed herein based on the WSM criteria and classified as C-quality (Hillis and Reynolds, 2003;
Worotnicki and Denham, 1976).

Location Long. Lat. SHmax Azimuth (deg) Type Regime Q Depth (km) Count Total length (m) S.D. (deg)

Orientation Regime

Nyngynderry 1 143.306 �32.27 99 BO U A 1.4315 NA 158 584 12
Mena Murtee 1 143.2 �31.246 88 BO TS A 1.791 0.753 81 157 4
Tiltagoonah 1 144.758 �31.257 103 BO TS C 1.1665 0.568 17 24 5
Tiltagoonah 1 144.758 �31.257 99 DIF TS D 1.03 0.568 10 6 10
Mena Murtee 1 143.2 �31.246 96 DIF TS C 1.793 0.753 16 24 4
Nyngynderry 1 143.306 �32.27 86 DIF U D 1.88 NA 5 6.7 13.5
White Cliffs 143.52 �30.08 65 FMS NS C 2e10

(?)
2e10 (?) e e e

Cobar/NSW 145.82 �31.5 98 OC TS B 0.439 0.439 e e 15
ZC Mine Broken Hill 141.15 �31.95 77 OC TS C 0.743 0.743 e e 25
North Broken Hill 141.43 �31.97 89 OC TS C 1.258 1.258 e e 11
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¼
Zz

0

rðzÞg dz (1)

ere r (z) is the density, z is depth and g is acceleration due to
vity (~9.81 ms-2).
The studied wells in the Darling Basin are vertical wells and the
sity logs are available from the near surface. We applied envi-
mental corrections on the density logs in order to remove
rious data bya combinationoffilteringmethods such asusing the
nsity log correction curve’ (DRHO) and using caliper logs in order
remove unreliable density data particularly in washout zones.
re details about density data conditioning methods and vertical
ess magnitude determination can be found in Tingay et al. (2003).
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. Magnitude of minimum horizontal stress

There are several methods to determine the magnitude of Shmin
luding hydraulic fracturing tests, leak-off tests and mini-frac
ts (Addis et al., 1998; Bell, 1996a; Lee et al., 2004; White et al.,
02). In this study we interpreted extended leak-off tests
OT), which are summarized briefly below.
Leak-off tests (LOT) are a ‘pumping pressure test’ primarily
formed below casing to estimate the upper limit of the mud
ight that can be used during drilling without fracturing the
llbore wall (Addis et al., 1998; White et al., 2002), as well as for
ermining the maximum pore pressures that can be safely drilled
thout compromising wellbore safety during a drilling ‘kick’.
k-off tests involve increasing the mud pressure in an open and
lated section of wellbore, below the casing shoe, in order to
ate a small tensile fracture (Bell, 1996a). The XLOTs are a more
prehensive and longer leak-off test in which pumping is not

pped immediately after the leak-off pressure is observed, and
ich is primarily conducted to obtain a fracture closure pressure
dis et al., 1998; Bell, 1996a; Li et al., 2009; White et al., 2002). A
OT will consist of one (and often two or more) complete cycles of
k-off, formation breakdown, fracture propagation, shut-in and
cture closure (Addis et al., 1998; Bell, 1996a; Li et al., 2009;White
al., 2002). Fig. 4 shows the XLOT pressure-time data from the
agoonah-1 well, with the XLOT stages marked.
Depending on the type of the test (LOT or XLOT), leak-off pres-
e (LOP), instantaneous shut-in pressure (ISIP) or fracture closure
ssure (FCP) can be used to estimate the magnitude of Shmin (see
. 4 for the difference between these points). In general, the leak-
104
pressure is less reliable for estimating Shmin, and tends to slightly
r-estimate Shmin (Bell, 1996a; Breckels and van Eekelen, 1982).
wever, when XLOT data is available, both FCP and ISIP can be
d to provide more reliable information for calculation of Shmin
dis et al., 1998; Enever et al., 1996; King et al., 2008;White et al.,
02). Particularly the FCP information from the subsequent cycles
more reliable than the first cycle because the FCP of the second
third cycles has removed the effect of tensile rock strength and
ce provide more accurate estimation of Shmin magnitude (Bell,
6a). In this study, we use the FCP, interpreted with the
uble-tangent method, derived from the third cycle (see Fig. 4) to
imate the magnitude of Shmin as following:

in ¼ FCP þ ðmud weight � Depth � 9:81Þ (2)

. Magnitude of maximum horizontal stress

Estimation of the SHmax magnitude is the most difficult and
certain component of the stress tensor to determine because
re is no direct method to measure SHmax magnitude (Bell, 1996a;
ack, 2007). Instead, it is common practice to utilise multiple
thods to both constrain and estimate the SHmax magnitude using
itional information and assumptions (Amadei and Stephansson,
7; Bell, 1996a; Cornet, 2015; Zoback, 2007). In this study, we
d three methods to estimate the magnitude of SHmax in two
lls of the Darling Basin.
SHmax estimates from extended leak-off tests: the XLOTcan be used
estimation of SHmax magnitude from fracture initiation and/or
pening pressure (Haimson and Fairhurst, 1967; Hubbert and
llis, 1957). The minimum hoop or circumferential stress rela-
nship around a vertical well, where the tensile failure during and
OT has occurred, can be summarized as following (Bell, 1990;
bbert and Willis, 1957):

min ¼ 3Shmin � SHmax � Pw � Pp � T (3)

ere Pw is wellbore fluid pressure at fracture initiation, Pp is pore
ssure and T is tensile rock strength.
Assuming that XLOT fracture closure pressure (FCP) is equal to
in, Equation (3) can be rewritten based on the XLOT parameters:

ax ¼ 3FCP � LOP � Pp � T (4)

ere the LOP is fracture initiation pressure (leak-off pressure), Pp
ore pressure and T is tensile rock strength.
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Fig. 4. An example of an extended leak off test (XLOT) and its terminology from one of the studied wells (Tiltagoonah-1). In this XLOT pressurising continued beyond the leak-off
pressure in three cycles. The double tangent method was implemented to determine the FCP. Note the decrease of FCP from the first cycle to the third one.

M. Rajabi et al. / Marine and Petroleum Geology 77 (2016) 776e790782
In this equation, all the parameters except T can be found fro
the XLOT pressure records (Fig. 4). In the studied wells and even
the Darling Basin there is no information about tensile strengt
However, the fracture reopening pressure (Pr) of XLOT can be use
because the rock tensile strength has already been overcome, an
reduced to near zero during the fracture re-opening cycl
(Bredehoeft et al., 1976). Hence, Equation (4) can be rewritten as

SHmax ¼ 3FCP � Pr � Pp (

SHmax estimation from frictional limit theory: The theory of fri
tional limits assumes that the ratio of maximum to minimu
effective stress cannot be more than the stress required to cau
faulting on an optimally oriented, cohesionless, pre-existing fau
plane (Sibson, 1974). The frictional limit to stress is given by Jaeg
and Cook (1979) as following:

S1 � Pp
S3 � Pp

�
��

1þ m2
�1

2 þ m

�2
(

Where S1 and S3 are the maximum and minimum princip
stresses respectively, Pp is pore pressure and m is coefficient
friction on an optimally oriented, cohesionless, pre-existing fau
By using a standard value of 0.6 for m, Equation (6) can be simplifie
to (Byerlee, 1978; Zoback and Healey, 1984):

S1 � Pp
S3 � Pp

� 3:12 (
10
With the assumption of the stress tensor, S1¼SHmax an
S3¼Shmin in a strike-slip stress regime, S1¼Sv and S3¼Shmin in
normal faulting stress regime and S1¼SHmax and S3¼Sv in a thru
faulting stress regime. This method provides the upper limit for th
magnitude of SHmax, though can yield a good estimate of th
maximum principal stress magnitude in regions of active faultin
(McGarr, 1980; Tingay et al., 2009; Zoback and Healey, 1984). Th
approach implicitly assumes that the crust contains pre-existin
faults and fractures of all orientations.

SHmax estimation from the occurrence of DIFs: the presences
stress-induced failures, including DIFs and breakouts, that provid
the orientation of SHmax can also be used to estimate the magnitud
of SHmax if the rockmechanical properties is known (Bell andGoug
1979; Zoback, 2007). As described above, DIFs forms when th
circumferential stress is less than tensile strength of the rock in th
borehole wall (Aadnoy, 1990; Barton and Moos, 2010; Brudy an
Zoback, 1999). The formation of DIFs has the similar concept to th
creation of tensile fracture during the XLOT but the initiation of DI
is caused by the static mud column. Hence, Equation (3) can be use
to estimate SHmax for those intervals that the DIFs are observed
image logs of vertical wells. The only unknown parameter to es
mate the magnitude of SHmax in Equation (3) is the tensile ro
strength which can be assumed to be negligible (Brudy and Zobac
1999; Nelson et al., 2005; Wiprut et al., 1997).
3.5. Pore pressure

Pore pressure (Pp) is an important component of the stre
5
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sor, which is required to calculate stress magnitudes and the
ective stresses (Hubbert and Rubey, 1959; Tingay et al., 2009).
e hydrostatic Pp is the pressure produced by the weight of static
umn of fluid (Mouchet and Mitchell, 1989). The Pp in sedimen-
y basins is not always on the hydrostatic condition due to
merous sources (Mouchet and Mitchell, 1989; Osborne and
arbrick, 1997). The easiest method to estimate the (upper
nd of) Pp in petroleum wells is to assume that drilling mud
ight is a proxy for pore pressure, because drilling mud is usually
t slightly greater than Pp in order to prevent subsurface fluids

wing into wells whilst maximising rate of penetration and dril-
g efficiency (Mouchet and Mitchell, 1989; Tingay, 2015). Hence,
use the mud weight in the study wells to estimate the
roximate Pp in the intersected formations of the Darling Basin.
thermore, a drill stem test (DST), which is a transient pressure
ts and provides the most reliable information of the Pp (Morton-
ompson and Woods, 1992; Mouchet and Mitchell, 1989) is
ilable in one of the studied wells that warrants the use of mud
ight method.

Results and discussion

. The orientation of SHmax

Over four kilometres of electrical borehole image logs from
ee vertical wells were analysed for interpretation of breakouts
DIFs in the Darling Basin. A total of 256 breakouts and 31 DIFs

th a combined length of 801.7 mwere interpreted in the studied
lls (Table 2). All the results were classified based on the World
essMap ranking system (Heidbach et al., 2010), and indicate that
wells in the Darling Basin have reliable SHmax orientations with
rall low standard deviation (Table 2). There were no prior
blished stress orientation data available in Darling Basin sedi-
nts prior to this study, though there is data from three shallow
rcoring tests undertaken in primarily metamorphic sequences
idbach et al., 2010; Hillis and Reynolds, 2003; Worotnicki and
nham, 1976) and an earthquake focal mechanism solution from
event in August 1996 in the White Cliffs region (Leonard et al.,
02), (see Fig. 1 for the location). Our new compilation of SHmax
entation for the Darling Basin region clearly shows a prevailing
t-west orientation of the SHmax orientation for this area
ble 2).
We applied two statistical approaches to evaluate the average
ax orientation in the Darling Basin region, namely the stress
vince method (Hillis and Reynolds, 2003) and wavelength
lysis (Heidbach et al., 2010). In order to define a stress province
ording to Hillis and Reynolds (2003), there should be at least
r A-C quality SHmax data records in a distinct geographic loca-
n. In the next step the SHmax data records were weighted based
their quality inwhich A-quality receive a weight of four down to
uality that receive a weight of two. The circular statistics,
lained by Mardia (1972) and Davis (2002), have been used to
culate the mean SHmax orientation, standard deviation and the
gth of resultant vector (R-value) for the stress data. Then, the
leigh test (Mardia, 1972) was applied on the data to evaluate the
nificance of the mean SHmax orientation. Finally, the number of
ax data records and the calculated R-value is compared to cut-
values of Mardia (1972) to classify the Darling stress provinces
ed on Hillis and Reynolds (2003) classification. The results,
ed on eight A-C quality data, indicate that the mean SHmax

entation in the region is 091� ±11� and R-value of 0.93, which is
ssified as a ‘Type 1’ (most reliable) regional average stress indi-
or, based on the Hillis and Reynolds (2003) classification
eme. A detailed explanation about the concept of stress prov-
es can be found in Hillis and Reynolds (2003) and Rajabi et al.
106
16b).
Wavelength analysis aims to determine the spatial pattern of
an SHmax orientation over a particular region according to the
mber and quality of the observed stress data; and the distance to
rid point (Heidbach et al., 2010; Reiter et al., 2014). This method
vides a smoothed stress map that shows the mean SHmax
entation (at a grid point), its reliability and thewavelength of the
an SHmax. The wavelength is shown by different colour that
resents the spatial consistency of the stress pattern (Heidbach
al., 2010; Reiter et al., 2014). In this paper, we incorporated the
ults of this study with all Australian stress data in the World
ess Map database (Heidbach et al., 2010) as well as a recently
piled stress database for Australia (Brooke-Barnett et al., 2015;

abi et al., 2016a, 2016b) to calculate the mean SHmax orientation
a spatial resolution of 0.5 � 0.5� for whole the Australian
tinent. In this method, a node geometry based on the specified
d (in our case 0.5�) is first defined over Australia. Then, we
ned a search radius of 1000 kmwhich is decreased step by step
100 km. The mean SHmax orientation is calculated at each step
checked to see whether the standard deviation is less than 25�.

is loop is recalculated over and over until the largest diameter
fils our criterion (standard deviation � 25�). A detailed expla-
ion about the methodology of the stress wavelength analysis
thod can be found in Heidbach et al. (2010) and Reiter et al.
14).
Fig. 5 illustrates the results of wavelength analysis over the
rling Basin region, which shows a consistent east-west SHmax

entation in the study area. Furthermore, there is a gradual
rease of the stress pattern wavelength from west to east in the
dy area (Fig. 5 compares the long wavelength in thewestern side
th short wavelength in the eastern side). Hence, the basin is
ated in a transition zone from a long to a short wavelength stress
entation, which is consistent with previous studies where
nolds et al. (2005) proposed that the dominant east-west
entation of the SHmax in the Cooper-Eromanga Basins is due to
ferent plate boundary forces around the Indo-Australian Plate.
e wavelength analysis results herein are also consistent with
ent studies in onshore basins throughout New South Wales,
ich demonstrate significant perturbation of stress due to pres-
e of geological structures (Hillis et al., 1999; Rajabi et al., 2016a).
The present-day stress orientation is often compared and con-
sted to major neotectonic structures, such as faults and folds.
thermore, fault slip and volcanic vent alignments that are not
er than Quaternary is usually used as indicators of the SHmax
entations in the World Stress Map database (Angelier, 1984;
rner et al., 2003; Ziegler et al., 2016; Zoback, 1992). In general,
re is often good consistency between the SHmax orientation
erred from neotectonic structures, and present-day stress ori-
ations (e.g., Hillis et al., 2008; Quigley et al., 2006; Sandiford
al., 2004; Sperner et al., 2003; Ziegler et al., 2016). However,
re are also notable examples of ‘non-Andersonian’ structures, in
ich present-day stress orientation contrasts significantly from
orientation suggested by neotectonic structures, such as along
San Andreas and Great Sumatra faults (Mount and Suppe, 1987,
2; Zoback et al., 1987); low-angle normal faults (Collettini, 2011;
llettini and Sibson, 2001; Wernicke, 1981, 1995) and gravity
ing/gliding features (Tingay et al., 2012). In Australia, numerous
dies have highlighted the consistency of present-day stress with
tectonic structures (e.g., Clark et al., 2012; Hillis et al., 2008;
igley et al., 2006; Sandiford et al., 2004). For example,
diford et al. (2004) correlated the orientation of present-day
ess in southeastern Australia with neotectonic structures. Hillis
al. (2008) show the consistency of the SHmax pattern with
ent tectonic structures in passive margins of Australia. The cor-
ation of SHmax orientation determined from recent tectonic
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Fig. 5. The present-day stress map of the Darling Basin region with the mean SHmax orientation on a 0.5� grid (black lines) based on wavelength analysis of stress using A-C quality
data records based on the World Stress Map quality ranking scheme, including quality and distance weighting (see Heidbach et al., 2010). The largest radii that fulfil the confidence
criteria (standard deviation of <25� and data records n � 4) are colour coded to show the wavelength of the stress pattern in the region. The orientation of reverse faulting
neotectonic features in the study area (green lines) is consistent with the present-day SHmax orientation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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structures with wellbore data is particularly important in th
Darling Basin, which is an old sedimentary basin located in th
central part of Australia, far away tectonic plate margins. The co
sistency of SHmax orientation fromwellbore data and the geologic
information (i.e. neotectonic features) highlights the potenti
usefulness of recent tectonic structures in geomechanical asses
ments of geo-reservoirs.

4.2. Pore pressure, stress magnitudes and tectonic stress regime

Pore pressure (Pp) estimated from mud weights indicates th
the Pp is probably at, or close to, hydrostatic in the studiedwells (i
Mena Murtee-1 and Tiltagoonah-1). This is confirmed by the D
data in Mena Murtee-1 (Fig. 6), and is as expected given the old a
of the basin, relatively shallow study depths, and lack of any maj
recent depositional events (Osborne and Swarbrick, 1997). Th
magnitudes of the Sv and Shmin at 0.75 km below ground level (bg
in the Mena Murtee-1 are 17.4 and 18.4 MPa (23.2 and 24.5 MP
km) respectively. While the lower and upper bounds for th
magnitude of SHmax in this well are 27.8 and 38.7 MPa at 0.75 k
bgl respectively (37.1 and 51.6 MPa/km respectively; Fig. 6). Th
circumferential stress modelling for the occurrence of DIFs i
dicates that the magnitude of SHmax is 49.5 MPa/km in Men
Murtee-1. In Tiltagoonah-1 the Sv and Shmin magnitudes are 14
and 15 MPa at 0.57 km bgl (24.7 and 26.3 MPa/km respectively
and the SHmax magnitude ranges between 23.7 and 31.7 MPa
0.57 km bgl in this well (41.5 and 55.6 MPa/km respectively; Fig. 6
In addition, the magnitude of SHmax in Tiltagoonah-1 using th
presence of DIFs was estimated to be 54 MPa/km.

The results of stress magnitudes in the studied wells is pr
sented in Fig. 6, and indicates that Sv and Shmin are close to eac
other in both wells, suggesting a transition between thrust an
strike-slip stress regime (SH > Sh ~ Sv) based on the standa
10
Andersonian stress regime classification (Anderson, 1905
Furthermore, the results show large differential horizontal stre
magnitude in the studied wells, which is consistent with the pu
lished data in the Cooper-Eromanga Basins (Reynolds et al., 200
located approximately 450 km to the northeast of our study area

Three shallow engineering stress measurements, from th
overcoring method, in the Darling Basin region also indicate
transition between thrust and strike-slip stress regime. The ove
coring measurement in the Cobar area shows a value of 1.7 for th
k-ratio (the ratio betweenmean horizontal stresses and the vertic
stress) at depth of 0.44 km. Two further overcoring measureme
east of the Darling Basin (Broken Hill region, see Table 1) indica
that the k-ratio decreases with increasing depth (k ¼ 1.5 at 0.74 k
depth in the ZC Mine Broken Hill and k ¼ 1.37 at 1.26 km depth
North Broken Hill). The decrease in k-ratio with depth indicated b
overcoring tests is further support of the stress magnitude es
mates from the three petroleum wells herein. Hence, all stre
measurements available in the region to date indicate a chan
from a shallow thrust faulting stress regime to deeper strike-sl
faulting stress regime below a depth of ~900 m.

As outlined in the previous sections, the neotectonic features
the study area are reverse or thrust fault scarps on the surfac
Whilst these faults indicate horizontal stress orientations consi
tent with other measurements, the comparison of these ne
tectonic features with present-day stress measurement highligh
some important issues about the usefulness of neotecton
geological structures for indicating the present-day stress regime
geomechanical models.

i. There appears to be an inconsistency between surface ne
tectonic faulting (suggesting a thrust faulting stress regime) an
stress magnitudes from petroleum and shallow engineerin
data that indicate a borderline thrust/strike-slip faulting stre
7
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Fig. 6. Stress profile of the studied wells showing all components of the contemporary stress tensor, including magnitude of stresses and the orientation of maximum horizontal
stress (SHmax). Black bars in the right side of each plot show the depth coverage of image log data, while red and blue points show the location of borehole breakouts and drilling
induced tensile fractures respectively. Rose diagrams are the mean orientation of SHmax in each well. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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regime, with a deeper strike-slip stress regime. However, this
discrepancy probably highlights the change of stress regimes
with depth in the region from a thrust stress regime in the
shallow depths to strike slip in the deeper parts. Indeed, a
change in relative stress magnitudes from a shallow thrust
regime to a deeper strike-slip regime, and sometimes an even
deeper normal faulting stress regime, has been reported in
numerous different studies. For example, Heidbach and
Reinecker (2013) showed a similar change of stress regime
with depth in northern Switzerland. Rasouli et al. (2013) in an
exploration well in the Perth Basin, Western Australia found a
reverse stress regime in the shallower intervals (less than
900 m) which tends to be a predominant strike-slip regime in
the deeper intervals. More recently, Brooke-Barnett et al. (2015)
reported the changes in stress regime from thrust to strike-slip
with depth in the Bowen-Surat Basins in eastern Australia.
It should also be noted that it is possible that the neotectonic
features in the study area occurred in a transition between
thrust and strike-slip stress regime, rather than pure thrust
faulting stress regime. Quigley et al. (2006) suggested a reverse-
oblique fault movement for three fault scarps in the Flinders
Ranges in the vicinity of our studied area, whereas structures in
this region had previously been considered to only thrust
faulting. Furthermore, it can be very difficult to identify oblique
108
or strike-slip motion on surface features, as these motions do
not build significant topography. Hence, it is possible that
transpressive structures may be misidentified as purely thrust
faulting features. Indeed, it is interesting to note that no pure
active strike-slip faults have been reported in the neotectonic
database of Australia, despite the likelihood that such structures
exist (Clark et al., 2012; Geoscience Australia, 2016; Quigley
et al., 2006).

Both situations described above indicate that young geological
uctures can provide useful information about the stress regime.
t, it should be noted that ‘depth’ is an important factor for the
dy of the stress regimes, because the stress regime is not
essarily constant at different depths (Brooke-Barnett et al.,
5; Heidbach and Reinecker, 2013; Zang et al., 2012). Further-
re, it should be noted that there are many studies that have
nd significant differences between neotectonic structures and
sent-day stress magnitudes, such as in onshore Brunei (Tingay
al., 2005a); the Otway and Gippsland basins of Southeast
stralia (King et al., 2012; Nelson and Hillis, 2005; Nelson et al.,
06; van Ruth et al., 2006) and Perth Basin of Western Australia
ng et al., 2008; Rasouli et al., 2013). Thus, particular care should
taken when using surface geological structures as the only
rce of stress regime information for geomechanical models, as



ss

n
to
l.,
t,
),
w

e
l.,
ay
o
g
sk
to
ch
to
st
n
in
d
m

M. Rajabi et al. / Marine and Petroleum Geology 77 (2016) 776e790786
surface faulting may not directly be indicative of deeper stre
regimes.

5. Implications for petroleum, geothermal exploration and
production of the Darling Basin

5.1. Implications for enhancing reservoir productivity

Faults and fractures that are favourably aligned for reactivatio
under the present-day stress regime have been demonstrated
have greater ability to flow subsurface fluids (e.g., Barton et a
1995; Finkbeiner et al., 1997a; Hillis, 1997). Indeed, this concep
sometimes referred to as ‘structural permeability’ (Sibson, 1996
has been well documented in petroleum reservoirs, with fluid flo
Fig. 7. Reactivation risk plots for the estimated stress state in Tiltagoonah-1 and Men
magnitude (SHmax) while the bottom plots are according to upper bounds of SHmax magni
1 respectively. The red colours show high likelihood of faults/fracture reactivation and o
to the Griffith-Coulomb failure envelope on the Mohr Circle. While the blue colours rep
state. Our interpreted fractures and faults in image log are shown as pole to planes (black
fractures and faults regardless of their conductivity are prone to be reactivated in the pr
each diagram are highly prone to be reactivated. (For interpretation of the references t

10
being commonly enhanced in directions sub-parallel to th
present-day maximum horizontal stress direction (Heffer et a
1997; Heffer and Lean, 1991). The control of the present-d
stress on subsurface fluid flow is particularly important for tw
petroleum exploration and production issues, namely; enhancin
production in naturally fractured reservoirs and assessing the ri
of fault seal breach. Whilst it is common in reservoir engineering
use a stochastically populated fractured reservoir model, su
models treat all fracture orientations as equal, and do not take in
account that fractures suitably oriented for reactivation are mo
favourably targeted for enhanced hydrocarbon production (Barto
et al., 1995; Sibson, 1996). Conversely, there are many instances
which potential hydrocarbon prospects have been compromise
and rendered uneconomic due to recent fault seal breach fro
a Murtee-1. The top plots are based on the lower bound of maximum horizontal stress
tude. The plots are drawn at depth of 0.57 and 0.75 km for Tiltagoonah-1 and Mena Murtee-
rientation of potential fracture generation based on the distance of the effective stress state
resent the low likelihood of reactivation for all possible fractures in the present-day stress
: open fractures, grey: closed fracture and white: faults). As can be seen, most of interpreted
esent-day stress regime. Particularly those fracture/faults that are in the circled regions on
o colour in this figure legend, the reader is referred to the web version of this article.)

9
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tectonic fault reactivation (e.g., Jones and Hillis, 2003; Mildren
al., 2002, 2005). Hence, a comparison of existing fracture ori-
ations with contemporary stresses can be used to examine the
of present-day fracture reactivation, and thus used to identify

ural fracture populations that should be targeted for enhanced
rocarbon production rates, or exploration prospects that should
entially be avoided due to possible fault seal breach (Jones and
lis, 2003; Mildren et al., 2002, 2005).
In this study, we used ‘reactivation risk plots’, which use Mohr's
cle criterion (Means, 1976; Mildren et al., 2002) to evaluate the
of reactivation for all possible fracture orientations. Fig. 7

ws the fracture reactivation stereonet plots for the Darling Ba-
wells, with fracture orientations plotted as pole of planes, and
th different colours representing the relative ease of fracture
ceptibility as the amount of pore pressure increase required to
ctivate a fracture (King et al., 2008; Mildren et al., 2002). Warm
d) and cold (blue) colours respectively indicate the highest and
est risk of reactivation according to the estimated stress tensor
the given depth. We also interpreted the existing natural frac-
es observed on image logs in the studied wells to test whether
y are at risk of reactivation in the present-day stress tensor of
Darling Basin. Fig. 7 shows two different scenarios for each well,
luding the risk of reactivation in our determined stress regimes
lower and upper bounds of SHmax magnitude which show that
majority of fractures (i.e. those that are plotted as pole of plane

the red zones in Fig. 7) are prone to be reactivated.
The observed fractures are primarily oriented in directions that
favourable for fracture reactivation, and it is interesting to note
t most fractures are electrically conductive, which typically in-
ates that they are hydraulically conductive and permeable.
8. Different wellbore trajectories and borehole stability issues in the Darling Basin. In these
me is shown as on the boundary on the thrust and strike-slip with two different stress regi
erential stresses (our results).

110
wever, it should also be noted that many resistive and presum-
y closed fractures are also suitably oriented for fracture reac-
ation, though these are likely filled with mineralisation (cement)
can be considered as ‘stress-insensitive’ (Laubach et al., 2004;

abi et al., 2010). Several faults are also observed on the studied
age logs, and these are also primarily favourably oriented for
ctivation. If major sealing faults exist in these orientations, there
possibility that existing hydrocarbon traps have been breached,
h as during the phases of neotectonic activity that created the
ional surface faulting.

. Implications for borehole stability

Directional, or deviated, drilling is extremely important for
ancing the production of hydrocarbon fields, for optimizing
uired surface facilities and minimising surface environmental
pact. However, wellbore instability is a major cause of non-
ductive time and increased cost in deviated drilling opera-
ns. Mechanical collapse of wellbores due to excessive borehole
akout can cause issues such as hole cleaning difficulties, un-
nned wiper trips, back-reaming, increased torque and drag,
itional surface cutting management and, potentially, stuck pipe,

le collapse, fishing operations and hole abandonment/side-
cking (e.g., Hillis and Williams, 1993; Moos et al., 2003;
ack, 2007). A critical aspect of reducing wellbore instability is-
s is the minimization of shear failure of the wellbore wall, via
uction of the maximum circumferential stress (Hillis and
lliams, 1993; McLellan and Hawkes, 2001; Zoback, 2007).
proved wellbore stability can be achieved by raising the mud
ight used in drilling, but the amount by which the mud weight
diagrams the orientation of maximum horizontal stress is east-west and the stress
me scenarios. The first is low differential stresses and the other one assumes high
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can be raised is limited by the minimum horizontal stress and lea
off pressure, and higher mud weight also negatively affects drillin
performance and rate of penetration (McLellan and Hawkes, 200
Moos et al., 1998, 2003). A reduction in shear failure of the wellbo
can also be achieved by planning well trajectories to reduce th
stress anisotropy acting on the wellbore, and thus reducing th
maximum circumferential stress acting on the borehole wall (Hil
and Williams, 1993; Moos et al., 2003). Knowledge of the presen
day stress tensor can be used to predict the relative risk of boreho
breakout formation on all possible well trajectories, and thus use
to identify the most favourable well designs to minimise potenti
wellbore instability (Hillis and Williams, 1993; Moos et al., 2003

The Darling Basin is not explored extensively, but the state
stress plays an important role in future well planning in this bas
(Fig. 8). The full stress tensor determined in this study was used
predict the risk of borehole breakout formation and associate
borehole stability issues. The large differential stresses, particular
the large difference between the SHmax magnitude and both the
and Shmin magnitudes, indicate that wellbore instability may be
potentially significant problemwhen drilling wells that are vertic
or deviated north-south in the Darling Basin (Fig. 8). Indeed, this
highlighted by the large number of breakouts observed in the thr
vertical wells drilled to date in the basin, particularly
Nyngynderry-1 where we interpreted more than 500 m breakou
Hence, the stress tensor analysis undertaken herein suggests th
wells are less likely to experience wellbore instability issues
deviated towards the east or west. Furthermore, wells deviated
this most stable direction are also more likely to intersect th
predominate open fracture sets noted in the previous sectio
(Fig. 8).

6. Conclusions

In this study we analysed and determined the components
the present-day stress tensor in the Darling Basin, western Ne
South Wales, Australia. The orientation of maximum horizont
stress from interpretation of borehole breakouts and drillin
induced tensile fractures demonstrate a predominant east-we
trend in the basin, which is consistent with other types of data
the region, such as overcoring measurements, focal mechanis
solutions of earthquakes and the palaeo-SHmax orientation inferre
fromneotectonic structures. Hence, in the absence of wellbore dat
neotectonic features are reliable sources of information for th
orientation of SHmax even in an old sedimentary basin such as th
Darling Basin. The consistency of mean SHmax orientation in th
Darling Basin with that observed in the Cooper-Eromanga Basi
and Flinders Ranges stress provinces indicates that far-field pla
boundary forces are the primary control on stress orientation in th
basin. The magnitude of vertical and horizontal stresses from p
troleum data suggest that a transition between thrust and strik
slip stress regime currently exists at shallow depths, and that th
transitions into strike-slip stress regime below approximate
900 m depth. The stress regime determined from petroleum we
data is consistent with measurements from nearby shallow ove
coring measurements in primarily basement rocks, as well as wi
earthquake focal mechanism solutions. However, the neotecton
fault scarps infer a pure thrust faulting stress regime at the surfa
and highlights that the surface neotectonic measurements mig
not represent the stress tensor at depth. Fracture suitability di
grams for our determined stress regime in the studied wells illu
trate that fractures and faults striking north-northeast and sout
southeast, and with any dip greater than 20� (except those th
are plotted in the blue zones in Fig. 7), are more prone to be rea
tivated in the current stress regime, and are thus more favourab
targeted for increased reservoir productivity. In addition, we
11
deviated to the east or west are suggested to be more stable, an
less prone to costly wellbore instability issues, than wells that a
drilled vertically or deviated to the north and south. Hence, w
propose that wells deviated in an approximately east or west d
rection are both likely to be more stable, and will intersect a high
number of potentially open and productive natural fractures.
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Abstract 

The present-day tectonic stress field in the Australian continent has been the subject of scientific 
debate for over 20 years. The orientation of maximum horizontal present-day stress (SHmax) in 
continental Australia is unlike all other major tectonic plates in that it is not oriented sub-parallel to 
the absolute plate motion direction. Previous studies on the stress field of Australia revealed that the 
complex stress pattern of the continent is controlled, at a first-order, by large-scale forces exerted at 
the plate boundaries. However, prior analysis of the contemporary Australian stress pattern has been 
unable to model or explain the stress pattern observed in most of eastern Australia, and has not 
extensively addressed the numerous smaller scale variations in stress orientation. The recent 
development of unconventional reservoirs in Australia has resulted in a greatly increased amount of 
new data for stress analysis in previously unstudied or poorly-constrained areas in eastern Australia. 
In addition, stress analysis in conventional hydrocarbon, mineral and geothermal exploration in all 
other parts of the continent provides the opportunity to review and update the Australian Stress Map 
(ASM). This study presents the new release of the ASM, with a total of 2140 stress data records in 
Australia (increased from 594 data records in 2003). The 2016 ASM contains 1354 data records 
determined from the interpretation of drilling-related stress indicators, 645 from earthquake focal 
mechanism solutions, 139 from shallow engineering measurements and two from geological 
indicators. The results reveal four distinct regional trends for the SHmax orientation in Australia 
including a NNE-SSW SHmax orientation in northern and northwestern Australia, which rotates to a 
prevailing E-W direction in most Western and South Australia. The orientation of SHmax in eastern 
Australia is primarily ENE-WSW and swings to NW-SE in southeastern Australia. A comparison 
between the new ASM database and neotectonic features further confirms the role of present-day 
stress in recent deformation of the Australian crust. The new 2016 ASM reveals significant 
discrepancies between newly observed SHmax orientations and predictions by published 
geomechanical-numerical models for the Australian continent. Forces generated at the boundary of 
Indo-Australian Plate remain the primary control on the regional pattern of stress in continental 
Australia, however, the increased data density, particularly in eastern Australia, reveals numerous 
local perturbations of the stress field that were not previously clearly captured. Hence, the key 
findings of the new release are that local (intra-plate) stress sources are more significant than 
previously recognized, particularly in eastern Australian basins, and cause substantial local scale 
deviations in the present-day stress pattern that have not been factored into existing Australian stress 
models. 

Keywords: Australian Stress Map, intra-plate stress, plate boundary forces, plate tectonics, stress 
rotation, neotectonics. 

 

1. Introduction 

The contemporary state of stress in the upper part of the Earth’s lithosphere has major 
implications in various economical, scientific and societal aspects of human’s life (Bell, 1996b; 
Cornet, 2015; Engelder, 1993; Reiter et al., 2014; Zoback, 2010). The present-day stress field controls 
neotectonic deformation and seismicity and can be used to better understand earthquakes and seismic 
recurrence rates (Hillis et al., 2008; Sandiford et al., 2004; Seeber and Armbruster, 2000; Sibson et al., 
2011; Sibson, 1992; Sibson et al., 2012; Stein, 1999). The crustal stress is a primary cause of collapse 
of subsurface structures, and is thus vital knowledge in order to create safe and stable tunnels, mines 
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and boreholes (Bell, 1996b; Zang and Stephansson, 2010; Zoback, 2010). The in-situ stress is the key 
control on hydraulically induced fractures, and that knowledge of the stress field has been critical in 
the rapid increase of unconventional hydrocarbon production seen globally, and particularly in the 
USA, Canada and Australia in the past 10 years (Bell, 1996b; Bell, 2006; Fisher and Warpinski, 2012; 
King, 2010; Olsen et al., 2007; Palmer, 2010). 

Regional compilations of the present-day stress data at continental and plate scales, along with 
the first phase of the World Stress Map (WSM) project, revealed that plate tectonics forces provide 
the major controls on the contemporary stress field of the Earth’s lithosphere. These forces are the 
‘ridge push’ at mid-ocean ridges, ‘slab pull’ at subduction zones, ‘suction’ at trench zones, ‘resistance 
forces’ at collision zones, ‘shear traction’ at base of the lithosphere and the ‘gravitational potential 
energy’ at mountain belts (Coblentz et al., 1995; Coblentz et al., 1998; Ghosh et al., 2009; Ghosh et 
al., 2006; Hast, 1969; McGarr and Gay, 1978; Müller et al., 1992; Ranalli and Chandler, 1975; 
Richardson, 1992; Richardson et al., 1979; Sbar and Sykes, 1973; Sykes and Sbar, 1973; Zoback, 
1992; Zoback and Zoback, 1980; Zoback et al., 1989). Hence, Zoback et al., (1989) and Richardson 
(1992) revealed that the regional orientation of maximum horizontal stress (SHmax) in major 
continental plates, including Western Europe, North America and South America, is sub-parallel to 
the absolute plate motion (APM), resulting in the general hypothesis that the present-day stress field 
on the plate interior is primarily controlled by the same plate boundary forces that control and drive 
tectonic plate motion. 

Since the first release of the WSM, there has been a dramatic increase in analysis of the present-
day stress field at smaller scales, such as the basin, field and wellbore scales, due the numerous 
applications of present-day stress data in petroleum exploration and production (Barton and Moos, 
2010; Bell, 1996b; Reiter and Heidbach, 2014; Tingay et al., 2006; Tingay et al., 2005a; Zoback, 
2010). Several studies have already demonstrated that the orientation of SHmax in a sedimentary basin 
can be consistent with plate tectonic forces, such as Alberta Basin (Bell, 1996b; Bell and Gough, 
1979; Reiter et al., 2014), or can be complex and perturbed due to basin geometry (King et al., 2009; 
Rajabi et al., 2016b; Tingay et al., 2005b; Yassir and Zerwer, 1997), detachment zones (Ask, 1997; 
Bell, 1996b; Brereton et al., 1991; Heidbach et al., 2007; Hillis and Nelson, 2005; Müller et al., 2010; 
Roth and Fleckenstein, 2001; Tingay et al., 2011; Tingay et al., 2012; Tingay et al., 2006), topography 
and the presence of geological structures such as faults, fractures and geological contrasts (Bell, 
1996b; Heidbach et al., 2007; Mount and Suppe, 1987; Rajabi et al., 2016b; Rajabi et al., 2016c; 
Tingay et al., 2010; Yale, 2003; Zoback, 2010; Zoback et al., 1987). The detailed studies of stress in 
basins during the second phase of the WSM project revealed that plate boundary forces are not 
enough to explain the state of stress at smaller scales (Heidbach et al., 2007; Heidbach et al., 2010; 
Sperner et al., 2003; Tingay et al., 2005a; Zoback et al., 1989). 

The old and fast-moving Australian continent is located in the Indo-Australia Plate which is a 
plate of extremes (Keep and Schellart, 2012) in which the Himalaya (the highest mountain range on 
Earth) is located in the northwestern margin of the plate, the Sunda subduction zones (one of the 
largest subduction zones) is the northeastern boundary of the Indo-Australian Plate, the Tonga-
Kermadec-Hikurangi subduction, one of the fastest subduction zones on Earth (Bevis et al., 1995), is 
the eastern boundary of the plate (Figure 1). The present-day stress pattern in Australia is unique 
amongst major tectonic plates as being the only major plate in which the present-day SHmax orientation 
is not broadly aligned to absolute plate motion (Heidbach et al., 2010; Hillis and Reynolds, 2000; 
Hillis and Reynolds, 2003; Richardson, 1992; Zoback et al., 1989). This significant paradox has 
motivated numerous researchers to investigate the state and origin of the stress pattern in stable 
continental Australia for over 20 years (Burbidge, 2004; Cloetingh and Wortel, 1986; Coblentz et al., 
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1995; Coblentz et al., 1998; Dyksterhuis et al., 2005a; Müller et al., 2012; Reynolds et al., 2002; 
Sandiford et al., 2004). The crustal stress pattern of Australia has been examined from a wide range of 
different perspectives, including stress data compilation (Hillis et al., 1999; Hillis et al., 1998; Hillis 
and Reynolds, 2000; Hillis and Reynolds, 2003; Rajabi et al., 2016b; Rajabi et al., 2015; Rajabi et al., 
2016c), geomechanical-numerical modelling (Burbidge, 2004; Cloetingh and Wortel, 1985; Coblentz 
et al., 1995; Coblentz et al., 1998; Dyksterhuis et al., 2005a; Müller et al., 2012; Reynolds et al., 2002; 
Sandiford et al., 2004) and detailed analysis of neotectonic features (Clark et al., 2012; Hillis et al., 
2008; Quigley et al., 2010; Quigley et al., 2006; Sandiford, 2003; Sandiford et al., 2004). 
Furthermore, recent high resolution stress orientation datasets compiled for eastern Australian basins 
have revealed that these regions contain numerous and striking stress perturbations from the basin to 
the wellbore scale in association with different geological structures. As such, continental Australia 
provides a unique natural laboratory to examine the controls of stress fields at all scales, from the 
plate scale (100s-1000s of km) to the wellbore scale (1-100m).  

This paper is organised in eight sections. In the first section we explain the tectonic setting of 
Australia. We then review 25 years of studies on the pattern of stress in the Australian continent from 
different perspectives and highlight what we have learnt and what questions still remained to be 
investigated. In the third section, we explain the new release of the ASM, in terms of SHmax orientation 
and tectonic stress regime. This is the first update of the ASM in 13 years, and documents an increase 
in the stress data in the continent from 594 to 2140 data records, as well as an increase in the number 
of defined ‘stress provinces’ to 30 (from 16 provinces in 2003) We also compare and show the 
consistency of the Australian present-day stress pattern with neotectonic features across the continent. 
Our extensive analysis of stress with high resolution data documents the significant stress 
perturbations in the Indo-Australian Plate at different scales. Hence, we compare the regional stress 
pattern of Australia with published Australian stress models and discuss the stress pattern of Australia 
from continental to wellbore scales. We highlight that the observed stress at any point results from the 
combination of all forces acting from plate to local scale. Finally, in the last part of the paper we 
explain the application of our newly compiled data in numerous earth-science disciplines. 

 

2. Tectonic setting, neotectonics and seismicity of the Australian continent 

The tectonically and geologically complex Indo-Australian Plate (IAP) represents an ideal 
natural laboratory to investigate the interaction of different plate boundary forces in the pattern of 
SHmax orientation (Coblentz et al., 1998; Reynolds et al., 2002). It contains many different types of 
plate boundaries (Figure 1); from active spreading centres to the south and west (mid-ocean ridge 
systems that separates the IAP from the Antarctic and African Plates), to different continental 
collisional boundaries and subduction zones in the east and north (Coblentz et al., 1998; Reynolds et 
al., 2002). Australia, which is entirely located within the IAP, is often considered to be a tectonically 
and seismically stable continent, dominated by ancient flat landscapes, located far away from plate 
boundaries and having comparatively low earthquake occurrence rates; (Johnston et al., 1994; Schulte 
and Mooney, 2005). Yet, this common perception of a tectonically quiescent Australia is in stark 
contrast to the widespread observations of seismicity and major neotectonic structures documented in 
the last 10 years (Clark et al., 2014; Clark et al., 2015; Clark et al., 2012; Hillis et al., 2008; Quigley et 
al., 2006; Sandiford, 2003; Sandiford et al., 2004). Large inversion related features and significant late 
Cenozoic uplift has been observed along Australia’s southern, northern and north-western margins 
(Hillis et al., 2008; Holford et al., 2011; Sandiford, 2003; Tassone et al., 2014; Tassone et al., 2012). 
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For example, over ten inversion related anticlines are identified in the offshore Otway Basin, some of 
which witness up to one kilometre of exhumation since the Miocene-Pliocene (Holford et al., 2011). 
The Mount Lofty and Flinders Ranges contain numerous outcrop examples of recently active faults, 
such as the Milendella Fault near Cambrai that displays Cambrian rocks thrust over Quaternary 
sediments (Hillis et al., 2008; Sandiford, 2003).  

The analysis of recently active faults in southeastern Australia suggests that earthquakes with 
M > 7 are possible, however, with a low occurrence probability on short time scales due to the low 
seismic strain rates of 10-16 to 10-17 s-1; (Sandiford et al., 2004). Leonard and Clark (2011) also show 
that most of fault scarps in Western Australia indicate that seismicity with magnitudes of >6.5 has 
occurred in the last 100 ka. Indeed, large earthquakes are commonly observed in regions, both in 
Australia and worldwide, that displayed little prior seismicity. For example, the 1988 magnitude 6.3-
6.7 events in Tennant Creek (Northern Territory, Australia), the 1941 magnitude 7.1 Meeberrie event 
(Western Australia), the 1906 magnitude 7.2 in offshore Geraldton, western Australia (Leonard, 2008; 
McCue, 1990; McCue, 2014; McEwin et al., 1976) and the 1811-1812 magnitude 7.0-8.1 events that 
struck New Madrid (and are still the largest earthquakes ever observed in eastern United States). 
Hence, it is possible that regions of Australia near recently active faults, such as Adelaide, Newcastle 
and Perth, may be at greater seismic hazard than currently recognized. 

3. An overview on earlier studies on in-situ stress field of Australia
3.1. Early studies before the initiation of the Australian Stress Map project (pre-1996) 

The first measurement of in-situ stress in the Australian continent was carried out in an 
underground power project in eastern Australia by the flat jack method (Alexander and Worotnicki, 
1957; Worotnicki and Denham, 1976). The flat jack method (since 1957) and overcoring method 
(since 1963) were the main tools to determine the in-situ stress at engineering sites, and were the first 
data used to broadly examine stress in the Australian continent (Worotnicki and Denham, 1976). In 
one of the earliest studies on the global stress pattern by Ranalli and Chandler (1975), Australia was 
represented by only four stress-relief measurements, which was then increased to eight by Richardson 
et al. (1979). 

Along with these measurements at engineering sites, which provide stress information at 
shallower parts of the crust, many researchers analysed earthquake focal mechanism solutions at 
various locations to infer the orientation and relative magnitudes of tectonic stresses in the deeper part 
of the Australian crust (Bock and Denham, 1983; Cleary, 1962; Cleary et al., 1964; Denham, 1980; 
Denham et al., 1979; Denham et al., 1980; Denham et al., 1982; Denham et al., 1985; Denham et al., 
1981; Everingham and Smith, 1979; Fitch, 1976; Fitch et al., 1973; Fredrich et al., 1988; Greenhalgh 
et al., 1994; Greenhalgh and Singh, 1988; Gregson and Denham, 1987; Lambeck et al., 1984; 
McCaffrey, 1989; McCue et al., 1990a; McCue et al., 1990b; McCue, 1989; McCue and Sutton, 
1979). The majority of in-situ stress information in the Australian continent prior to 1990 was either 
from shallow engineering methods or deep focal mechanism solutions of earthquakes (Denham et al., 
1979; Lambeck et al., 1984; Worotnicki and Denham, 1976). The first extensive study on the 
orientation of SHmax in the Australian continent based on drilling-related stress indicators was carried 
out by Blumling (1986) using the interpretation of borehole breakouts in 22 wells across Australia. 
The petroleum industry of Australia then was introduced to the link between present-day stress 
orientations and the occurrence of ‘borehole breakouts’ (Denham and Windsor, 1991; Hillis, 1991; 
Kingsborough et al., 1991; Lowry, 1990) and, since then, drilling-related stress indicators have been 
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the predominant source of crustal stress information in Australia (Denham and Windsor, 1991; Hillis 
et al., 1999; Hillis and Reynolds, 2000; Hillis and Reynolds, 2003; Mildren and Hillis, 2000; Rajabi et 
al., 2016b). In the first compilation of the World Stress Map (WSM) project, initiated in 1986, the 
contemporary state of stress in the Australian continent was poorly understood (Zoback, 1992; 
Zoback et al., 1989). Whilst the first 1992 release of the WSM contained large datasets for many 
major continental areas, particularly North America and Europe, this stress compilation only 
contained 95 reliable stress data records in Australia, suggesting a highly variable stress pattern 
(Figure 2a), (Zoback, 1992; Zoback et al., 1989). 

 

3.2. Early phases of the Australian Stress Map project (1996-2003) 

Even the small compilation of stress data for Australia in the first release of the WSM revealed a 
complex stress pattern for the continent than midplate North America or Western Europe. The 
Australian Stress Map (ASM) project was started in 1996 to collect the SHmax orientation from 
different sources and build a freely available database to investigate causes and consequences of the 
present-day tectonic stress pattern in Australia. Studies were primarily investigating the enigmatic 
pattern of stress in the Australian continent, with a particular emphasis on the petroleum basins in 
North West Shelf of Western Australia and the Otway Basin of South Australia (Hillis et al., 1997; 
Hillis et al., 1995; Hillis and Williams, 1993a; Hillis and Williams, 1993b; Mildren et al., 1994). 

The first release of the ASM, published by Hillis et al., (1998), contained 357 SHmax data records 
with some new data from Bonaparte, Carnarvon, Amadeus, Cooper-Eromanga and Otway basins 
(Figure 2b). Hillis et al. (1999) compiled extensive stress data from coal mines in eastern Australia, 
based on hydraulic fracturing and overcoring methods. These data revealed a prevailing thrust faulting 
stress regime in the Bowen and Sydney basins and showed a N-S SHmax orientation in the Bowen 
Basin and a NE-SW SHmax orientation (with significant deviations) in  the Sydney Basin. Further 
studies in the Perth Basin of Western Australia by Reynolds et al. (2000), resulted in the second 
release of the ASM project by Hillis and Reynolds (2000) and further documented the regional 
variability of the SHmax orientation across the Australian continent (Figure 2c). Extensive data 
compilation based on several studies (Clark and Leonard, 2003; Leonard et al., 2002; Mildren and 
Hillis, 2000; Mildren et al., 2002; Reynolds, 2001) resulted the most recent prior release of the ASM 
project, containing 594 data records (Figure 2d) (Hillis and Reynolds (2003). The 2003 version of 
ASM, which was the most comprehensive stress map of Australia prior to this study, revealed a 
heterogeneous stress pattern in Australia where the SHmax orientation in north and northwestern 
Australia is NE-SW to N-S, and SHmax is approximately E-W in the Perth and Carnarvon basins of 
Western Australia. A regional NW-SE SHmax is observed in southeastern Australia and a ‘horse-shoe 
shape’ in northeastern Australia, including a N-S SHmax in the Amadeus Basin, E-W SHmax in the 
Cooper-Eromanga Basins and N-S SHmax in the Bowen Basins (Figure 2d). 

During the second phase of the WSM project by Heidbach et al., (2008; 2010) the Australian 
continent was not investigated significantly (Figure 2e), however, some additional data records for 
Australia were included from published studies in the Gippsland, Cooper and Perth basins (King et 
al., 2008; Nelson et al., 2006; Reynolds et al., 2005). Along with the WSM and ASM projects, 
numerous researchers have studied the enigmatic pattern of the present-day stress in the Australian 
continent by using geomechanical-numerical modelling to investigate the principal sources of stress in 
the continent, and to predict the stress pattern in those parts of Australia where there is no, or sparse, 
stress information (Cloetingh and Wortel, 1985; Cloetingh and Wortel, 1986; Coblentz et al., 1995; 
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Coblentz et al., 1998; Dyksterhuis et al., 2005a; Dyksterhuis et al., 2005b; Müller et al., 2012; 
Reynolds et al., 2002; Reynolds et al., 2003; Zhao and Müller, 2003). Despite the complex stress field 
observed throughout Australia, the results of these studies suggested that the complex plate boundary 
forces around the IAP control, at the first-order, the intraplate SHmax orientation (see more discussion 
in section 6.3). 

 

3.3. New phases of the ASM project (2012-present) 

Despite the extensive and widespread stress analysis undertaken in the early phases of the ASM 
project, the stress field for many parts of Australia, and particularly Eastern Australia, remained 
poorly resolved, with the dataset primarily comprised of shallow engineering test data and predictions 
based on numerous numerical geomechanical models (Hillis and Reynolds, 2003; Reynolds et al., 
2002). Whilst many other major continental areas had an extensive set of petroleum, earthquake and 
engineering data, one of the most significant obstacles in understanding the present-day state of stress 
in the Australian continent is that previously compiled stress data was largely confined to just ten 
mature petroleum provinces. Hence, the ASM was largely composed of high density stress data in ten 
sedimentary basins, but with large gaps of almost no stress data throughout most of the continent 
(Figure 2d and 2e). The recent increase in unconventional petroleum reservoirs and geothermal 
exploration in Australia has resulted in a greatly increased amount of new data for stress analysis in 
previously unstudied or poorly-constrained areas in Queensland, Northern Territory, New South 
Wales and South Australia. Furthermore, the use of petroleum technologies in mineral wells in areas 
including South Australia and central Victoria, thus providing opportunities to investigate, re-assess 
and update the present-day stress pattern throughout far more of the Australian continent. In the past 
four years, we compiled an extensive new stress dataset from all these different methods across the 
Australian continent (discussed below) to document the stress pattern of Australia in vastly improved 
detail. 

 

4. Crustal stress indicators in the Australian Stress Map database 

There are a variety of methods that provide the information of crustal present-day stress from 
specific depth ranges (Bell, 1996a; Engelder, 1993; Zang and Stephansson, 2010; Zoback, 2010). We 
compiled and interpreted the in-situ stresses from five well-known methods suggested by the WSM 
project (Heidbach et al., 2010; Sperner et al., 2003; Zoback et al., 1989) to investigate the orientation 
of SHmax from the near surface down to 40 km depth in the lithosphere in the Australian continent. In 
order to assign qualities to the result of each stress indicator and to facilitate the comparison between 
different methods, all the stress indicators in the database were ranked based on the WSM quality 
ranking system from A to E quality, in which A-quality data indicate the SHmax orientation accurate to 
within ±15o, B-quality to within ±20o, C-quality to within ±25o, D-quality to within ±40o and E-
quality indicates no reliable information (Heidbach et al., 2010). In addition, the standard 
Andersonian stress regime classification has been implemented, wherever possible, to classify the 
stress state as being either  thrust (SHmax>Shmin>Sv), strike-slip (SHmax>Sv>Shmin) or normal 
(Sv>SHmax>Shmin) faulting stress regime (Anderson, 1905). The methods used for determination of the 
present-day stress are briefly summarised below, with an emphasis on the drilling-related stress 
indicators that compose the bulk of new stress data interpreted herein. 
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4.1. Borehole breakouts and drilling-induced tensile fractures 

Drilling-related stress indicators are considered as well-established methods that provide reliable 
in-situ stress information from the upper five km of the Earth’s crust (Bell, 1996a; Schmitt et al., 
2012; Zoback, 2010). Borehole breakouts and drilling-induced tensile fractures (DIFs) are common 
stress-induced failures of the wellbore wall and form due to the stress concentration that develops 
around a borehole as it is drilled (Bell, 1996a; Bradley, 1979; Kirsch, 1898). Borehole breakouts are 
‘ovalisation’ of borehole and form due to compressive shear failure of the borehole wall (Bell and 
Gough, 1979; Kirsch, 1898). In vertical wells, breakouts form parallel to the orientation of Shmin and 
can be interpreted by oriented-caliper and borehole image logs (Bell, 1990; Bell and Gough, 1979; 
Plumb and Hickman, 1985; Tingay et al., 2008b; Zoback, 2010). DIFs form parallel to the SHmax 
orientation in vertical wells when the stress concentration on the borehole wall is less than tensile rock 
strength (Aadnoy, 1990; Aadnoy and Bell, 1998; Bell, 1996a; McCallum and Bell, 1994a; McCallum 
and Bell, 1994b; McCallum and Bell, 1994c). In image logs in sub-vertical wells (<20° deviation), 
borehole breakouts appear as a pair of elongated zones parallel to the well axis while DIFs appear as a 
pair of narrow vertical fractures (Figure 3). In this study, different types of borehole image logs 
(acoustic, density and resistivity) are used to directly interpret borehole breakouts and DIFs in 717 
Australian wells, based on the WSM interpretation guidelines and quality ranking system (Heidbach 
et al., 2010).  

4.2. Focal mechanism solution of earthquakes 

Earthquakes observed at a sufficiently high number of stations can be used to generate focal 
mechanisms solutions (FMS) to infer the orientation of the SHmax and the stress regime (Heidbach et 
al., 2010; McKenzie, 1969; Sbar and Sykes, 1973; Zoback, 1992). Indeed, FMS is usually the only 
stress indicator that provides data on the tectonic stress state at depths greater than five kilometres and 
thus deeper than is examined by borehole data (Heidbach et al., 2010; Zoback, 1992).  

According to the WSM project, three types of data records from focal mechanism solutions of 
earthquakes are available in the ASM database. Single focal mechanism solutions (FMS) estimate the 
SHmax orientation using three principal strain axes (Barth et al., 2008; McKenzie, 1969; Raleigh et al., 
1972), and do not receive a WSM quality better than C (±25o) due to ambiguity of the two 
perpendicular nodal planes of the focal mechanism (Barth et al., 2008; Célérier et al., 2012; 
McKenzie, 1969). Composite or average focal mechanism solutions (FMA) combine several FMSs 
and generally do not receive the WSM quality of better than D (Heidbach et al., 2010). Formal stress 
inversion of focal mechanism solutions (FMF) minimise the difference between the slip direction of 
earthquakes and the maximum shear stress (Bott, 1959; Heidbach et al., 2010), which can provide 
better quality data records (A and B) according to the WSM quality ranking criteria (Barth et al., 
2008; Heidbach et al., 2010). 

4.3. Hydraulic fracturing measurements and overcoring 

Shallow present-day stress information is often obtained in mines to assess pillar and slope 
stability (Amadei and Stephansson, 1997; Leeman, 1964; Zang and Stephansson, 2010). This 
information is typically collected through two well-established methods: hydraulic fracturing (HF) 
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and overcoring (Enever et al., 1984; Engelder, 1993; Haimson and Cornet, 2003; Hubbert and Willis, 
1957; Leeman, 1964; McGarr and Gay, 1978; Sjöberg et al., 2003). Overcoring is a technique to 
determine the components of the reduced stress tensor based on the strain relief of the rock mass 
(Amadei and Stephansson, 1997; Engelder, 1993; Sjöberg et al., 2003). The overcoring technique 
measures the expansion of cored rock by a strain gauge after it is removed from subsurface stresses, 
then the measured strain is converted to estimated stresses by using the mechanical properties of the 
rock sample (Amadei and Stephansson, 1997; Sjöberg et al., 2003). The overcoring technique needs 
to be implemented close to free surfaces, and hence provide (local rather than regional) stress 
information from the shallower part of the Earth’s crust (Zoback, 1992).  

Hydraulic fracture tests provide in-situ stress information at greater depths in comparison with 
overcoring technique. This method involves isolating a short section of the wellbore between rubber 
packers and increasing the hydraulic pressure within the isolated section until a small tensile fracture 
is initiated, typically parallel to the SHmax (Bell, 1996a; Hubbert and Willis, 1957). The orientation of 
the induced hydraulic fracture needs to be observed and interpreted by running an image log or 
oriented impression packer over the fracture zone (Amadei and Stephansson, 1997; Bell, 1996a; Bell 
and Babcock, 1986; Blomberg, 1971; Paillet, 1985). It should be noted that shallow stress data 
determined from overcoring and HF techniques must be carefully analysed, as they can be strongly 
affected by topography or geological structures (Bell, 1996a; Zoback, 1992). 

5. The new Australian Stress Map database (release-2016)

The last prior release of the ASM by Hillis and Reynolds (2003) compiled 549 (A-E quality) 
SHmax data records (Figure 2) and successfully constrained the SHmax orientation in 16 stress provinces 
through Australia and Papua New Guinea. However, the pattern of stress in many areas of Australia, 
particularly eastern Australian basins and many parts of South Australia were not investigated 
extensively due to lack of data. In the past four years, we conducted extensive stress analysis 
throughout the continent to study the present-day stress pattern of Australia. 

In this latest phase of the ASM project, we mainly focused on the interpretation of borehole 
image and oriented caliper logs in major active petroleum basins of Australia, with a particular 
emphasis on poorly constrained regions such as recent unconventional and conventional petroleum, 
geothermal and mineral wells in eastern Australia, South Australia and the Northern Territory. We 
conducted extensive analysis of borehole image and oriented-caliper logs and provide 733 in-situ 
stress data records in various parts of New South Wales (Clarence-Moreton, Gunnedah, Bowen-Surat, 
Gloucester and Sydney, Darling basins), Queensland (Surat, Bowen, Galilee and Cooper-Eromanga 
basins), South Australia (Officer, Cooper and Eromanga basins and mineral/geothermal wells), 
Western Australia (Browse Basin), Northern Territory (McArthur and Pedirka basins), Victoria and 
Tasmania (Gippsland, Otway, Bass and Sorell basins). 

In addition, we compiled literature data from analysis of borehole image logs in the Perth and 
Carnarvon basins of Western Australia (Bailey et al., 2014; Bailey et al., 2016; Jepson, 2014), 
Gippsland Basin of Victoria (Swierczek et al., 2015), Surat Basin of Queensland (Brooke-Barnett et 
al., 2015), as well as recent analysis in other sedimentary basins of Australia (Klee et al., 2011; 
MacGregor, 2002; MacGregor, 2003; MacGregor and Gale, 2000; Rasouli et al., 2013; Tassone et al., 
2014). Hence, our compilation provides 934 new present-day stress data records from wellbore 
information. In order to investigate the present-day stress in other regions of the continent, we 
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extensively compiled all earthquake focal mechanism solutions in and around Australia from different 
sources including Global CMT (Dziewonski et al., 1981; Ekström et al., 2012), GEOFON (GEOFON 
Data Centre, 1993), SLU (SLU Earthquake Center, 2015) and USGS (USGS, 2015), as well as all 
related published papers (Balfour et al., 2015; Leonard et al., 2002; Revets et al., 2009; Sippl et al., 
2015). 

The 2016 ASM database has been increased from 549 (A-E quality) to 2140 (A-E quality) 
present-day stress data records (Figures 2f and 4). The database contains 1354 (A-E quality) SHmax 
orientations from borehole stress indicators (breakouts and DIFs), 645 (A-E quality) data records from 
focal mechanism solutions of earthquakes, 139 (A-E quality) records from engineering methods (HF 
and overcoring) and two E-quality SHmax orientations inferred from geological information. The 
details of the ASM database can be found in Figures 4 and 5, Table 1 and supplementary online 
information. The wellbore stress indicators (breakouts and DIFs) provide the majority of intraplate 
stress information; while stress indicators near plate boundaries are dominated by earthquake focal 
mechanism solutions (Figure 4). Our knowledge about the crustal stress in the continental Australia at 
shallower depths comes from overcoring, HF and drilling-related stress data records (in shallow coal 
seam gas wells), while breakouts and DIF provide stress information at intermediate depths (less than 
five km). Earthquake focal mechanism solutions are the only sources of information at any depths 
more than five km in the continent (Figure 5). In addition, almost 37% of the data in the 2016 ASM 
database were assigned a tectonic stress regime (Figure 5) according to the Andersonian classification 
(Anderson, 1905), which enables us to assess the variability of the relative stress magnitudes, i.e. the 
stress regime, with depth. Two statistical approaches were used to analyse the regional pattern of 
stress at the continental scale, namely defining stress provinces and mapping of stress trajectories, 
both of which were used in the early phases of the ASM project by Hillis and Reynolds (2000) and 
thus facilitate comparison between the prior and current database. 

5.1. Analysis of stress provinces 

The concept of stress provinces in the Australian continent (Hillis and Reynolds, 2000) is based 
on directional statistics and the Rayleigh test, which is a well-known method to determine the 
dispersion and significance of directional vectors (Davis, 2002; Mardia, 1972). The use of Rayleigh 
test to evaluate whether the stress data are distributed systematically or randomly was first used by 
(Coblentz and Richardson, 1995) to quantify the global pattern of the present-day stress based on the 
first release of the WSM project. A minimum of four A-C quality SHmax data records in a distinct 
geographic region (predominately a sedimentary basin) is required to define a stress province. All 
SHmax indicators within a province are weighted according to their WSM quality ranking. The most 
reliable A-quality SHmax data records receive a weight of ‘four’, down to D-quality data records that 
receive a weight of ‘one’. Finally, the mean SHmax orientation and length of the mean resultant vector 
(R-value) are determined by a directional statistics method at each stress province (Davis, 2002; 
Mardia, 1972). The Rayleigh test was used to test the randomness of the mean SHmax orientation at 
each province. We consider the null hypothesis that ‘SHmax orientations in a province are random’. Six 
types of stress province classifications are used (Hillis and Reynolds, 2003) where a type 1 stress 
province indicates that the null hypothesis can be rejected at the 99.9% confidence level, type 2 at the 
99% level, type 3 at the 97.5% level, type 4 at the 95% level, and type 5 at the 90% level. A type 6 
stress province indicates that the null hypothesis cannot be rejected at the 90% confidence level, and 
which is regarded as a high standard deviation for the stress data.  
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In this study, we update all previously defined 16 stress provinces and derive 14 new stress 
provinces in different parts of the Australian continent. Among the new provinces, nine provinces are 
located in eastern Australia (Queensland, New South Wales and Victoria), two provinces in South 
Australia, two in Western Australia and one in the Northern Territory. The details and locations of the 
stress provinces are shown in Table 2 and Figures 6 and 7. 

Analysis of stress provinces throughout the Australian continent reveals four major SHmax 
orientations (Figure 7). The mean SHmax orientation in the northern, northwestern and northeastern 
Australia, including the Papua New Guinea, MacArthur Basin region, Bonaparte, Canning and some 
parts of the Bowen-Surat basins, is approximately NE-SW. A prevailing E-W SHmax orientation exists 
in the Browse Basin in the North West Shelf, the southern half of Western Australia (Carnarvon and 
Perth basins), and most parts of South Australia (Flinders Ranges, Officer and Cooper-Eromanga 
basins). The mean SHmax orientation in most parts of eastern Australia is approximately ENE-WSW 
(Figure 7) in different sedimentary basins (including the Clarence-Moreton, Gunnedah, Sydney, 
Bowen and Surat basins), and SHmax rotates to approximately NW-SE in southeastern Australia 
(Figure 7) within the Gippsland, Otway and eastern Bight basins. The statistical analysis of the stress 
provinces shows that the mean SHmax orientation in 25 provinces is of type 1 or 2, and thus considered 
highly reliable (Table 2 and Figure 7). The majority of stress provinces in the western half of the 
continent, as well as in southeastern Australia show low standard deviations (Table 2), while most of 
stress provinces in eastern Australia show higher standard deviation indicating a higher variability of 
the SHmax orientation in these regions (Brooke-Barnett et al., 2015; Hillis et al., 1999; Rajabi et al., 
2016b; Rajabi et al., 2016c). In addition, the Flinders Ranges (s.d.: 29o), Southern Carnarvon (s.d.: 
43o) and SE seismogenic zone (s.d.: 41o), which are based on focal mechanism solutions of 
earthquakes, all show significant deviations of the SHmax orientation that are probably due to the 
inherent uncertainty with SHmax determined from the FMS method (Figures 6 and 7) or due to 
neotectonic activity that represent localised stress perturbations. 

5.2. Analysis of the SHmax stress pattern 

The concept of stress provinces determines the mean SHmax orientation and its reliability in a 
particular geographic region. However, this method does not examine or predict the stress pattern 
throughout the entire continent. In order to calculate the continental scale stress pattern, and filter the 
effect of local stresses perturbations, we used the smoothing algorithms following the methods 
proposed by Hansen and Mount (1990) and Müller et al. (2003). The stress trajectories method 
developed by Hansen and Mount (1990) aims to show the mean SHmax orientation at each point on the 
trajectories. Different weighting terms are used in this algorithm, including quality weight, distance 
weight and robustness weight (Hansen and Mount, 1990; Hillis and Reynolds, 2003; Müller et al., 
2003). We incorporated the A-C quality data, with a weight of 1 for A, 0.75 for B and 0.5 for C-
quality, to calculate stress trajectories. Herein, we applied the distance weighted algorithm following 
the method developed by Müller et al. (2003), including a fixed number of nearest neighbours (FNN) 
and fixed search radius (FSR). The FNN method is based on data density in the area of interest and 
uses local weights, while the FSR algorithm uses a global weight that is dependent on the Euclidean 
distance. More details about the smoothing methods used in this study can be found in Hansen and 
Mount (1990) and Müller et al. (2003). Figure 8 shows the stress trajectories and smoothed stress 
pattern of the continent for a search radius of r=750 km and a minimum number of data records within 
the search radius of n≥3. The new trajectory stress map of Australia is significantly different from that 
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was calculated by Hillis and Reynolds (2003), particularly in eastern and Western Australia where we 
compiled a significantly expanded SHmax orientation dataset (compare Figure 2d with Figure 2f).  

5.3. Present-day stress regimes throughout the Australian continent 

790 data records (37%) in the 2016 ASM dataset also provide the information on the tectonic 
stress regime (relative stress magnitude) based on the standard Anderson (1905) classification into 
thrust, strike-slip and normal faulting regimes (Figures 4 and 5). The tectonic stress regimes in the 
ASM database are from focal mechanism solutions of earthquakes, shallow engineering 
measurements and, to a lesser extent, from geomechanical data in petroleum wells (Figures 4 and 5) 
that indicate a prevailing thrust and strike-slip stress regime (Figure 5).  

The majority of the data records with stress regime information come from FMS data records 
that are clustered around plate boundaries. In order to investigate the intra-plate variability of the 
stress regime with depth, we filtered the ASM database and used only the data records that are >100 
km away from any plate boundary (Heidbach et al., 2010). Furthermore, we only used data from the 
upper five km of the Australian lithosphere, as this constitutes the majority of the stress orientation 
data and is considered the depth range of most interest in petroleum, geothermal and mining 
industries. The resulting data set, which represent the intra-plate present-day stress regime of the 
continent in upper five kilometre, reveals a prevailing thrust faulting stress regime in the shallower 
part (< 2 km) of the crust that changes to strike-slip in the deeper part (Figure 9). The changes of 
stress regimes with depth have been reported in different sedimentary basins of Australia (Brooke-
Barnett et al., 2015; Rajabi et al., 2016a; Rasouli et al., 2013) and support the results highlighted by 
the ASM database.  

6. Pattern of present-day stress in the Australian continent
6.1. Regional orientation of SHmax across Australia 

In this study, different techniques have been implemented to determine and clarify the 
continental-wide SHmax orientation. Both stress provinces and smoothing algorithms methods provide 
consistent results for the regional SHmax orientation in continental Australia (Figures 7 and 8). The 
north and northwest of Australia (Bonaparte and Canning basins, McArthur Basin region, New 
Guinea and Irian Jaya stress provinces) is characterised by a NNE-SSW SHmax orientation which is 
rotates to E-W in most parts of Western Australia, including Browse, Carnarvon and Perth basins as 
well as the SW seismogenic zone (Figure 7 and 8). The SHmax orientation in central Australia 
(Amadeus Basin) is NNE-SSW, which seems to be the transition between N-S SHmax orientation (in 
the northern parts of the Australian continent) and the E-W SHmax orientation to the east and west of 
the basin. However, it should be noted that there is a slight inconsistency between the SHmax 
orientation inferred from wellbore and earthquake data around the Amadeus Basin.  The Cooper-
Eromanga, eastern Officer and Darling basins and the Flinders Ranges, show a significant E-W 
orientation for the SHmax that changes to ENE-WSW in most of eastern Australia (Figures 7 and 8). 
Southeastern Australia (Gippsland, Otway, Bass and eastern Bight basins) exhibits a significant NW-
SE SHmax orientation (Figures 7 and 8), as has been observed in previous studies, particularly 
Sandiford et al., (2004) who concluded that the NW-SE SHmax pattern of this region is a result of New 
Zealand continental collision. 
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6.2. Comparison of present-day stress field and neotectonic features 

The Australian continent has a rich neotectonic record, despite the common perception that it is a 
highly stable continent (Clark et al., 2012; Geoscience Australia, 2016; Hillis et al., 2008; Quigley et 
al., 2006; Sandiford, 2003). Figure 10 shows and compares young geological structures with the 
orientation of SHmax orientation across the Australian continent. The majority of neotectonic structures 
in the continent indicate a thrust faulting stress regime, which is in agreement with the orientation of 
SHmax. Even the variability of regional SHmax orientation between stress provinces is consistent with 
neotectonic features and further confirms that the present-day stress field is a primary control on 
intraplate deformation throughout the continent (Clark et al., 2012; Hillis et al., 2008). The new 
database suggests that the tectonic stress regime in the upper five km depth of the Australian crust 
often exhibits a thrust faulting tectonic stress regime at the shallowest upper parts (upper one km), but 
that this changes to a strike-slip stress regime in the deeper parts (Figure 9). The orientation of SHmax 
and prevailing thrust faulting stress regime in the shallowest parts of much of the Australian crust (i.e. 
upper one km) is in agreement with the neotectonic database of Australia (Figures 9 and 10). 
However, as indicated in Figures 9 and 10 the stress regime is depth-dependent, and the thrust faulting 
stress regime inferred from surface neotectonic features may not correlate with deeper parts in which 
a strike-slip regime is prevailing. Furthermore, a large number of petroleum industry stress studies 
have often suggested that a normal faulting stress regime is present in many Australian sedimentary 
basins (Bailey et al., 2012; Berard et al., 2008; Jepson, 2014; King et al., 2012). Hence, there are 
potentially significant pitfalls in using shallow neotectonic features to help constrain the stress state at 
the depths of petroleum, geothermal or CO2 reservoirs. Changes in stress regime with depth have 
been reported in several case studies in Australia (Brooke-Barnett et al., 2015; Klee et al., 2011; 
Rajabi et al., 2016a; Rasouli et al., 2013) and worldwide (Heidbach and Reinecker, 2013; Zang et al., 
2012).  

 

7. Potential stress sources in Australia  

Extensive studies by the WSM and ASM projects in the past 30 years have revealed different 
stress sources in spatial and temporal scales. The first-orders of stress sources control the present-day 
stress at plate scale (Figure 11). However, there are other stress sources that influence the stress 
pattern at smaller scales (second, third and fourth orders, Figure 11). The first release of the WSM 
project by Zoback (1992), and further studies by Richardson (1992), revealed a poor correlation 
between the SHmax orientation and absolute plate motion (APM) in the IAP in general and the 
Australian continent in particular. The first release of the WSM contained only 95 reliable SHmax 
orientations for Australia. Now that the Australian continent has over 10 times more reliable data 
records, we re-visited the question of whether there is a correlation between the SHmax orientation and 
the absolute plate motion azimuth. Figure 12 compares the orientation of SHmax orientation and APM 
based on ‘hotspot-3’ inferred from NUVEL1A model (Gripp and Gordon, 2002). The results further 
confirm and indicate poor correlation between APM and SHmax orientation in the Australian continent. 

Although there is a poor correlation between the SHmax orientation and APMs in the continent 
(Figure 12), numerous 2D and 2.5D geomechanical-numerical modelling studies suggested that the 
regional stress pattern of the continent can be primarily explained by the relative interactions of 
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complex boundary forces acting on the IAP (Figure 13). In the published literature, there are over ten 
papers that investigated the controls on the Australian stress pattern and predicted the SHmax 
orientation for the continent. The majority of these models applied different boundary conditions on 
the IAP with a homogenous elastic rheology and fitted the model predictions with observational data 
(Cloetingh and Wortel, 1985; Cloetingh and Wortel, 1986; Coblentz et al., 1995; Coblentz et al., 
1998; Dyksterhuis et al., 2005a; Dyksterhuis et al., 2005b; Reynolds et al., 2002; Reynolds et al., 
2003; Zhang et al., 1996). A few studies divided the Australian continent in different geomechanical 
provinces (fold-belts, basins and cratons) and assigned to these individual elastic properties 
(Dyksterhuis et al., 2005a; Dyksterhuis et al., 2005b; Müller et al., 2012). Burbidge (2004) 
investigated the plate-scale stress pattern with a model that used visco-elastic-plastic rheology using 
the 2.5D finite-element code of SHELLS that originally developed by Bird (1999). In addition, some 
other researchers investigated the effect of local structures (Zhang et al., 1998; Zhang et al., 1996; 
Zhao and Müller, 2001; Zhao and Müller, 2003), temporal effect and New Zealand continental 
collision on the pattern of stress in southeastern Australia (Sandiford et al., 2004).  

 In almost all the previous published models, the general NNE-SSW SHmax orientation in north 
and northwest of Australia, E-W orientation of SHmax in Western Australia, the Cooper, Darling and 
Officer basins and Flinders Ranges, and the NW-SE SHmax orientation in southeastern Australia have 
been explained by the combination of different plate boundary forces acting on the IAP (Figure 13), 
(Burbidge, 2004; Coblentz et al., 1995; Coblentz et al., 1998; Dyksterhuis et al., 2005a; Müller et al., 
2012; Reynolds et al., 2002; Reynolds et al., 2003; Sandiford et al., 2004). However, there are 
significant deviations between the model predictions and newly compiled stress data, particularly in 
eastern Australia (Figure 13) where Brooke-Barnett et al., (2015) Rajabi et al., (2016b) and Rajabi et 
al., (2016c) showed a significant inconsistency between different model predictions and new 
observations in New South Wales. Indeed, Rajabi et al. (2016b) and Rajabi et al. (2016c) suggested 
two possible reasons for the inconsistencies, including overly simplified modelling strategies in the 
previous published models and lack of model-independent data for model calibrations in the previous 
attempts at geomechanical-numerical modelling of the Australian stress field. Hence, these regional 
inconsistencies could be resolved by imparting boundary conditions on the previous models while the 
local inconsistencies need to be investigated by high resolution 3D geomechanical-numerical models 
as highlighted by numerous studies worldwide (Hergert and Heidbach, 2011a; Hergert et al., 2015; 
Reiter and Heidbach, 2014). 

As outlined above, most of the Australian stress pattern can be explained as being the result of 
plate boundary forces. However, the stress pattern in northeastern Australia and the numerous 
perturbations of SHmax at different scales in several sedimentary basins are significant, and lead us to 
consider smaller scale stress sources (Figure 11). Numerous studies have reported the variation of the 
present-day stress due to different geological structures in eastern Australian sedimentary basins 
(Brooke-Barnett et al., 2015; Enever et al., 1999; Flottmann et al., 2014; Gale et al., 1984; Hillis et al., 
1999; Rajabi et al., 2016b; Rajabi et al., 2016c). Second and third order of stress sources are 
particularly used to explain the stress pattern between and within sedimentary basins respectively, and 
are likely the reason why the Bowen, Surat, Gunnedah, Clarence-Moreton and Sydney basins of 
eastern Australia have high standard deviations in stress province analysis (Figure 6; Table 2). In 
addition to second and third-order of stresses, numerous localised stress perturbations are observed at 
the wellbore scale in association with geological features such as lithological contrasts, faults and 
fractures (Figures 11 and 14). Hence, we suggest that fourth-order stress sources, associated with 
localised elastic rock property contrasts, are responsible for these small scale variations (Figures 11 
and 14). These wellbore scale stress variations only act to deviate the stress orientation at small scales, 
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but have significant applications in unconventional and geothermal exploration, as well as CO2 geo-
sequestration (Figures 11 and 14). More details about the role and significance of the localised SHmax 
perturbations at wellbore scales can be found in Rajabi et al. (2016b) and Rajabi et al. (2016c).  

8. Comparison of regional SHmax orientation with SV azimuthal anisotropy pattern

Until recently, extensive work has been done to define the pattern of azimuthal anisotropy for 
SV wave in the Australian continent (Debayle, 1999; Debayle et al., 2005; Debayle and Kennett, 
2000; Debayle and Kennett, 2003; Kennett et al., 2004). Both regional (Debayle, 1999; Debayle and 
Kennett, 2000; Debayle and Kennett, 2003) and global studies (Debayle et al., 2005) demonstrated the 
presence of two layers of seismic anisotropy beneath the Australian continent. The upper layer 
(shallower than 100 to 150 km) reveals variable direction of SV anisotropy similar to the SHmax 
pattern. The lower layer (deeper than 150 to 200 km) shows a significant NNE-SSW pattern for the 
SV which is subparallel to the absolute plate motion (Debayle et al., 2005; Debayle and Kennett, 
2003). Debayle and Kennett (2003) and Debayle et al. (2005) proposed “frozen deformation” for the 
upper layer, while present-day deformation due to shearing at the base of the IAP is proposed for the 
lower layer. Hillis and Reynolds (2003) discussed that the consistency of APM and SV azimuth at the 
bottom layer reflects the asthenosphere process with the NNE motion of the IAP. However, they 
suggested that the similarity between the SHmax and SV orientations in the upper layer show the role of 
present-day plate dynamic and the impact of stress-aligned fluid-saturated microcracks (Hillis and 
Reynolds, 2003). It means both layers reflect the present-day plate dynamics, with the difference 
between decoupling between lithospheric and asthenosphere stresses (Hillis and Reynolds, 2003). As 
Hillis and Reynolds (2003) highlighted, if the present-day plate dynamics and present-day stress 
control both asthenospheric and lithospheric SV anisotropy then it would be expected to see a 
parallelism between APM and SV in asthenosphere and lithosphere. Furthermore, if lithospheric SV 
anisotropy is different, as seen in Australia, it means the seismic anisotropy is controlled by pre-
existing structures. Hence, extensive dataset is required to investigate these ideas. Strong correlation 
between SV anisotropy and SHmax orientation in the Australian continent suggest that these 
orientations at the first order are controlled by present-day plate dynamics (Hillis and Reynolds, 
2003). 

9. Applications of the Australian Stress Map database

Crustal stresses are important to both natural and anthropogenic processes (Figure 11). 
Constraining the contemporary state of stress is significant for a wide range of earth science 
disciplines. 

i. Knowledge of the in-situ stress is essential for understanding the forces that drive tectonic
plates (Heidbach et al., 2010; Hergert and Heidbach, 2011b; Richardson, 1992; Zoback,
1992). 

ii. Stress and its link to deformation play a critical role in neotectonic evolution and intraplate
deformation (Heidbach et al., 2010; Hillis et al., 2008; Sandiford, 2003; Sandiford et al., 
2004). 
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iii. Earthquakes and stress are interconnected, and earthquake hazard is a function of subsurface
stresses and rock failure criteria (Heidbach and Ben-Avraham, 2007; Holdgate et al., 2003;
Sandiford et al., 2004; Seeber and Armbruster, 2000; Sibson et al., 2012; Stein, 1999). This is
particularly important in zones with low seismic recurrence rates, such as Australia.

iv. In-situ stresses can be used to produce fault slip tendency maps and these have implications
for seismic hazard and for recognising whether palaeo-hydrocarbon accumulations may have
been breached due to fault reactivation (Ferrill et al., 1999; Tingay et al., 2009).

v. In-situ stress controls the stability of mines, tunnels and boreholes (Reinecker et al., 2006;
Zang et al., 2012).

vi. Fluid flow in subsurface aquifers, oil reservoirs, geothermal fields (Heffer et al., 1997; Heffer
and Lean, 1991), as well as the formation of some mineral deposits, is controlled by in situ
stresses (Micklethwaite et al., 2010; Weatherley and Henley, 2013).

vii. The orientation of hydraulically-induced fractures is controlled by the contemporary stress
(Bell, 1996b; Zoback, 2010).

viii. The potential for induced seismicity associated with either subsurface fluid injection (e.g.
CO2, enhanced oil recovery) or fluid withdrawal (e.g. from oil or geothermal reservoirs), is
controlled by the in-situ stress (Grünthal, 2014; Hillis, 2001; Kraft and Deichmann, 2014;
Segall, 1989; Zang et al., 2014).

This study has greatly improved our understanding about the present-day stress field in 
Australia. Such knowledge is directly applicable to all of the above issues in the Australian continent 
and other regions worldwide. At the continental scale, the pattern of stress in Australia, and its 
inconsistency with the APMs (Figure 12), can be used to investigate the relative contribution of 
different plate boundary forces on intraplate deformation and the stress field (Coblentz et al., 1998; 
Dyksterhuis et al., 2005a; Müller et al., 2012; Reynolds et al., 2003). Although various studies have 
already investigated this issue for the Australian continent, the new release of the ASM database 
reveals significant deviations between published models and the observed data in eastern Australia 
(Figure 13) due to either modelling strategies or lack of observed stress data for model calibrations in 
previous studies (Rajabi et al., 2016b; Rajabi et al., 2016c). Hence, the new ASM database can be 
used as a valuable source of information for model calibration, which is a key step in any 
geomechanical-numerical modelling (Buchmann and Connolly, 2007; Reiter and Heidbach, 2014). At 
regional scales, where there are perturbations of stress owing to second order of stresses, the database 
can be used to improve our understanding and methodologies for new high-resolution and 3D 
geomechanical-numerical models to investigate the intraplate sources of stresses (Hergert and 
Heidbach, 2010; Hergert et al., 2015; Reiter and Heidbach, 2014). 

The key finding of this study is the significant perturbation of stress in smaller scales due to third 
and fourth order of stress sources (Figures 11 and 14). The orientation and magnitude of stress have 
significant implications in petroleum exploration and production, mining, geothermal energy 
extraction and CO2 sequestration (Figures 11), (Bell, 1996b; Zang et al., 2014; Zoback, 2010). The 
present-day stress field is a primary control on the stability of all underground openings, including 
boreholes, mines and tunnels (Amadei and Stephansson, 1997; Reinecker et al., 2006; Zang et al., 
2012). Hence, the perturbation of the SHmax orientation and changes of stress regime with depth needs 
a particular attention in any geomechanical studies at smaller scales. 

The neotectonic features suggest a prevailing reverse stress regime in the Australian continent 
and the shallow stress regime inferred from the ASM database (upper one km) is in agreement with 
these features (Figure 10). However, the ASM database indicates a change of stress regime with 
depth, and thus potential errors when attempting to infer the present-day stress regime from young 
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and shallow geological features. In particular, erroneous assessment of present-day stresses can lead 
to expensive instability or collapse of boreholes, such as recent experience of Geodynamics Limited’s 
with Habanero-2 geothermal well (Wyborn, 2012) and some other examples in Western Australia 
(Borthwick, 2010; Hayes, 2012; Kingsborough et al., 1991; Willson, 2012). The present-day stress 
also controls the creation of fractures, and associated permeability, in the subsurface. For example, 
hydraulic fractures open against the least principle stress and commonly propagate parallel to the 
present-day SHmax (Bell, 1996b; Engelder, 1993; Zoback, 2010). Thus, knowledge of the stress field is 
vital for hydraulic fracture stimulation procedures used in hydrocarbon and geothermal energy 
production (Bell, 1996b; Gaucher et al., 2015; Warpinski et al., 2008). 

The present-day stress field is a primary control on seismicity and the reactivation of faults in the 
subsurface. Fault reactivation occurs when stresses exceed the rock strength. In particular, the 
injection of fluids into the subsurface, such as during geothermal power production, CO2 
sequestration or enhanced oil recovery, reduces the effective stresses and can result in fault 
reactivation with associated destructive seismicity or the surface release of hazardous material such as 
oil, CO2 or mud. For example, the Habanero fracture stimulation in the Cooper Basin of South 
Australia caused seismic events up to 3.7 magnitude (Asanuma et al., 2005; Hunt, 2006; Morelli, 
2009). the Paralana-2 well stimulation caused several events up to 2.5 magnitude in eastern South 
Australia (Albaric et al., 2014). Geothermal activity in Basel, Switzerland induced several seismic 
events of up to 3.4 in magnitude resulting in the cancellation of the project and a drawback of 
geothermal research in Europe in general (Grünthal, 2014). Similarly, the 2006 blowout of the Banjar 
Panji-1 well in Sidoarjo (Indonesia) has been suggested to have triggered reactivation of the nearby 
Watukosek fault that resulted in the ongoing Lusi mud flow (Tingay et al., 2015). The Lusi disaster 
has claimed 17 lives, flooded a 8 km2 area of the city and displaced 40,000 people with an estimated 
damage of over $767 million (Tingay et al., 2008a). The influence of the stress field on fault 
reactivation and associated seismicity highlights the critical importance of understanding controls on 
stress in risking natural hazards. 

10. Conclusions

The state of stress in the Australian continent has been the subject of considerable debate since 
the first global compilation of in-situ stress information. The early phases of the ASM project, 
published by Hillis and Reynolds (2003) contained 549 (A-E) data records, identified average stress 
orientations in 16 stress provinces and successfully constrained the first-order of the contemporary 
tectonic stress within the Australian continent. Recent unconventional and geothermal exploration in 
eastern and South Australia, and the running of borehole image tools in existing mineral wells in 
basement rocks of South Australia and Victoria, provide the opportunity to update the pattern of 
present-day tectonic stress in the Australian continent. The new 2016 release of the ASM database 
contains 2140 (A-E) data records, including average SHmax orientations for 30 stress provinces, and 
has made significant improvements in both quality and quantity of the Australian present-day stress 
field. Of particular importance is the new, and sometimes the first, detailed contemporary stress maps 
for several basins in eastern Australia, as well as the data collected from minerals wells in basement 
rocks of South Australia, and exploration wells in different basins including Darling, McArthur and 
Officer basins and offshore Tasmania. This new dataset combined with newly complied data in almost 
all conventional petroleum basins of Australia in Western Australia, South Australia, Victoria and 
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Queensland, provide the most up to date stress map of Australia. The analyses of stress data, along 
with directional statistics reveal four major approximate SHmax trends in the Australian continent. 

i. NNE-SSW in north and northwest of Australia.
ii. E-W in most Western Australia as well as South Australia and western side of New South

Wales.
iii. ENE-WSW in most of eastern Australian sedimentary basins.
iv. NW-SE in southeastern Australia.

The new ASM stress data further confirms the role of plate boundary forces as the main 
intraplate sources of stress in the Australian continent. However, detailed analysis of borehole image 
logs in numerous wells revealed extensive localised perturbations of stress due to the presence of 
geological structures such as fractures, faults, lithological density and strength contrasts and intraplate 
volcanism. Most of these localised stress perturbations are in eastern Australian basins (Surat, Bowen, 
Clarence-Moreton, Gunnedah and Sydney basins) that contain vast unconventional reserves and, 
hence, the state of stress is critical for exploration and production in these regions. Although the state 
of present-day stress regime is not determined in as much detail as the SHmax orientation, the compiled 
stress regime data from the upper five km of the crust obtained from numerous sources (shallow 
engineering methods, intermediate-depth wellbore information and earthquake focal mechanism 
solution) clearly show that the shallower part of the Australian crust is primarily characterized by a 
present-day thrust faulting stress regime that changes to a prevailing strike-slip stress regime at depth.  
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Table and Figure Captions 

Table 1: Data type and quality of the present-day stress data records in the Australian stress map 
database and a comparison between the latest release of the project in 2003 and the new database.  

2003's release of ASM New ASM database 
Data type A-E A-C A-E A-C 

FMF 1 1 2 2 
FMS 122 95 638 546 
FMA 5 0 5 0 
BO 258 146 1024 424 
DIF 27 24 330 100 
HF 78 59 81 62 
OC 56 6 58 5 

GVA 2 0 2 0 
Total 549 331 2140 1139 

A-C and A-E: Quality assignment from the World Stress Map quality ranking scheme for the orientation of 
maximum horizontal stress (Heidbach et al., 2010). FMF: formal inversion of focal mechanism solutions, FMS: 
single focal mechanism solutions, FMA: composite or average focal mechanism solutions, BO: borehole 
breakouts, DIF: drilling induced-tensile fractures, HF: hydraulic fracture measurements, OC: overcoring, GVA: 
geological volcanic alignments. 

Table 2: Present-day stress provinces across continental Australia and Papua New Guinea. 

A-C: data quality according to the World Stress Map ranking scheme (Heidbach et al., 2010). BO: borehole 
breakouts, DIF: drilling induced tensile fractures, FMS: focal mechanism solutions of earthquakes, HF: 
hydraulic fracture measurements, OC: overcoring. Mean SHmax: mean orientation of maximum horizontal stress 
in each province using statistics for bipolar data, SD: standard deviation of the mean SHmax in each province, R: 
length of the mean resultant vector for the SHmax (Davis, 2002; Mardia, 1972), Conf. confidence level that show 
the type of stress provinces based on cut of values explained in the text. Note that the bold rows are newly 
defined stress provinces. 
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Province No. 
A-C 

Type (A-C) Quality Statistics using A-C quality data 
records Province's 

Type BO DIF FMS HF OC A B C D Mean 
SHmax 

s.d. R Conf. 

Amadeus Basin Region 16 11 0 5 0 0 1 7 8 9 25 31 0.56 99.00% 2 
Bight Basin 4 4 0 0 0 0 0 1 3 1 134 19 0.81 90.00% 5 
Northern Bonaparte Basin 55 34 19 2 0 0 11 25 19 35 47 16 0.85 99.90% 1 
Southern Bonaparte Basin 4 4 0 0 0 0 3 1 0 1 57 4 0.99 99.00% 2 
Bowen-Surat 1 64 17 13 3 31 0 7 22 35 89 32 30 0.58 99.90% 1 
Bowen-Surat 2 52 49 3 0 0 0 5 16 31 124 65 33 0.51 99.90% 1 
Browse Basin 28 17 10 1 0 0 8 13 7 11 92 24 0.70 99.90% 1 
Canning Basin 10 7 0 2 1 0 2 2 6 1 53 11 0.93 99.90% 1 
Northern Carnarvon Basin 60 48 6 6 0 0 12 23 25 68 108 24 0.71 99.90% 1 
Sothern Carnarvon Basin 16 0 0 16 0 0 0 0 16 0 109 43 0.32 <90% 6 
Clarence-Moreton Basin 21 21 0 0 0 0 1 16 4 12 69 23 0.71 99.90% 1 
Cooper-Eromanga Basins 78 62 16 0 0 0 28 30 20 58 99 14 0.89 99.90% 1 
Darling Region 8 2 1 1 1 3 2 1 5 2 91 11 0.93 99.90% 1 
Flinders Ranges 17 3 13 0 1 0 2 2 13 61 90 29 0.59 99.00% 2 
Galilee-Eromanga 5 2 2 0 0 1 1 1 3 1 87 8 0.96 99.00% 2 
Gippsland Basin 17 15 2 0 0 0 4 3 10 21 133 23 0.72 99.90% 1 
Gloucester Basin 5 5 0 0 0 0 0 2 3 6 34 52 0.19 <90% 6 
Gunnedah Basin 30 25 3 2 0 0 1 6 23 61 57 33 0.51 99.90% 1 
Irian Jaya 1 135 0 0 135 0 0 0 0 135 0 18 29 0.60 99.90% 1 
Irian Jaya 2 99 0 0 99 0 0 0 0 99 0 40 21 0.76 99.90% 1 
McArthur Region 6 3 0 0 2 1 2 3 1 5 26 9 0.95 99.90% 1 
New Guinea 1 151 0 0 151 0 0 0 0 151 0 40 23 0.73 99.90% 1 
New Guinea 2 63 0 0 63 0 0 0 0 63 0 25 27 0.64 99.90% 1 
SA Otway Basin 17 13 4 0 0 0 6 4 7 14 132 13 0.90 99.90% 1 
Vic Otway Basin 8 5 3 0 0 0 4 3 1 6 137 5 0.98 99.90% 1 
Officer Basin 5 3 2 0 0 0 1 1 3 3 89 7 0.97 99.00% 2 
Perth Region 64 40 15 8 1 0 8 23 33 25 88 18 0.82 99.90% 1 
SE Seismogenic Zone 14 0 0 12 2 0 0 1 13 15 122 41 0.37 <90% 6 
North Sydney Basin 32 12 0 4 16 0 2 11 19 77 65 40 0.39 99.00% 2 
South Sydney Basin 11 3 0 2 6 0 1 2 8 20 41 35 0.48 90.00% 5 



Figure 1: Indo-Australian Plate tectonic setting including the type of boundaries (different colours) 
around the plate and plate motion from Bird (2003). CCB: continental convergent boundary, CTF: 
continental transform fault, CRB: continental rift boundary, OSR: oceanic spreading ridge, OTF: 
oceanic transform fault, OCB: oceanic convergent boundary and SUB: subduction zone. The 
background image is land topography and ocean bathymetry based on ETOPO1 model from Amante 
and Eakins (2009). 
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Figure 2: The state of stress in the Australian continent by six different release of World Stress Map 
(WSM) and Australian Stress Map (ASM) projects. (a) Shows the first release of WSM by Zoback et 
al., (1992) with only 95 reliable orientation of maximum horizontal stress (SHmax). (b, c and d) Show 
three different release of the ASM project by Hillis et al. (1998), Hillis and Reynolds (2000 and 
2003). The most recent prior (2003) release of the Australian stress map and the calculated stress 
trajectories (grey lines) show the regional stress pattern of the continent (Hillis and Reynolds, 2003). 
The database contained 549 in-situ stress data records based on different stress indicators (see legend). 
(e) Show the 2008 release of the WSM project by Heidbach et al. (2010) that show lack of stress 
information in most of eastern Australia. (f) The 2016 release of ASM (this study) with 1139 most 
reliable orientations of SHmax and the calculated stress trajectories (grey lines). Different colours in 
these maps show different stress regimes (NF: normal, SS: strike-slip, TF: thrust and U: undefined 
tectonic stress regime), length of the lines indicate the quality and reliability of the SHmax orientation 
based on the WSM quality ranking scheme. The azimuth of each line shows the orientation of SHmax 
in each location. Note that only A-C quality SHmax data records are plotted on the maps. 
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Figure 3: Typical examples of drilling-related stress indicators including borehole breakouts (BOs) 
and drilling induced tensile fracture (DIF) in borehole image logs. The image is an acoustic one that 
provides a picture of the borehole wall based on the acoustic contrasts. In vertical wells, BOs and 
DIFs occur parallel to wellbore axis and in the opposite sides of the borehole. The BOs are interpreted 
as a wide pairs of low-amplitude zones (that shows elongations) and show the orientation of minimum 
horizontal stress, while the DIFs are identified as a narrow pairs of low-amplitude zones in acoustic 
image logs and indicate the orientation of maximum horizontal stress. The grey sinusoids show 
natural fractures with different dips in this interval. This snapshot is from well ‘Ichthys Deep’ in the 
Browse Basin sediments of Western Australia. 

155



Figure 4: The new (2016) release of the Australian Stress Map with all 2140 (A-E) data records. 
Different colours in the map show different stress regimes (NF: normal, SS: strike-slip, TF: thrust and 
U: undefined tectonic stress regimes.), The azimuth of each line shows the orientation of maximum 
horizontal stress (SHmax) in each location; length of the lines indicate the quality and reliability of 
SHmax orientations based on the World Stress Map quality ranking scheme. 
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Figure 5: Distribution of present-day stress data in the Australian Stress Map (ASM) database. (a) 
Data type that shows the drilling-related stress indictors comprise the majority of the database. (b) 
Data quality of ASM based on the WSM quality ranking scheme. (d) Shows the tectonic stress regime 
of the data records in the database. (d, e, and f) show the distribution of A-D quality data records 
versus depth. (d) Shows the percentage of each data type and their distributions with depth. The 
majority of the data are from borehole-related stress indicators that provide the stress information 
from near surface down to five km. (e) Indicate the frequency and distribution of data quality in the 
ASM database. (f) Presents the frequency and distribution of tectonic stress regime in the database. 

 

Figure 6: Location of stress provinces in the continental Australia and Papua New Guinea. Only the 
A-C quality data are used to define the stress provinces and at least four stress data records with A-C 
quality are required to define the province in a particular geographical region. 
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Figure 7: Mean orientation of maximum horizontal stress (SHmax) at the centre of 30 defined stress 
provinces in the Australian continent. A-C quality data that do not belong to each stress province are 
also shown. The background image is land topography and ocean bathymetry based on ETOPO1 
model (Amante and Eakins, 2009). 

Figure 8: Stress trajectories (a) and smoothed stress pattern (b) based on the 2016 Australian Stress 
Map database following the method explained by (Hansen and Mount, 1990) and (Müller et al., 
2003). The search radius is r=750 km and the minimum number of data records required within the 
search radius to calculate the mean is n=3. 
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Figure 9: Variation of tectonic stress regime versus depth in the upper five km of the Australian crust 
based on the Australian Stress Map database. Note that we used only the data records that are > 
100 km away from any plate boundary in this diagram to show the variation of stress regime only for 
the intraplate setting. The resulting dataset contains 211 data records assigned with tectonic stress 
regime in the upper five km, 39 data records are from FMS and 172 from borehole data. A change of 
stress regime with depth is clear where the thrust faulting stress regime is prevailing in shallower 
intervals which change to strike-slip in the deeper intervals. 

Figure 10: Compilation of neotectonic features (from (Geoscience Australia, 2016)) and the present-
day stress regime in upper five km of the Australian continent. Different colours show different stress 
regimes. TF: thrust, Sin./Dex. TF: sinistral and dextral thrust, NF: normal, U: undefined, TS: 
predominantly thrust with strike-slip component, NS: predominantly normal with strike-slip 
component. White lines show the smoothed mean orientation of maximum horizontal stress 
orientation (SHmax) from Figure 8. The majority of neotectonic features show thrust faulting stress 
regime that is consistent with the orientation of SHmax across the Australian continent. However, there 
are some inconsistencies between the stress regimes in the upper five km with neotectonic 
information. According to Figure 9, the ASM database shows a predominant thrust faulting stress 
regime in the upper one km, which is consistent with neotectonic structures. However, the tectonic 
regime is depth-dependant and changes to strike-slip or normal at deeper intervals. 
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Figure 11: Classification of various orders of crustal stress sources with spatial and temporal effects, 
as well as major implications and some Australian examples (modified and complied from (Heidbach 
et al., 2007; Rajabi et al., 2016b; Reiter et al., 2014; Tingay et al., 2006; Zoback et al., 1989). 
According to this classification, the orders of stress in the Earth’s lithosphere can be explained by 
interaction of different sources. (a) Plate boundary forces are the first-order control on the stress field 
of continental Australia. (b) and (c) show significant rotation of stress orientations due to presence of 
second and third order of stress sources (basement structures, faults and lithological contrasts) in the 
Surat and Gunnedah basins in eastern Australia. (d) Shows an example of stress rotation at wellbore 
scale owing to fourth-order of stress sources (faults and fractures). 
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Figure 12: Comparison of maximum horizontal stress (SHmax) orientation and azimuth of absolute 
plate motion (APM). The SHmax orientations are based on the algorithm introduced by (Müller et al., 
2003) for smoothing the stress pattern and APM  is from HS3 reference frame based on NUVEL 1A 
model (Gripp and Gordon, 2002). The histogram shows the distribution of misfit angle between APM 
and SHmax orientation for each stress data record in the Australian Stress Map database. SHmax 
orientations in the Australian continent show no correlation with the APM. The distribution curve 
shows the typical trend for stable North America (Richardson, 1992). 
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Figure 13: Comparison between regional orientation of maximum horizontal stress (SHmax) inferred 
from our study and predicted SHmax orientation by published geomechanical-numerical models. Black 
arrows in panel (a) show the observed SHmax orientation at each stress provinces across Australia. Blue 
and red arrows (in panel b-f) show the pseudo-stress provinces inferred from published stress models. 
(b) SHmax prediction from plate-scale and 2D model by Reynolds et al. (2003) that considered the 
Indo-Australian Plate as an elastic and homogenous. (c) Blue and red arrows are predictions by 
Burbidge (2004) that suggest a NE-SW orientation for eastern Australia however this model predicted 
a prevailing normal tectonic stress regime (red) for this region which is inconsistent with 
observational data. (d and e) blue arrows show the result of plate-scale model by Dyksterhuis et al. 
(2005a) that considered the Australian continent as homogenous (d) and heterogeneous (e) body based 
on realistic geomechanical properties for craton, fold belts and basins as different. (f) SHmax Prediction 
by Müller et al. (2012). Most of the models predicted a NW-SE for the eastern Australia while the 
observational data suggest an ENE-WSW orientation. 
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Figure 14: Schematic diagram that shows the control on the stress pattern at each location based on 
different forces at different scales (modified from Tingay, 2009). In this case, first-order stress sources 
(e.g. ridge push) generate a significant east-west SHmax orientation for the region. However, second, 
third and fourth orders of stress sources perturb the stress pattern. Hence, stress orientation at each 
location is the result of superposition and summation of all forces acting at hundreds of kilometres to 
couple of meters. 
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Abstract 

The Australian continent has an enigmatic present-day stress pattern and shows considerable 
regional variability in maximum horizontal stress (SHmax) orientation. Previous attempts to estimate 
the Australian SHmax orientation with geomechanical-numerical models indicate that plate boundary 
forces provide the major controls on the contemporary stress orientations. However, these models 
cannot satisfactorily predict the observed stress orientation in major basins throughout eastern 
Australia, where the knowledge of the present-day crustal stress information is of vital importance for 
development and management of different types of geo-reservoirs. In addition, a new comprehensive 
stress data compilation in Australia, which is the key dataset for model calibration, motivated us to 
construct a new geomechanical-numerical model for Australia. Herein, we present a 3D 
geomechanical-numerical model that predicts the first-order SHmax orientation for the whole 
Australian continent, as well as relative stress magnitudes (tectonic stress regime). The new stress 
database compilation has 1354 data records determined from the interpretation of drilling-related 
stress indicators, 645 from earthquake focal mechanism solutions, 139 from shallow engineering 
measurements and two from geological indicators to define the regional stress pattern of Australia in 
30 stress provinces. Our best-fit model in most areas is in good agreement with observed SHmax 
orientations and the stress regime, and shows a much better fit in areas where the stress pattern was 
unable to be predicted by previous published attempts. Interestingly, the best-fit model requires a 
significant push from the western boundary of Australian continental model which is possible 
supporting evidence for the east-west oriented mantle drag postulated by state-of-the-art global 
convection models, or may be generated by the excess of gravitational potential energy from Tibetan 
Plateau, transferred through the Indo-Australian Plate. Hence, our modelling results provides a good 
first-order prediction of the stress field for areas where no stress information is currently available, 
and it can be used to derive initial and boundary conditions for local and reservoir-scale 3D 
geomechanical models across Australia. 

Keywords: Australian stress field, geomechanical-numerical model, Indo-Australian Plate, petroleum 
geomechanics, present-day stress field, tectonic stress regime 

1. Introduction

Crustal present-day stress field has numerous applications in a range of earth science disciplines, 
particularly as a critical input for geomechanics of geo-reservoirs (Barton & Moos, 2010; Bell, 1996b; 
Cornet, 2015; M. D. Zoback, 2010). The present-day stress field controls the stability and trajectory of 
wellbores (Altmann, Müller, Müller, Tingay, & Heidbach, 2010; Hillis & Williams, 1993; Rajabi, 
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Tingay, & Heidbach, 2016a; M. D. Zoback, 2010). Induced hydraulic fractures form parallel to the 
orientation of maximum horizontal stress (SHmax) and develop horizontally and vertically depending 
on the tectonic stress regime (Bell, 1996b; King, 2010). Geomechanics also provides significant 
information about the probability of fault reactivation due to natural (Heidbach & Ben-Avraham, 
2007; Hergert, Heidbach, Bécel, & Laigle, 2011) and induced processes (Moeck & Backers, 2011; 
Schoenball, Müller, Müller, & Heidbach, 2010), as well as for hazard assessment related to wellbore 
completions and production (Barton & Moos, 2010; Hakimhashemi, Schoenball, Heidbach, Zang, & 
Grünthal, 2014; Jones & Hillis, 2003; Mildren et al., 2005; Mildren, Hillis, & Kaldi, 2002). 
Furthermore, the state of stress, and particularly the orientation of SHmax, strongly affect fluid flow in 
naturally fractured reservoirs (Barton, Zoback, & Moos, 1995; Sibson, 1996), water-flooding patterns 
and reservoir drainage (Heffer, Fox, McGill, & Koutsabeloulis, 1997; Heffer & Lean, 1991). Present-
day stress information is also necessary for safe and sustainable fluid injection (e.g. CO2 
sequestration, geothermal production and nuclear waste repositories) and fluid withdrawal in 
petroleum and geothermal production (Gaucher et al., 2015; Grünthal, 2014; Kraft & Deichmann, 
2014; Segall, 1989; M. D. Zoback, 2010).  

Due to numerous implications of the present-day stress field, significant attentions have been 
given in the past 30 years to estimate the components of stress tensor (Bell, 1996a; Engelder, 1993; 
Jaeger, Cook, & Zimmerman, 2007; M. D. Zoback, 2010). Major projects such as the World Stress 
Map (WSM) and the Australian Stress Map (ASM) provide the most comprehensive stress data 
compilation for the World and Australia, respectively, (Heidbach et al., 2007; Heidbach et al., 2010; 
Hillis & Reynolds, 2000, 2003; Sperner et al., 2003; M. L. Zoback, 1992; M. L. Zoback et al., 1989). 
The 2016 releases of these projects revealed that the crustal stress state is generally sparsely resolved 
in the earth’s crust (Heidbach, Rajabi, Ziegler, & Reiter, 2016). For example, the stress data density, 
in 100 × 100 km2, for global continental areas and the Australian continent is 1.4 and 1.7 data records, 
respectively (Heidbach et al., 2016). More importantly, the majority of these data only show the SHmax 
orientation and, hence, the stress information on the 3D stress tensor, which describes the stress state 
at a point with six independent components, is sparse and incomplete for most regions (Heidbach et 
al., 2016; Rajabi, Tingay, Heidbach, Hillis, & Reynolds, under-review). Therefore, physical-based 
models, such as 3D geomechanical-numerical modelling, are required in order to provide a continuous 
description of the crustal in-situ stress field in areas where no stress data are available (Gunzburger & 
Magnenet, 2014; Henk, 2005; Hergert, Heidbach, Reiter, Giger, & Marschall, 2015; Reiter & 
Heidbach, 2014). 

Australia is, arguably, the most extensively studied and debated continent in the world with 
regards to present-day stress analysis and modelling. The first phase of the WSM project highlighted 
that Australia was the only major continent in which SHmax was widely variable, and showed no large-
scale correlation with absolute plate motion (Richardson, 1992; M. L. Zoback et al., 1989). These 
anomalous observations motivated numerous researchers to investigate the sources of the 
contemporary stress field in Australia. To date, over 20 papers have been published to predict the 
Australian stress pattern, with a particular emphasis on the stress sources of Australia as an intraplate 
region (Burbidge, 2004; Cloetingh & Wortel, 1985; Coblentz, Sandiford, Richardson, Zhou, & Hillis, 
1995; Coblentz, Zhou, Hillis, Richardson, & Sandiford, 1998; Dyksterhuis, Albert, & Müller, 2005; 
Müller, Dyksterhuis, & Rey, 2012; Reynolds, Coblentz, & Hillis, 2002). The main purpose of these 
published studies was to investigate the relative importance of the plate boundary forces that act at the 
borders of the Indo-Australian Plate (IAP), in order to best-fit the observed SHmax orientation. In 
almost all published papers to date, 2D geomechanical-numerical plate-scale models have revealed 
that the present-day stress field of Australia is, at the first-order, controlled by plate boundary forces. 
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However, these models do not fit the new stress pattern derived from a recent comprehensive update 
of the ASM database, particularly in most of eastern Australia (Brooke-Barnett et al., 2015; Rajabi, 
Tingay, & Heidbach, 2016b; Rajabi et al., under-review). Furthermore, the tectonic stress regime, 
which has significant importance in geomechanics of geo-reservoirs, cannot be directly determined 
from these 2D geomechanical-numerical models.  

Nowadays, 3D geomechanical-numerical models are the state-of-the-art approach to predict the 
present-day stress tensor at large scales (Buchmann & Connolly, 2007; Hergert & Heidbach, 2010, 
2011; Hergert et al., 2011; Reiter & Heidbach, 2014) and small scales (Hergert et al., 2015). The 
complexity of structural models, definition of initial stress state and model calibration with respect to 
stress orientations and the stress regime determine the result of 3D geomechanical-numerical models 
(Reiter & Heidbach, 2014). Hence, in this paper we propose a 3D continental-scale geomechanical-
numerical model that predicts the first-order present-day stress field for whole the Australian 
continent. In contrast to previous models, that mainly focused on the quantification of the relative 
contribution of the plate boundary forces, we aim to find the best-fit crustal stress model with respect 
to all the available stress data. Herein, we first briefly review the state of contemporary crustal stress 
in the Australian continent based on a new compilation of 2140 data records. We then review the 
previous stress models for Australia and compare their results with the new ASM database. Finally, 
we present our 3D model approach and discuss the results of our best-fit model that is calibrated 
against the new ASM database. 

2. The state of present-day stress in Australia

Analysis of the regional variability of the present-day tectonic stress in the Australian continent 
has been the subject of scientific debates over 25 years (Denham & Windsor, 1991; Hillis & 
Reynolds, 2000, 2003; Rajabi et al., under-review; M. L. Zoback et al., 1989). The study of the 
present-day stress in Australia originally began by using shallow engineering methods in underground 
projects (Alexander & Worotnicki, 1957; Worotnicki & Denham, 1976). Prior to 1963, most of the 
Australian in-situ stress information was from flat jack and overcoring methods at engineering sites 
(Worotnicki & Denham, 1976). Along with these shallow stress measurements, analysis of earthquake 
focal mechanism solutions provided the state of stress in deeper parts of the Australian crust (Allen, 
Gibson, & Cull, 2005; Clark & Leonard, 2003; Denham, Alexander, & Worotnicki, 1979; Fitch, 
Worthington, & Everingham, 1973; Leonard, Ripper, & Yue, 2002; Spassov, 1998). Bell and Gough 
(1979) demonstrated how dipmeter logs could be used to determine the SHmax orientation in petroleum 
wells, and this was then first conducted in Australia by Blumling (1986) using four arm caliper logs in 
22 wells.  

In 1990, the Australian petroleum industry had widely recognized that borehole breakouts were a 
common feature, and associated with numerous drilling problems (Denham & Windsor, 1991; Hillis, 
1991; Lowry, 1990). Since then, numerous researchers analysed different types of oriented caliper and 
wellbore image logs to map the pattern of stress across the Australian continent (Camac, Hunt, & 
Boult, 2006; Hillis, Meyer, & Reynolds, 1998; Hillis, Mildren, Pigram, & Willoughby, 1997; Hillis & 
Reynolds, 2000, 2003; Hillis & Williams, 1992; Mildren, Hillis, Fett, & Robinson, 1994; Nelson, 
Hillis, Sandiford, Reynolds, & Mildren, 2006; Rajabi, Tingay, et al., 2016a, 2016b; Rajabi, Tingay, 
King, & Heidbach, 2016; Reynolds & Hillis, 2000; Reynolds, Mildren, Hillis, Meyer, & Flottmann, 
2005). In the first global compilation of stress data, Australia was poorly represented by only 95 
reliable data records (M. L. Zoback, 1992; M. L. Zoback et al., 1989). Hence, Hillis et al. (1998) 
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institutionalised the ASM project, which aimed to analyse and compile stress information across 
continental Australia and neighbouring parts of the Indo-Australian Plate (e.g. Papua New Guinea, 
Timor Sea and New Zealand). The ASM project resulted in two isolated releases of Australian stress 
datasets, most notably by Hillis and Reynolds (2000) and Hillis and Reynolds (2003), with a third 
updated dataset included in the 2008 World Stress Map release. 

The last prior ‘stand-alone’ release of the ASM, published by Hillis and Reynolds (2003), 
contained 549 data records in 16 stress provinces and ten major petroleum basins of Australia (Figure 
1). Hillis and Reynolds (2003) clearly demonstrated that the SHmax orientation in Bonaparte and 
Canning basins in Western Australia is broadly NE-SW while it rotates to E-W in Carnarvon and 
Perth basins. Furthermore, they showed a major regional rotation of the SHmax orientation in 
northeastern Australia, where the SHmax orientation is NNE-SSW in the Amadeus and Bowen basins 
and is E-W in the Cooper-Eromanga Basins in central Australia (Figure 1). In addition, wellbore data 
in the Otway and Gippsland basins clearly revealed a regional NW-SE SHmax orientation in 
southeastern Australia (Hillis & Reynolds, 2003). Although the regional stress pattern of Australia 
was well established by Hillis and Reynolds (2003) in ten petroleum basins, the stress pattern of many 
other basins was poorly understood due to lack of data at that time. 

Recent exploration of unconventional reservoirs in Australia, particularly coal seam gas 
reservoirs in eastern Australia, has provided a large amount of new stress orientation data records, and 
provides an opportunity to make the first major update the ASM project in 13 years. The new ASM 
database includes 2140 data records in 20 sedimentary basins and 30 stress provinces (Figures 1 and 
2). The 2016 release of the ASM, with its 733 new stress orientations determined from highly 
accurate wellbore image log data, confirms the initial WSM observations from 1992 that the 
Australian continent shows a remarkable, and anomalous, regional variability in SHmax orientation that 
is not directly correlated with absolute plate motion (Figure 2). In addition to this regional variability, 
high density datasets in sedimentary basins of eastern Australia reveal substantial stress perturbations 
at smaller scales due to the influence of different geological structures, including basement structures, 
faults, fractures and lithological contrasts (Brooke-Barnett et al., 2015; Rajabi, Tingay, et al., 2016b; 
Rajabi, Tingay, King, et al., 2016). 

In addition to SHmax orientation data, 37% of data records in the ASM database, are assigned with 
a tectonic stress regime, primarily when the data has been collected from overcoring, hydraulic 
fracturing measurements and focal mechanism solutions of earthquakes (Rajabi et al., under-review). 
Detailed analysis of the present-day stress regime in onshore Australia has revealed a prevailing thrust 
faulting stress regime in the upper two km of the Australian crust that changes to strike-slip stress 
regime, and possibly normal faulting stress regime, in the deeper part of the crust (Rajabi et al., under-
review).  

3. Brief review of published models and comparison to the new ASM database

We found over 20 published papers that investigate the relative importance of different plate 
boundary forces on the stress pattern of the Australian continent (Table 1). The majority of these 
geomechanical-numerical models are 2D, and applied various plate boundary forces acting on the 
homogenous IAP to fit the SHmax orientation of the continent (Table 1 and Figure 3). These studies are 
summarised briefly below while Table 1 shows the development history of geomechanical-numerical 
modelling for prediction of SHmax orientation in the Australian continent. 
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Cloetingh and Wortel (1985, 1986) investigated the relative contribution of different plate 
boundary forces around the IAP using a 2D homogenous elastic model. Their models predicted 
extensional forces along the New Hebrides and Solomon subduction zones in the east on New Guinea 
and, hence, predicted a substantial ENE-WSW extension for eastern Australia. In addition, they found 
significant perturbation of regional stress along passive margins of Australia, and suggested a major 
role of local stress sources, such as the weight of sediments, as a possible factor for this stress 
variation (Cloetingh & Wortel, 1985, 1986). Coblentz et al. (1995) examined the stress pattern of 
Australia by using 2.5D elastic geomechanical-numerical models and evaluated three primary sources 
of stress, including ridge push and buoyancy forces that produce gravitational potential energy (GPE) 
and drag forces at the base of the IAP. They demonstrated that the stress pattern of Australia can be 
explained by two major types of plate boundary forces, namely ridge push forces (and initiated 
topography) and collisional resistance at the boundaries of Papua New Guinea, Himalaya and New 
Zealand. Although, their modelling was unable to explain the role of subduction zones in the 
Australian stress field, they suggested that GPE had the dominant controlling role in generating the 
Australian stress pattern. Zhang, Scheibner, Ord, and Hobbs (1996) demonstrated the role of density 
structure and gravity in E-W resultant compression using 2D cross sectional geomechanical-numerical 
models in the eastern Australian passive margin.  

Hillis, Sandiford, Coblentz, and Zhou (1997) applied different plate boundary forces on a uniform 
2D elastic IAP and produced four models based on different well constrained (ridge and continental 
margin push) and poorly understood boundary conditions (i.e. basal drag, subduction and collisional 
boundaries). They compared the model predictions with observational stress data and concluded that, 
although the different models have different boundary conditions, three out of the four produced 
models could predict the stress pattern of Australia reliably. Coblentz et al. (1998) evaluated the 
relative contribution of different plate boundary forces on the stress pattern of the IAP with 2D elastic 
geomechanical-numerical models. They implemented various sets of boundary conditions on four 
models and concluded that the torque, due to ridge push and continental topography forces, provides 
the major impact on the stress pattern of IAP. Furthermore, they explained that basal drag and 
associated forces with subduction zones are not required to fit the stress pattern of the plate. Model 4 
of Coblentz et al. (1998) was their best model for Australia, providing a satisfactory fit to the stress 
pattern of most of Western Australia, but was still unable to predict the stress pattern in eastern 
Australia. 

Zhao and Müller (2001, 2003) investigated the stress pattern of Australia using a relatively coarse 
3D geomechanical-numerical model that has two layers with 2640 linear finite elements to reflect two 
different rheological layers. They suggested that plate boundary and ridge push forces can explain the 
stress pattern of Australia, but that geomechanical lithospheric provinces can change the regional 
stress pattern in eastern Australia. Reynolds et al. (2002); Reynolds, Coblentz, and Hillis (2003) 
examined a variety of plate boundary forces to predict the contemporary stress pattern of Australia 
with a 2D elastic geomechanical-numerical model. The modelling results by Reynolds et al. (2002, 
2003) proposed compressional forces along the Solomon and New Hebrides subduction zones, where 
all previous studies suggested extensional forces. The best fit model presented by Reynolds et al. 
(2002, 2003) strongly argued that the complex plate boundary forces acting on the IAP can explain 
the first-order stress pattern of Australia. However, their model was unable to explain the complex 
stress pattern of northeastern Australia where the SHmax orientation rotates from N-S in the Bowen and 
Amadeus basins to E-W in the Cooper-Eromanga Basins (Figure 3). 

A more complex 2.5D geomechanical-numerical model of the Australian Plate was constructed 
by Burbidge (2004) using the thin shell finite element code of Bird (1999). This visco-elastoplastic 
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model was made to predict the stress and strain pattern of the continent by incorporating different 
input data. Although the best-fit model of Burbidge (2004) satisfactorily predicts the SHmax orientation 
of eastern Australia, it was unable to fit the SHmax orientation in the southern half of Australia, nor in 
the Browse and Amadeus basins in western and eastern Australia. More importantly, Burbidge (2004) 
predicted a dominant normal faulting stress regime throughout northeastern Australia, which is 
inconsistent with the observed thrust faulting stress regime in the Bowen and Sydney basins (Figure 
3) (Hillis, Enever, & Reynolds, 1999).

Sandiford, Wallace, and Coblentz (2004) investigated the stress pattern of southeastern Australia 
with an extensive dataset that included in-situ stress data, young geological structures and a 2D 
geomechanical-numerical modelling approach. The plate-scale model of Sandiford et al. (2004) 
explained that the NW-SE SHmax orientation of southeastern Australia is primarily the result of 
continental collision in New Zealand’s South Island. They proposed that the stress generated due to 
continental collision is transmitted by oceanic lithosphere between Australia and New Zealand, and is 
responsible for the present-day stress field and active faulting in south Victoria, Flinders and Mount 
Lofty Ranges.  

Dyksterhuis, Albert, et al. (2005); Dyksterhuis and Müller (2004); Dyksterhuis, Müller, and 
Albert (2005) examined the present-day and paleo (since Miocene) stress pattern of the Australian 
continent by applying different plate boundary forces on 2D geomechanical-numerical models. They 
clearly proposed that including different geomechanical provinces, to represent different mechanical 
properties of cratons, fold belts and sedimentary basins, is more realistic, and demonstrated that these 
heterogeneities have significant impact on the stress pattern of Australia. Furthermore, they proposed 
substantial local perturbations of stress in the vicinity of geomechanical provinces. However, these 
models were also unable to predict the observed SHmax pattern satisfactorily (Figure 3). Dyksterhuis 
and Müller (2008) expanded on their earlier work and described the role of plate boundary forces and 
heterogeneity of the IAP in intraplate orogeny using 2D elastic heterogeneous geomechanical-
numerical models. Dyksterhuis and Müller (2008) proposed that orogenies in southeastern Australia 
result from the transmission of plate boundary forces into the plate interior, where stress can then be 
deflected significantly by the juxtaposed variable geomechanical provinces. 

Müller et al. (2012) evaluated the stress pattern of the Australian continent since the Cretaceous 
with 2D elastic and heterogeneous geomechanical models. Müller et al. (2012) presented models 
attempting to replicate the temporal and spatial changes of the Australian stress pattern resulting from 
variable geometry of IAP and different plate boundary forces acting on the IAP over time. In addition, 
Müller et al. (2012) concluded that reactivation of intraplate weak zones, such as the Flinders Ranges 
and Faulted Northwest Shelf occurred during periods of favourable stress regime. More recently, the 
contemporary stress pattern of IAP has been predicted with 2D elastic geomechanical numerical 
model as a part of analysing the Indian stress evolution (Müller, Yatheesh, & Shuhail, 2015). 

The primary focus of all of these previous geomechanical-numerical models was to assess the 
relative importance of plate boundary forces on the regional pattern of SHmax in the Australian 
continent. The common conclusion is that the observed high variability of the Australian stress pattern 
is due to the complex superposition of different plate boundary forces. In addition, the results of these 
models indicated that regional density and strength contrasts probably have significant impact on the 
Australian stress pattern in some regions (Dyksterhuis, Albert, et al., 2005; Reynolds et al., 2002, 
2003). However, questions and uncertainties still remain, particularly regarding the state of stress in 
throughout eastern Australia, for which these published models do not fit with the new observed SHmax 
orientations. Figure 3 shows the comparison of the observed SHmax orientation in the Australian 
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continent with the five ‘best’ previously published models. In order to assess the previous published 
models quantitatively, we defined pseudo stress provinces of Rajabi et al. (under-review) (showed in 
Figure 2) to compare the model predictions with the latest ASM dataset (Table 2). The results reveal 
that all models have mean absolute deviation > 30°, except Reynolds et al. (2002) model that has the 
lowest mean deviation of 27°. 

In addition, the published models (except the Burbidge’s model) do not provide any information 
on the tectonic the stress regime, which is now available in the new ASM database. Hence, a new 
modelling technique with higher resolution for the heterogeneity of the rock properties is required in 
order to attempt to replicate the present-day stress regime and orientation for the Australian continent.  

 

4. Modelling setup 
4.1. Model assumptions and general workflow 

In contrast to previously published models that investigated the role of plate boundary forces in 
the Australian stress pattern, our focus is to provide a best-fit prediction of the full 3D stress tensor in 
areas where no stress data are available. We calibrate our model with stress orientation data and stress 
regime information inferred from the most comprehensive ASM database. It means our model is a 
physics-based prediction of the 3D stress tensor, for application purposes, rather than scientific 
research on the stress sources. Nevertheless our model is constructed based on the experience and 
results of the plate-scale models in which rock heterogeneity and lateral density contrasts provide 
significant control on the present-day stress pattern. Hence, similar to most of previous published 
models, we assume that a linear elastic rheology is sufficient to capture the first-order effects. We also 
assume that the contemporary in-situ stress is a superposition of gravity-induced stresses and plate 
boundary forces. In addition, inherited stresses from earlier tectonic processes might contribute on the 
present-day stress pattern. Therefore, multiple sets of initial (gravity-induced) and boundary 
conditions (plate boundary forces that are parametrized as finite displacements) are used in our 
modelling strategy and calibration to fit the model-independent data (Figure 4).    

Our 3D geomechanical-numerical modelling workflow is illustrated in Figure 4, and has 
previously been used in several prior studies (Buchmann & Connolly, 2007; Hergert & Heidbach, 
2010, 2011; Hergert et al., 2011; Hergert et al., 2015; Reiter & Heidbach, 2014). We first create the 
3D model geometry using the relevant structures that represent strength or density contrasts, such as 
topography, basement surface and Moho depths. The model is then populated with elastic rock 
properties and densities. In our approach, the plate boundary forces at the model boundaries are 
parametrized with finite displacements. The gravity-induced initial stresses are implemented as initial 
stress conditions and we assume that accelerations can be neglected and, thus, we solve the 3D partial 
differential equation of the equilibrium of forces. Since an analytical solution cannot be achieved, we 
discretise the model volume into finite elements to find a numerical solution. In order to find the best-
fit model, we change the displacement boundary conditions of the model to minimise the differences 
between predicted and observed stress data (Figure 4). This best-fit model can then be used as the 
reference regional-scale model that provides boundary conditions of smaller scale models (Figure 5). 
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4.2. Model geometry 

To define our model geometry, we chose the model boundaries such that they are approximately 
perpendicular to the direction of major plate boundary forces. Hence, the model boundary is either 
parallel or perpendicular to the prevailing observed stress pattern that results in a pentagonal shape of 
the model boundary (Figure 6). The internal model geometry is based on the relevant geological 
structures that reflect either strength or density contrasts (Figures 6, 7 and 8), as described below. 

The lower boundary of the model is set to a constant value of 200 km depth. The next layer is the 
physical base of the earth’s crust, which is characterised by the Mohorovicic discontinuity (Moho) 
(Salmon, Kennett, Stern, & Aitken, 2013). The Moho depth across Australia is variable (Figure 7) and 
ranges from approximately 30 km deep, such as beneath the Pilbara craton (Western Australia), to 
approximately 50 km deep, such as beneath the Tennant Creek block (central Australia) and Lachlan 
fold (southeastern Australia) (Salmon, Kennett, & Saygin, 2013; Salmon, Kennett, Stern, et al., 2013). 
To create a smoothed Moho surface, we used a high resolution Australian Moho dataset from the 
AuSREM model (Salmon, Kennett, & Saygin, 2013; Salmon, Kennett, Stern, et al., 2013). We also 
used the gravity-derived Moho depth (Aitken, Salmon, & Kennett, 2013) for the regions that are 
included in our model, but are not covered by Salmon, Kennett, Stern, et al. (2013).  

Basement surface (depth to basement rocks) is an important crustal feature that is believed to 
control the crustal stress pattern in some parts of eastern Australia (Brooke-Barnett et al., 2015; 
Rajabi, Tingay, et al., 2016b). We incorporated the OZSEEBASE model (FrOG Tech, 2006), which is 
the most comprehensive and reliable basement map of Australia. Finally, the ETOPO1 digital 
elevation model (Amante & Eakins, 2009), which includes land topography and ocean bathymetry, 
was used as topography of our 3D geometry (Figure 7). The materials between topography and 
basement surfaces represent the sedimentary rocks, which are key targets for petroleum exploration 
and production, and a vital part of our model (for application and calibration purposes) (Figure 8). 

4.3. Model discretization and rock mechanical properties 

Model discretisation or division of the model into finite elements is necessary for numerical 
methods in general, and the finite element method in particular (Buchmann & Connolly, 2007; 
Dyksterhuis, Albert, et al., 2005; Hergert & Heidbach, 2011; Hergert et al., 2011; Reiter & Heidbach, 
2014; Stephansson & Berner, 1971). The size of elements has significant impacts on the calculated 
stress by geomechanical-numerical models, however, very small element sizes in large-scale models 
increase the computation times. The state of stress in the upper five kilometres of the earth’s crust has 
significant implications in exploration and production of geo-reservoirs and stability of underground 
opening such as tunnels, mines and boreholes (Jaeger et al., 2007; M. D. Zoback, 2010). Hence, in 
geomechanical-numerical modelling particular attentions are paid to discretise sediments with 
appropriate mesh type and size (Hergert et al., 2015; Reiter & Heidbach, 2014). In this study, we used 
different types of elements, including hexahedron, tetrahedron, prism and pyramid, to discretise the 
whole model (Figure 9). The sediments and basements in our model have the smallest size and highest 
resolution of the 3D elements, while the element size and thickness in the mantle are relatively larger 
and increases with depth (Figure 9).  

In this study we consider elastic material properties including Young’s modulus (E), Poisson’s 
ratio (v) and density (ρ) for each layer of the model to calculate the stress and body forces (Table 3). 
In our 3D model, all elements between topography and basement surfaces are defined as sediments, 
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basement rocks are the elements between basement and Moho surfaces, and upper mantle elements 
are those below the Moho surface down to 200 km depth (Figure 8). Note that a layer of elements are 
also defined around the Australian continent to represent water with a density of 1030 (kgm-3). 

4.4. Initial and boundary conditions 

To define the initial stress state, we follow the procedure as explained in Buchmann and Connolly 
(2007), Reiter and Heidbach (2014) and Hergert et al. (2015). Instead of a uniaxial stress state, where 
the ratio of the mean horizontal to the vertical stress (k-ratio) results in an unrealistic value of k≈0.33 
(with v=0.25), we implement a k-ratio that is higher in the upper few kilometre (1 < k < 2) and then 
decreases towards a lithostatic stress state with depth (k≈1). In order to simulate the plate boundary 
forces, the geometry of the 3D geomechanical-numerical model lateral boundaries is designed in a 
way that the lateral finite displacements can simulate the far-field forces (Buchmann & Connolly, 
2007; Hergert & Heidbach, 2010; Hergert et al., 2011; Reiter & Heidbach, 2014). Figure 8 illustrates 
our pentagonal model, where its edges are parallel or perpendicular to regional plate boundary forces 
predicted by the best plate-scale model (Table 2), i.e. Reynolds et al. (2002). These assumptions 
enable us to apply lateral displacements on the model edges to best fit the model predictions to 
observational stress field data in the Australian continent. The best fit-model of Reynolds et al. (2002) 
is characterised by compressional forces around the IAP, except in the Java subduction zone (our 
BC4), which are characterised by tensional forces (Figure 6). Hence, we pushed our 3D model at all 
edges, except BC4, with different amounts of horizontal displacement, to simulate these 
compressional forces. Note that the bottom of the model is fixed in the z direction, while lateral 
displacement along x and y directions are allowed along the lateral model box. 

5. Model calibration
5.1. Calibration of SHmax orientation 

In this study, the 3D geomechanical-numerical model of the Australian continent, which contains 
full stress tensor, is calibrated with model-independent data in terms of regional SHmax orientation and 
stress regime. Australian stress provinces (Figure 2) are used as stress domains for comparison 
between model predictions and observational data. We applied different sets of pulling-pushing 
around each side of the model and compared the model predictions with regional stress pattern of the 
Australian continent in order to fit the SHmax azimuth. 

Among the Australian stress provinces, 26 of them are located in Australia (Figure 2) and, hence, 
the following method is used for each province to calibrate the regional SHmax orientation. 

∆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆=  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑂𝑂𝑂𝑂𝑂𝑂𝑃𝑃𝑃𝑃𝑂𝑂𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆       (1) 

Where ΔSHmax is the difference between predicted SHmax and observed SHmax orientation in each stress 
province in azimuthal degree. 

5.2. Calibration of stress regime 

The present-day stress regime of our model is represented by the Regime Stress Ratio (RSR), 
originally defined by (Simpson, 1997). The RSR is a combination of tectonic ‘stress regime number’ 
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and the ‘stress ratio’. The ‘stress regime number’ in this method is represented by index n, inferred 
from standard classification of Anderson (1905) who defined three types of faulting stress regimes, 
including n=0 for normal (Sv>SHmax>Shmin), n=1 for strike-slip (SHmax>Sv>Shmin) and n=2 for a thrust 
(SHmax>Shmin>Sv) faulting stress regime. The ‘stress ratio’ (Bott, 1959) in the RSR method is defined 
by ratio of differential stress magnitudes as: 

𝑅𝑅 = �𝑆𝑆2 − 𝑆𝑆3
𝑆𝑆1 − 𝑆𝑆3� �     (2) 

Where S1, S2 and S3 denote the magnitude of minimum, intermediate and maximum principal stresses 
respectively. 

The RSR is then summarised as (Simpson, 1997): 

𝑅𝑅𝑆𝑆𝑅𝑅 =  (𝑛𝑛 + 0.5) + (−1)𝑛𝑛(𝑅𝑅 − 0.5)   (3) 

The RSR provide a continuous scale from 0 to 3 for different Andersonian stress regimes 
whereby RSR=0.5 for normal faulting, RSR=1.5 for strike-slip faulting and RSR=2.5 for thrust 
faulting stress regimes. The use of the continuous RSR scale is a significant highlight of this method, 
because it aids in distinguishing transitional stress regimes, such as transpressional and transtensional 
stress regimes (Buchmann & Connolly, 2007; Hergert & Heidbach, 2011). There are 211 stress 
regime data records for onshore Australia in the ASM database (Rajabi et al., under-review), with the 
majority of them (148 data records) from the upper one km of the Australian crust. These shallow 
stress regimes (<1 km) are derived from a variety of measurement techniques, including hydraulic 
fracturing tests (79), overcoring measurements (52), earthquake focal mechanism solutions (12) and 
petroleum wellbore data (5). Hence, in this study we compared the shallow observed stress regime 
with predicted RSR values at one km depth, in addition to stress orientations, to calibrate our 3D 
model.  

6. Results and discussion
6.1. Orientation of SHmax 

The plate-scale model of Reynolds et al. (2002), which is considered the best previously 
published plate-scale model of Australia (Table 2), has predicted compressional forces around the IAP 
except in the Java subduction zone (Figure 6). Hence, in order to fit the SHmax orientation with 
observational SHmax orientation we need to push and pull the model margins orthogonally to simulate 
compressional and tensional forces (Figure 6). The first step in model calibration is fitting the SHmax 
orientation using horizontal displacements of the model edges. Numerous sets of lateral displacement 
were applied on each side to find the best-fit model. The best-fit model is the model that satisfactorily 
predicts the SHmax orientation with the least amount of ΔSHmax (Equation. 1). In our model sensitivity 
testing, we found that the BC3 boundary (Figure 6) is the most critical side of the model, and most 
significantly controls the predicted SHmax orientation. However, pushes from BC1, BC2 and BC5 
boundaries are required to have a better predicted SHmax orientation. We examined both push and pull 
on the BC4 boundary to fit the SHmax orientation in Western Australia. The results revealed that slight 
pulling is more appropriate on the BC4 boundary in order to have a predicted SHmax that fits the 
orientations in the Bonaparte and Canning basins of Western Australia. The predicted SHmax 
orientations inferred from our best-fit model are shown in Figure 10. Pseudo-stress provinces are 
extracted from our 3D model to compare the predicted and observed SHmax orientation (Figure 10). 
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Generally, the model satisfactorily predicts the regional SHmax orientation across Australia (Table 2), 
without any major changes in the SHmax orientation with depth. However, there are some 
inconsistencies, particularly in the Browse Basin (Western Australia), where our model predicts NE-
SW SHmax orientation while observational data shows an E-W SHmax orientation.  

The wellbore derived SHmax orientation in the Browse Basin shows two sub-trends, including an 
ENE-WSW SHmax orientation where the basin is attached to the Bonaparte Basin (in the north) and an 
E-W SHmax orientation in the southern part, which follows the trend of Carnarvon Basin (Figure 2). 
These two trends are almost parallel to the shape of the plate boundary (Figure 2), which is an arcuate 
line in that region. In addition, because these two trends are sub-parallel and sub-perpendicular to the 
edge of our model, we cannot predict both orientations with this model geometry. Pushing the model 
on one side to fit the E-W SHmax trend of the southern Browse Basin would mean that it is not possible 
to then also fit the NE-SW SHmax trend in the Bonaparte Basin, Canning Basin and northern parts of 
the Browse Basin. The other inconsistency between our model and observed SHmax orientation is in 
the Gloucester Basin and southern Sydney Basin, where the observed SHmax orientation is NE-SW, 
while the predicted SHmax is more E-W (Figure 10). The observational stress data in these two basins 
show significant standard deviations (>35°) according to ASM database (Rajabi et al., under-review). 
Furthermore, our predicted SHmax orientation in the adjacent basins, such as Clarence-Moreton, 
Gunnedah and northern Sydney basins are consistent with the observational data. Hence, we assume 
that the predicted ENE-WSW SHmax orientation in the southern Sydney and Gloucester reflect the 
regional stress pattern of that region, whereas the observed SHmax orientations are strongly affected by 
local structures such as faults, fractures and lithological contrasts, as reported by Hillis et al. (1999) 
and Rajabi, Tingay, et al. (2016b). Note that these two basins are classified as ‘low quality’ type 5 and 
6 stress provinces, in which stress observations show significant scatter and, hence, are not considered 
as reliable in Hillis and Reynolds (2000) and  Rajabi et al. (under-review). 

The aim of this study was to provide a 3D predictive continental-scale model, containing full 
stress tensor information, which can provide appropriate displacement or stress boundary conditions 
for smaller reservoir-scale geomechanical-numerical models (Figure 5). However, the significant role 
of boundary BC3 in the overall predicted stress pattern of the Australian continent is quite interesting. 
We believe that our 3D model is unable to find the sources of the proposed significant E-W 
compression at boundary BC3. But published literatures have suggested two possible sources,  namely 
the gravitational potential energy (GPE) due to the Himalayas and Tibetan Plateau (Coblentz et al., 
1998; Ghosh, Holt, & Flesch, 2009; Ghosh, Holt, Flesch, & Haines, 2006); or the combination of 
dynamic topography and mantle forces (Steinberger, Schmeling, & Marquart, 2001). Detailed analysis 
of these forces is beyond the scope of this modelling work, but could be investigated in more detail by 
means of a more comprehensive plate-scale model in future studies.  

This is the first 3D model that contains both stress regime and orientation for whole the 
Australian continent, and thus has potential applications within various earth science research fields. 
The model predicts two significant spatial SHmax perturbations around the Surat-Bowen (Queensland) 
and Sorell-Bass Basins (Tasmania); (Figure 9). This variation of the SHmax orientation is consistent 
with the basement topography, where two types of rocks, including sediments and basement, are 
juxtaposed. Interestingly, the significant rotation of the SHmax orientation in the Bowen-Surat Basins 
of Queensland is recently reported by Brooke-Barnett et al. (2015) and Rajabi et al. (under-review), 
(Figure 1). Furthermore, the predicted variable pattern of SHmax orientation in the Sorell-Bass Basins 
(between Tasmania and Victoria) is visible in the observed data from the ASM database (Figure 1). 
Rajabi, Tingay, et al. (2016b) and Rajabi, Tingay, King, et al. (2016) highlighted the occurrence of 
significant regional and local-scale SHmax variations in the Gunnedah, Sydney, Clarence-Moreton and 
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Gloucester basins, which are considered to be generated by faults, fractures and lithological contrasts. 
Our 3D model does not predict these localised perturbations because the model is a regional model, 
and does not include major faults, fractures and intra-basinal sedimentary sequences. Such smaller 
scale stress variations would need to be examined using a sub-modelling approach (Figure 5), 
formerly suggested by Reiter, Heidbach, and Moeck (2013). Such small sub-models would be able to 
use the continental scale model herein to derive boundary conditions, and these models would have 
significant implications in unconventional reservoirs.  

6.2. Tectonic stress regime 

The second step in the model calibration is fitting the tectonic stress regime in the Australian 
continent. In this step, the boundary conditions of our model were proportionally modified by 
different amounts of pull and push in order to maintain the SHmax azimuth and change the stress 
regime. In contrast to the SHmax orientation, the ASM database is spatially poor in terms of stress 
magnitude data. For example, the most up-to-date ASM database contains only 211 relative stress 
magnitude data (i.e. stress regime) and the majority of these data (148) are from shallow depths (<1 
km) derived from overcoring and hydraulic fracturing tests. However, there is a published rich 
neotectonic database for Australia (Clark, McPherson, & Van Dissen, 2012; Hillis, Sandiford, 
Reynolds, & Quigley, 2008; Quigley, Cupper, & Sandiford, 2006; Sandiford, 2003), as well as 
earthquake focal mechanism solutions, that all suggest a dominant thrust faulting stress regime in the 
near surface, which changes to strike-slip stress regime (and possibly normal faulting stress regime) in 
the deeper part of the Australian crust (Rajabi et al., under-review). Therefore, we calibrated our 
model to the stress regime for the upper one km of the Australian crust (Figure 11), and predicted the 
changes of stress regime with depth that are consistent with the ASM database (Figures 11, 12 and 
13). The predicted stress regime in the upper one km of the model is compared with observed stress 
regime in Figure 11. The model predominantly predicts thrust faulting, or, more specifically, predicts 
a thrust faulting stress regime with a minor strike-slip component (a transpressional stress regime) 
and, to a lesser extent, a strike-slip faulting stress regime in the upper one km of the Australian crust. 
The predicted stress regime in deeper parts of the crust is primarily in transition between thrust and 
strike-slip stress regimes (comparing RSR values at 3 km depth in Figure 12 with Figure 13). Note 
that actual stress observations indicate a predominantly normal faulting stress regime, with minor 
strike-slip component, at 3 km depth (and deeper) in some regions, including the Otway Basin, some 
parts of eastern Australia, central and Western Australia (Figure 13). As outlined above, lack of stress 
magnitude data in the Australian crust does not allow us to robustly check the model predictions in the 
same manner as can be done with the extensive SHmax azimuth observational data. Whilst we have 
made our best efforts to match these observations, the general lack of stress regime information in 
Australia highlights the need to compile more stress magnitude information throughout Australian 
basins and cratonic areas.  

7. Conclusions

This study investigated the contemporary stress field of the Australian crust using a 3D 
geomechanical-numerical modelling approach. The model presented in this study contains relevant 
and high-resolution lithospheric strength contrasts, including surfaces representing the Moho, top of 
basement and topography. In addition, this is the first 3D continental-scale geomechanical-numerical 
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model that predicts the SHmax orientation and stress regime in the Australian crust. The presented best-
fit model in this study predicts SHmax orientations better that all previous (primarily 2D) published 
models, particularly in eastern Australia where all prior models were unable to estimate the SHmax 
pattern satisfactorily. However, the best-fit model herein suggests that a significant westerly push 
from the west of Australia, through the Indian Ocean, is required to fit the present-day stress pattern 
of the continent. Such E-W compression could possibly reflect gravitation potential energy forces 
(transmitted through the Indo-Australian Plate from Himalayas and Tibetan Plateau) and/or mantle 
drag forces. In terms of the stress regime, the 3D model suggests a significant thrust faulting stress 
regime in the upper 1km of the Australian crust, which changes to a transpressional and strike slip 
regime in the deeper parts of the Australian crust. Although the ASM database is not rich in stress 
magnitude (and stress regime) data, in comparison to SHmax orientation data, the model predictions are 
consistent with neotectonic data, focal mechanism solutions of earthquakes and the stress regime 
derived from shallow wellbores. Hence, we suggest this large-scale predictive 3D model of Australia 
can provide appropriate displacement or stress boundary condition for high-resolution smaller scale 
(basin and reservoir) models, and also be used in its current state to better estimate regional stress 
tensors in parts of Australia that do not yet have any observational stress data. 
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Figure 1: (a) The most recent prior (2003) release of the Australian Stress Map (ASM) and  the 
calculated stress trajectories (black lines) show the regional stress pattern of the continent (Hillis & 
Reynolds, 2003). (b) The new release of the ASM and calculated stress trajectories. The database 
contained 2140 in-situ stress data records. Different colours indicate different tectonic stress regime 
(NF: normal, SS: strike-slip, TF: thrust and U: undefined). The length of the different indicators 
represents the stress orientation quality based on the world stress map ranking system. The stress 
trajectories in both maps are calculated based on the method developed by Hansen and Mount (1990). 
Note the changes in stress trajectories particularly in eastern Australia. 
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Figure 2: Australian stress provinces determined from Figure 1 (b) and based on circular statistics 
and Rayleigh test (see Rajabi et al., under-review for more detail in calculation of the parameters). 
The regional pattern of SHmax orientation is variable across the continent which is not sub-parallel to 
N-NE absolute plate motion of the Australian continent. The current Australian stress map database 
contain 30 stress provinces classified in four types in which type 1 is the most reliable mean SHmax and 
type 6 is the least reliable one (Rajabi et al., under-review). Note that the isolated A-C quality stress 
data that do not lie in the stress provinces are also shown. 
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Figure 3: Comparison between the observed contemporary state of stress in Australia based on the 
new Australian Stress Map project (a)  (Rajabi et al., under-review) and the published geomechanical 
numerical models (b-f). Arrows show the mean SHmax orientation in each stress provinces and the 
colour codes indicates the tectonic regime thrust faulting (TF), predominately thrust faulting with 
strike-slip component (TS), strike-slip (SS), predominately normal faulting with strike-slip component 
(NS) and normal faulting (NF). The tectonic stress regime in each province is defined if it has more 
than five data records assigned with stress regime. The prevailing stress regime in each province 
indicates the stress regime. Hence, the black stress provinces are those that contain less than five data 
records assigned with stress regime. Among these models, the Burbidge (2004) predicted first-order 
SHmax pattern reasonably however, this model is unable to predict tectonic stress regime across 
Australia. The model results presented in panel (b), (d), (e) and (f) fail to predict the new stress data in 
eastern Australia. 
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Figure 4: 3D geomechanical-numerical modelling strategy implemented in this study (modified from 
Reiter and Heidbach (2014)). The strategy starts with model geometry and definition of initial stress 
state. We used Young’s modulus, density and Poisson’s ratio as elastic material properties of the 
discretised model. Relevant boundary conditions are applied on the model to calculate the stress 
tensor. At the final stage we calibrate the model with Australian stress map database and modified 
material properties and boundary conditions until we found the best-fit model. 

Figure 5: Sub-modelling approach proposed for the modelling of the smaller scale stress field at any 
location in Australia (modified from Reiter et al. (2013)). In this study we modelled and predicted the 
stress field at regional scale. However, our large scale model can provide appropriate boundary 
conditions for local and reservoirs scale models. Note that the resolution and reliability of the models 
are increased in the smaller scale models in which realistic sedimentary sequences and geological 
structures can be included in the smaller scale models. We propose this methodology because 
definition of boundary conditions for smaller scale models is always a challenging task.  
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Figure 6: Tectonic setting of the Indo-Australian Plate with types of plate boundaries (Bird, 2003). 
CCB: continental convergent boundary, CTF: continental transform fault, CRB: continental rift 
boundary, OSR: oceanic spreading ridge, OTF: oceanic transform fault, OCB: oceanic convergent 
boundary and SUB: subduction zone. Inward black arrows show the regional orientation of maximum 
horizontal stress orientation (SHmax) across Australia. The pentagonal shape is the geometry of our 3D 
geomechanical-numerical model and white arrows show the boundary conditions of our best-fit 
model. The background image is land topography and ocean bathymetry based on ETOPO1 model 
from Amante and Eakins (2009).  

 

 

Figure 7: Relevant crustal structures for 3D geomechanical-numerical model of Australia. The land 
topography and ocean bathymetry is from ETOPO model (Amante & Eakins, 2009), the basement 
surface of Australia is based on OZSEEBASE model (FrOG Tech, 2006). The Australia’s Moho 
surface is based on Salmon, Kennett, Stern, et al. (2013) and Aitken et al. (2013). Note that the 
vertical locations of the surfaces are not in scale. 

194



Figure 8: The 3D model volume of the Australian continent contains mantle (below the Moho), 
crustal basement (between Moho and basement surface), and sediments (between topography and 
basement). Note that the vertical exaggeration of the model is 10 times. Different rock properties are 
assigned to each layer to represent different types of rocks (see Table 2). 

Figure 9: Discretised mantle and basement on the model viewed from east. The basement which is 
based on OZSEEBASE (FrOG Tech, 2006) are filled with sediments in order to define sedimentary 
rocks. 
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Figure 10: (a) Predicted maximum horizontal stress orientation (SHmax) across the Australian 
continent with our 3D continental scale model at depth 2.5 km. The arrows in (a) are the regional 
mean SHmax orientation across Australia, i.e. stress provinces (Figure 2). The model predicts the SHmax 
orientation satisfactorily in the continent. The boundary condition of this model which is the best-fit 
model is shown in Figure 6. Note that we did not observe any significant changes of the SHmax 
orientation with depth in the model. (b) Shows the pseudo stress provinces derived from our best-fit 
model. The histogram shows the misfit angle between observed and predicted SHmax orientation at 
Australian stress provinces. The major inconsistency in the SHmax orientation by our model is in the 
Browse Basin in Western Australia where the observation data suggest E-W SHmax orientation while 
the model predicted NE-SW orientation (refer to the text for more details). The values of mean SHmax 
orientations and differences are presented in Table 2. 
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Figure 11: The Regime Stress Ratio (RSR) for the best fit model at depth 1 km (below the sea level) 
of the Australian crust. The RSR is continues scale for tectonic stress regime in which the normal 
faulting is defined by RSR=0.5, strike-slip as RSR=1.5 and thrust faulting as RSR=2.5. The model 
predicts a significant TF (thrust faulting) and TS (predominantly thrust with strike-slip component) 
faulting at 1 km depth of the Australian crust. Coloured points show the observed stress regime in 
upper 1 km of the Australian crust according to the Australian stress map database (Figure 1).  
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Figure 12: Distribution of RSR (representative of stress regime) at 3 km depth of the Australian crust 
according our 3D continental-scale model. According to the model, TF (thrust faulting), SS (strike-
slip), TS (predominantly thrust with strike-slip component) are dominant at this depth. Note the 
presence of NS faulting (predominantly normal with strike-slip component) in the Otway Basin, 
eastern, central and Western Australia. 

198



 

Figure 13: Distribution of RSR (representative of stress regime) at 4 km depth of the Australian crust 
according our 3D continental-scale model. According to the model, TF (thrust faulting), SS (strike-
slip), TS (predominantly thrust with strike-slip component) are dominant at this depth. Note the 
presence of NF (normal faulting) and NS faulting (predominantly normal with strike-slip component) 
in the Otway Basin, eastern, central and Western Australia. 
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Table 1: An overview on the previous studies on the geomechanical-numerical modelling of the Australian stress pattern. Most of the published models are 2D and only 
aimed to predict the SHmax orientation by plate-scale models. Details of these studies are explained in the text. E: Young’s modulus, ʋ: Poisson’s ratio, ASM: Australian Stress 
Map, WSM: World Stress Map, IAP: Indo-Australian Plate. 

Author Dimension Numerical 
resolution Properties Calibration data 

Cloetingh and Wortel 
(1985) 

2D 485 triangular membrane elements for the IAP. The maximum 
grid size is 5°. Constant lithospheric thickness of 100 km. 

Elastic – homogeneous (E = 7 × 1010 Nm-2 and 
ʋ = 0.25).  

28 FMS for the whole IAP. 

Cloetingh and Wortel 
(1986) 

2D 485 triangular membrane elements for the IAP. The maximum 
grid size is 5°. Constant lithospheric thickness of 100 km. 

Elastic – homogeneous (E = 7 × 1010 Nm-2 and 
ʋ = 0.25). 

44 FMS for the whole IAP. 

Coblentz et al. (1995) 2D 2527 strain elements and 1374 nodes for whole the IAP. Spatial 
resolution ~ 2° for both latitude and longitude. Constant 
lithospheric thickness of 100 km. 

Elastic – homogeneous (E = 7 × 1010 Nm-2 and 
ʋ = 0.25).  

Smoothed stress pattern on by Coblentz and Richardson 
(1995) based on the WSM database- release 1992. 

Zhang et al. (1996) 2D – local 
scale 

The model includes an E-W cross section 700km long and 150 
km deep. 

Elastic – inhomogeneous 
Variable elastic property for different part of 
the model. 

- 

Hillis, Sandiford, et al. 
(1997) 

2D Similar to Coblentz et al. (1995). Similar to Coblentz et al. (1995). Smoothed stress pattern on by Coblentz and Richardson 
(1995) based on the WSM database- release 1992. 

Coblentz et al. (1998) 2D Similar to Coblentz et al. (1995). Similar to Coblentz et al. (1995). Smoothed stress pattern on by Coblentz and Richardson 
(1995) based on the WSM database- release 1992. 

Zhang et al. (1998) 2D Similar to Zhang et al. (1996). Similar to Zhang et al. (1996). - 
Zhao and Müller (2001) 3D Two layers with 2640 linear finite elements to reflect two 

different rheological layers. Spatial resolution 1° × 1° × 50 km. 
Elastic – different elastic property for major 
tectonic blocks. 

WSM and ASM databases consisting 33 A-B quality data 
for eastern Australia. 

Reynolds et al. (2002) 2D Similar to Coblentz et al. (1995). Similar to Coblentz et al. (1995). Australian stress provinces based on ASM release 2000 
(Hillis & Reynolds, 2000). 

Zhao and Müller (2003) 3D Two layers with 2640 linear finite elements to reflect two 
different rheological layers. Spatial resolution 90 × 90 × 50 km. 

Elastic – different elastic property for major 
tectonic blocks. 

WSM and ASM databases consisting 163 A-B quality 
data for eastern Australia. 

Reynolds et al. (2003) 2D Similar to Coblentz et al. (1995). Similar to Coblentz et al. (1995). Australian stress provinces based on ASM release 2003 
(Hillis & Reynolds, 2003). 

Burbidge (2004) 2D thin shell finite element code of Bird (1999). Visco-elastoplastic. - 
Sandiford et al. (2004) 2D Similar to Coblentz et al. (1995) with a particular emphasis on 

southeastern Australia and New Zealand collision. 
Similar to Coblentz et al. (1995). ASM database (Hillis & Reynolds, 2003) as well as 

neotectonic structures. 
Dyksterhuis and Müller 
(2004) 

2D 24400 elements for whole the IAP. Spatial resolution ~ 2° for 
both latitude and longitude. Constant lithospheric thickness of 
100 km. 

Elastic – homogeneous. A-C quality data of ASM database (Hillis & Reynolds, 
2003). Elastic - inhomogeneous: different rock 

mechanical properties for sedimentary basins, 
fold bets and cratons. 

Dyksterhuis, Albert, et 
al. (2005) 

2D Similar to Dyksterhuis and Müller (2004). Similar to Dyksterhuis and Müller (2004). A-C quality data of ASM database (Hillis & Reynolds, 
2003). 

Dyksterhuis, Müller, et 
al. (2005) 

2D Similar to Dyksterhuis and Müller (2004). Elastic – inhomogeneous similar to 
Dyksterhuis and Müller (2004). 

A-C quality data of ASM database (Hillis & Reynolds, 
2003). 

Dyksterhuis and Müller 
(2008) 

2D Similar to Dyksterhuis and Müller (2004). With a particular 
emphasis on the intraplate orogeny. 

Elastic – inhomogeneous similar to 
Dyksterhuis and Müller (2004). 

A-B quality data of ASM database (Hillis & Reynolds, 
2003). 

Müller et al. (2012) 2D Similar to Dyksterhuis and Müller (2004). Elastic – inhomogeneous similar to 
Dyksterhuis and Müller (2004). 

ASM database (Hillis & Reynolds, 2003). 

Müller et al. (2015) 2D Similar to Dyksterhuis and Müller (2004). Elastic – inhomogeneous similar to 
Dyksterhuis and Müller (2004). 

WSM database release 2008 (Heidbach et al., 2008). 



Table 2: The mean SHmax orientations in Australian stress provinces in comparison with predicted SHmax orientations by different published models as well as this study. The differences show 
the absolute values of differences between observed and predicted SHmax orientation by each geomechanical-numerical models. Among the plate-scale models, model by Reynolds et al. (2002) 
provide the least differences which is used as the plate-scale reference model for our 3D continental-scale model. The last column shows the result of this study in terms of mean SHmax 
orientation in each stress provinces and the differences. Note that the Burbidge (2004) model is excluded from this table due to poor predictions in tectonic stress regime. 

Australian Stress Provinces 
Mean SHmax 
orientation 
of provinces 

Pseudo-stress provinces by published plate-scale geomechanical-numerical models Model presented in this 
studyReynolds et al. (2002) Dyksterhuis, Albert, et al. (2005) – 

homogenous model 
Dyksterhuis, Albert, et al. (2005) – 

heterogeneous model Müller et al. (2012) 

Mean 
SHmax 

Differences Mean 
SHmax 

Differences Mean SHmax Differences Mean 
SHmax 

Differences Mean SHmax Differences 

Amadeus Basin Region 25 60 35 69 44 25 0 63 38 40 15 

Bight Basin 134 95 39 142 8 173 39 134 0 110 24 

Northern Bonaparte Basin 47 51 4 60 13 10 37 58 11 45 2 

Southern Bonaparte Basin 57 47 10 57 0 57 0 57 0 47 10 

Bowen-Surat 1 32 24 8 156 56 123 89 145 67 76 13 

Bowen-Surat 2 65 167 78 150 85 132 67 126 61 50 11 

Browse Basin 92 52 40 72 20 92 0 77 15 50 42 

Canning Basin 53 61 8 77 24 63 10 71 18 52 1 

Northern Carnarvon Basin 108 108 0 112 4 108 0 108 0 85 23 

Sothern Carnarvon Basin 109 100 9 121 12 109 0 109 0 85 24 

Clarence-Moreton Basin 69 150 81 152 83 140 71 135 66 80 11 

Cooper-Eromanga Basins 99 99 0 147 48 141 42 99 0 90 9 

Darling Region 91 115 24 141 50 141 50 99 8 105 14 

Flinders Ranges 90 113 23 139 49 2 88 133 43 100 10 

Galilee-Eromanga 87 56 31 174 87 164 77 164 77 67 20 

Gippsland Basin 133 134 1 133 0 133 0 136 3 131 2 

Gloucester Basin 34 152 62 150 64 140 74 132 82 78 44 

Gunnedah Basin 57 148 89 147 90 151 86 132 75 80 23 

McArthur Region 26 37 11 45 19 61 35 58 32 38 12 

SA Otway Basin 132 125 7 135 3 155 23 150 18 121 11 

Vic Otway Basin 137 130 7 137 0 141 4 137 0 128 9 

Officer Basin 89 85 4 136 47 166 77 271 2 80 9 

Perth Region 88 88 0 142 54 88 0 130 42 85 3 

SE Seismogenic Zone 122 133 11 141 19 131 9 132 10 118 4 

North Sydney Basin 65 137 72 147 82 151 86 140 75 75 10 

South Sydney Basin 41 144 77 143 78 146 75 140 81 75 34 

Sum of differences 691 1039 1039 824 390 

Absolute Mean Deviation 27° 40° 40° 32° 15° 



Table 3: Assigned material properties for the 3D Australian geomechanical-numerical model. 

Model layer Young modulus (Pa) Poisson’s ratio Density (kgm-3)

Sediments 4.0˟1010 0.15 2500 
Basement 7.0˟1010 0.3 2850 
Mantle 1.5 ˟1011 0.4 3300 
Water - - 1030 
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The Australian Stress Map (ASM) project was started in 1996 to compile a public data set of 
maximum horizontal present-day tectonic stress (SHmax) in the Australian continent. The early phases of 
the ASM project revealed that plate boundary forces provide the first-order control on the regional 
pattern of the SHmax orientation. However, the small scale variations of SHmax, which are of particular 
importance in CO2 sequestration, petroleum and geothermal exploration, are poorly constrained in the 
previous phases of the project. 

The ASM project was restarted in 2012 and aims to improve our understanding of the stress pattern 
in parts of the continent that previously had sparse or no published stress data. Since 2012, we have 
interpreted over 600 borehole image logs in coal seam gas, mineral, geothermal and conventional 
petroleum wells. The 2015 ASM database now contains more than 1000 A-C quality data records, 
which all have been ranked based on the World Stress Map quality ranking scheme. 

In order to determine the regional state of stress throughout the continent, different techniques 
including definition of stress provinces, wavelength analysis of stress orientation and mapping of stress 
trajectories have been applied. The new release of the ASM has 25 stress provinces that are located in 
different sedimentary basins. Statistical analysis of stress provinces in eastern Australia reveals high 
variability of SHmax orientations, which are consistent with local perturbation of stress due to presence of 
different geological features (i.e. faults, fractures and lithological contrasts). 

Numerous geomechanical-numerical models have been used to predict the present-day state of 
stress in the Australian continent. Almost all these models evaluated the relative importance of complex 
boundary forces acting on the Indo-Australian plate. However, some regional deviations between the 
model predictions and the stress data could not be solved particularly in the eastern, central and north-
eastern Australia. The new ASM stress data compilation confirms these regional deviations and 
revealed numerous local perturbations, which are probably the result of geological structures such as 
fractures, faults, lithological density and strength contrasts as well as intraplate volcanism. These 
second- and third-order sources of the in situ stress act in particular in the sedimentary basin in eastern 
Australia. We also compare the new release of the ASM with the Australian neotectonic database and 
show the consistency between SHmax orientation and neotectonics in different regions of the continent, 
which confirms that the present-day stress field is a primary control on intraplate deformation 
throughout the continent. 

224



THE PRESENT-DAY TECTONIC STRESS PATTERN OF AUSTRALIA: THE NEW 
RELEASE OF THE AUSTRALIAN STRESS MAP PROJECT

Rajabi, Mojtaba
1
; Tingay, Mark

1
; Heidbach, Oliver

2

1
Australian School of Petroleum, the University of Adelaide, Adelaide, SA 5005, Australia

2
 GFZ German Research Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany

The Australian Stress Map (ASM) project was started in 1996 to compile a public data set for the 

orientation of maximum horizontal present-day tectonic stress (SHmax) in the Australian continent. The last 

public release of the project, by Richard Hillis and Scott Reynolds in 2003, comprised of 549 SHmax data 

records and successfully constrained the SHmax orientation in 16 stress provinces through Australia and 

Papua New Guinea. In addition, numerous geomechanical-numerical models highlighted that the stress 

pattern of continental Australia, at the first order, is controlled by complex plate boundary forces around 

the Indo-Australian Plate. 

The ASM project was re-started in 2012 with a primary emphasis on compiling stress information in areas 

previously absent or sparsely populated by stress data. Particular focus was made to compile stress 

information using the recent increase in unconventional and geothermal exploration in New South Wales, 

Queensland, Northern Territory and South Australia. In the past four years, we extensively analysed and 

compiled new stress data and herein present the most up-to-date ASM database, with 2140 SHmax data 

records from variety of stress indicators at different depths. The new release of the ASM has 30 stress 

provinces that show four major SHmax orientations in the Australian continent. The SHmax orientation in 

northern and northwestern Australia is NNE-SSW, it rotates to a prevailing E-W orientation in southern half 

of Western Australia and most part of South Australia. The regional trend of the SHmax in eastern Australia 

is ENE-WSW which swings to NW-SE in southeastern Australia. Comparisons between the observed 

orientations and Australian stress models in the available literature reveal that published geomechanical-

numerical models are unable to satisfactorily predict the state of stress in most of eastern Australia. In 

addition, we found significant localised perturbations of stress at different scales due to second and third 

order of stress sources. The new findings suggest that, although the plate boundary forces and gravitational 

potential energy have the major roles in the long wavelength stress pattern of the continent, local stress 

sources due to different geological structures are also significant and can lead to substantial changes in the 

orientation of the SHmax at the basin, field and well scale. 

The new ASM database suggests a thrust faulting stress regime typically exists in the upper one km of the 

crust. This regime changes to a prevailing strike-slip faulting stress regime in deeper parts. A comparison 

between the Australian neotectonic database and the new ASM database further confirm the consistency 

between the SHmax orientation and the strike of neotectonic structures. However, the majority of 

neotectonic structures suggest a thrust faulting stress regime, which is in agreement with shallow stress 

information but is different with tectonic stress regime at depths of more than one km. Hence, the depth-

dependency of stress regime highlights a potential pitfall of using neotectonic structures in geomechanical 

assessment of geo-reservoirs. 

NEOTECTONICS ON THE AUSTRALIAN PLATE
NEW SCIENCE FOR ENERGY, MINERAL AND GROUNDWATER 

SYSTEMS, AND HAZARD ASSESSMENT
INVITED SYMPOSIUM
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Abstract The present-day stress state is a key parameter in numerous geoscientific research fields
including geodynamics, seismic hazard assessment, and geomechanics of georeservoirs. The Taranaki
Basin of New Zealand is located on the Australian Plate and forms the western boundary of tectonic
deformation due to Pacific Plate subduction along the Hikurangi margin. This paper presents the first
comprehensive wellbore-derived basin-scale in situ stress analysis in New Zealand. We analyze borehole
image and oriented caliper data from 129 petroleum wells in the Taranaki Basin to interpret the shape
of boreholes and determine the orientation of maximum horizontal stress (SHmax). We combine these data
(151 SHmax data records) with 40 stress data records derived from individual earthquake focal mechanism
solutions, 6 from stress inversions of focal mechanisms, and 1 data record using the average of several focal
mechanism solutions. The resulting data set has 198 data records for the Taranaki Basin and suggests a
regional SHmax orientation of N068°E (±22°), which is in agreement with NW-SE extension suggested by
geological data. Furthermore, this ENE-WSW average SHmax orientation is subparallel to the subduction
trench and strike of the subducting slab (N50°E) beneath the central western North Island. Hence, we suggest
that the slab geometry and the associated forces due to slab rollback are the key control of crustal stress in
the Taranaki Basin. In addition, we find stress perturbations with depth in the vicinity of faults in some of the
studied wells, which highlight the impact of local stress sources on the present-day stress rotation.

1. Introduction

Subduction zones and their associated forces are supposed to provide the first-order control, amongst other
plate boundary forces, on the regional pattern of crustal stress in intraplate and near-plate boundary zones
[Coblentz et al., 1998; Heidbach et al., 2010; Lithgow-Bertelloni and Guynn, 2004; Tingay et al., 2010; Zoback,
1992; Zoback et al., 1989]. However, there are several mechanisms and features associated with subduction
that affect the neotectonic activity of adjacent plates and generate complex stress patterns, particularly in
the overriding plate [Heidbach et al., 2010; Lallemand et al., 2005; Zoback, 1992]. Understanding of these
mechanisms, and their roles on the present-day stress pattern, has numerous applications in Earth sciences,
including geodynamics, neotectonic deformation, seismic hazard assessment, mitigating induced seismicity,
and enhancing production from hydrocarbon reservoirs [Bell, 1996b; Engelder, 1993; Richardson, 1992; Sibson
et al., 2012; Zoback, 2007].

The Taranaki Basin of New Zealand is located ~400 km west of the Hikurangi margin, where the oblique sub-
duction of the Pacific Plate actively occurs (west southwestward) beneath the (Indo-) Australian Plate
(Figure 1) [Beavan et al., 2002; DeMets et al., 2010]. The basin originally formed in the Late Cretaceous as a
rifted basin due to the Gondwana breakup and is now considered to mark the western limit of tectonic defor-
mation related to the Hikurangi subduction zone [Giba et al., 2010; King and Thrasher, 1996; Reilly et al., 2015].
The Taranaki Basin has had a complex structural and geological history, right from its earliest initiation up
until the present day, and currently displays active tectonics, volcanism, and seismicity [Anderson and
Webb, 1994; Giba et al., 2010; Neall et al., 1986; Robinson et al., 1976; Sherburn andWhite, 2005; 2006]. The com-
plex geological and structural history of the Taranaki Basin makes it ideally prospective for hydrocarbons, as it
contains all the required elements of a commercial petroleum system [King and Thrasher, 1996; Stagpoole and
Funnell, 2001]. Indeed, the Taranaki Basin is the only petroleum-producing basin in New Zealand, with over
400 onshore and offshore drilled wells [King and Thrasher, 1996].

Despite the considerable level of interest in neotectonic deformation and seismic hazard assessment in New
Zealand, as well as the economic importance of the Taranaki Basin, there are surprisingly few in situ stress
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Figure 1. (a) Simplified tectonic setting of New Zealand which is located at the boundary of Pacific and (Indo-) Australian
Plate (IAP). Pacific Plate Subduction beneath the IAP is the key control of the tectonic setting of overriding plate. In the
south, the IAP is subducting beneath the Pacific Plate along Puysgur Margin. These two large subduction zones are linked
to each other by the strike-slip Alpine Fault. The tectonic plate boundaries and their types are from Bird [2003]. The Taranaki
Basin in western North Island is considered as the western limit of deformation due to subduction zone [Giba et al., 2010;
Nicol and Wallace, 2007; Sherburn and White, 2006]. (b) Regional cross section across North Island and the Taranaki Basin
that show the position of subduction along the Hikurangi margin [Giba et al., 2010].
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data in the published literature for the region. For example, the 2008 release of the World Stress Map (WSM)
database, which is the most comprehensive worldwide compilation of the stress data, contains no stress
information at all in and around the Taranaki Basin [Heidbach et al., 2008; 2010]. The only published study
the authors could find on the in situ stress of the Taranaki Basin was carried out by Sherburn and White
[2006], which was based on 39 individual focal mechanism solutions (FMS) and two formal inversion of earth-
quake focal mechanisms (FMF) of deep (>7.5 km) earthquakes, and suggested an E-W orientation of themax-
imum horizontal stress (SHmax). In addition, Townend et al. [2012] published the most comprehensive stress
map of New Zealand and also suggested an E-W SHmax orientation for the region based on four FMF data
records and the results of Sherburn and White [2006].

Borehole imaging technology and oriented caliper data provide information on the shape of borehole
wall and are well established methods for determination of the present-day SHmax orientation [Bell,
1996a; Zoback, 2007]. In this study we compile and interpret different types of borehole image log,
Schlumberger’s high-resolution dipmeter tool, and oriented caliper data from 129 wells to determine the
orientation of the SHmax across the Taranaki Basin. We also compile FMS and FMF data of earthquakes from
the published literature to present the first comprehensive stress map of the Taranaki Basin. We use two
common circular statistical methods to analyze the regional pattern of SHmax and compare the present-day
stress pattern with different geological information in and around the Taranaki Basin. On a large scale, we
compare the SHmax pattern with the geometry of the Hikurangi margin subduction zone east of the basin
and propose that subduction processes control the stress pattern of the Taranaki Basin at the first order.
On smaller scales, we highlight some local stress perturbations in the vicinity of faults and describe the
significant implications of both the regional and highly localized, stress orientations for petroleum explora-
tion and production in the Taranaki Basin.

2. Tectonic and Geological Setting of the Taranaki Basin

The mostly offshore and partly onshore Taranaki Basin is located on the western side of New Zealand’s North
Island and covers an area of 330,000 km2 (Figure 1) [Salazar et al., 2015]. The basin has a complex tectonic
history, including two major phases of extension and one of compression since the Late Cretaceous [Giba
et al., 2010; King and Thrasher, 1996; Nicol et al., 2005; Reilly et al., 2015]. During the Late Cretaceous-late
Paleocene, the Taranaki Basin was initiated as an intracontinental rifted basin due to the breakup of eastern
Gondwana and the opening of the Tasman Sea [Giba et al., 2010; King and Thrasher, 1996]. This first phase of
extension was followed by an Eocene (or Oligocene) and younger phase of compression and then by a
second NW-SE extensional phase that has been ongoing from the Plio-Pleistocene (or late Miocene) to
present day [Giba et al., 2010; Holt and Stern, 1994; King and Thrasher, 1996; Nicol et al., 2005; Reilly et al.,
2015; Stern and Davey, 1990]. Synchronous extension and shortening at the present day occurs in the
north and south of the Taranaki Basin, respectively, due to clockwise block rotation around a southward
migrating vertical axis [Giba et al., 2010; King and Thrasher, 1996; Reilly et al., 2015]. The Taranaki Basin is
now considered an active marginal basin and forms the western limit of tectonic deformation related to
Pacific Plate subduction beneath the Australian Plate along the Hikurangi margin (Figures 1 and 2) [Hill et al.,
2004; King and Thrasher, 1996; Palmer and Bulte, 1991; Stagpoole and Funnell, 2001; Stagpoole et al., 2004;
Webster et al., 2011].

The present-day Taranaki Basin is characterized by two structural blocks, termed the western stable platform
(passive margin) and eastern mobile belt (active margin) (Figure 2) [King and Thrasher, 1996]. The western
stable platform is relatively undeformed, while the active part of the basin (i.e., eastern mobile belt) is char-
acterized by a variety of different structures, including thrust and overthrust features, inversion structures,
extensional features, and a belt of stratovolcanoes [Giba et al., 2010; King and Thrasher, 1996; Reilly et al.,
2015]. The Taranaki Fault and the Cape Egmont Fault Zone (CEFZ), respectively, define the eastern and wes-
tern boundaries of the eastern mobile belt that has accommodated the thick sedimentary sequences and
petroleum plays of the Taranaki Basin (Figure 2) [King and Thrasher, 1996; Muir et al., 2000]. The CEFZ is a
group of extensional and compressional active faults with a regional NE-SW orientation. However, the N-S
striking Taranaki Fault is a major Tertiary structure that forms the boundary of Mesozoic basement and
Cretaceous-Tertiary rocks and has regionally accommodated much of the large-scale plate convergence
displacement (Figure 2) [Nicol et al., 2004; Stagpoole et al., 2004].
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Figure 2. Structural elements of the Taranaki Basin and location of the studied wells. Western Stable Platform and Eastern Mobile Belt are twomajor structural blocks
[King and Thrasher, 1996]. Faults and the location of different oil and gas fields across the basin are from King and Thrasher [1996]. Detailed location of the studied
wells can be found in the supporting information.
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The Taranaki Basin is considered as a marine basin that is floored by extended continental crust and accom-
modates thick sequences of Cretaceous and younger sedimentary rocks in several depocenters [King and
Thrasher, 1996]. The complex history of the Taranaki Basin provided all elements of petroleum systems for
generation and accumulation of hydrocarbons in several trap types (Figure 2) [King and Thrasher, 1996].
Late Cretaceous to Paleogene coals and mudstones are the primary source rocks, while Paleocene to
Pliocene sandstone formations are the principal reservoir rocks of the basin. Different mudstone and marly
units (Late Cretaceous to Neogene) are the major top seals, with hydrocarbons trapped by faults, folds,
and stratigraphic features across the basin [King and Thrasher, 1996].

3. Methods to Determine the Present-Day Stress Orientation

The in situ stress tensor is described with a symmetric second-degree tensor and thus consists of six indepen-
dent components [Engelder, 1993; Jaeger et al., 2007; Zoback, 2007]. Assuming that the overburden stress (Sv)
is one of the three principal stresses, the stress tensor in the Earth’s crust can be explained by four indepen-
dent components, termed the Sv magnitude, maximum horizontal stress (SHmax) magnitude, minimum hor-
izontal stress (Shmin) magnitude, and the SHmax orientation [Bell, 1996a; Engelder, 1993; Jaeger et al., 2007;
Zoback, 2007]. Of all the components of the present-day stress tensor, the orientation of SHmax has received
significant attention in the past 30 years due to its important implications for a wide variety of Earth science
and engineering issues [Bell, 1996b; Engelder, 1993; Heidbach et al., 2010; Tingay et al., 2005; Zoback, 2007].
Herein we determined the orientation of the SHmax in vertical sections of the studied wells based on the
WSM guidelines and criteria [Heidbach et al., 2010; Sperner et al., 2003; Zoback, 1992]. Wherever possible,
we also determined the relative magnitude of the principal stresses, to define the tectonic stress regime
based on the standard Anderson [1905] classification. In this study, we investigated the present-day state
of crustal stress (from 0 to 40 km depth), and particularly the SHmax orientation, in the Taranaki Basin from four
well-known methods, namely, borehole breakouts, drilling-induced fractures (DIFs), formal stress inversions
of focal mechanisms (FMF), and focal mechanism solutions of earthquakes (FMS).

3.1. Determination of the SHmax Orientation From Drilling-Induced Fractures and Borehole Breakouts

The analyses of borehole breakouts and DIFs are well-known methods for interpretation of horizontal in situ
stress orientations in boreholes [Bell, 1996a; Zoback, 2007; Zoback et al., 1989]. Borehole breakouts form
where the hoop stress acting on the wellbore wall exceeds the compressive strength of rock and causes shear
failure and spalling off of the rocks forming the wellbore wall [Bell and Gough, 1979]. In a vertical wellbore,
borehole breakouts cause an enlargement of the hole diameter in the Shmin orientation, which gives the
borehole cross section an approximately oval shape, with the long axis of the ellipse aligned parallel to
Shmin [Bell and Gough, 1979]. The orientation of borehole breakouts, and thus the orientation of present-
day SHmax, can be interpreted from borehole image logs and oriented four-arm or six-arm caliper logs [Bell,
1996a; Plumb and Hickman, 1985; Zoback, 2007].

It should be noted that borehole breakouts can be difficult to interpret from oriented caliper logs, as they
need to be carefully distinguished from other types of non-stress-related borehole enlargements, such as
key seats and washouts [Plumb and Hickman, 1985]. In this study, we used the commonly made assumption
that one of the principal stresses is vertical. Therefore, in order to interpret the breakouts from caliper logs,
wells with deviations<10° were used. In wells with deviations>5°, breakouts were ignored if they coincided
with the deviation direction, in order to filter out potential key seating. Hence, in this study we used the stan-
dard methodology introduced by Plumb and Hickman [1985] and Bell [1990], and expanded by Reinecker et al.
[2003], to interpreted breakouts in the studied wells (Figure 3). Borehole image logs produce a 360° covered
image of wellbore wall based on petrophysical property contrasts (e.g., resistivity or acoustic properties) and
provide a more reliable interpretation of breakouts. In borehole image logs, breakouts are observed as rela-
tively wide, “blobby” (often poorly resolved) zones of either high conductivity (in electrical image logs) or low-
amplitude/high borehole radius (in acoustic image logs) appearing on opposite sides of the wellbore wall
(Figure 3).

DIFs are created when the minimum principal effective stress, in the disturbed stress zone around the well-
bore, becomes negative (in tension) and below the tensile strength (circumferential stress< T< 0). Hence, it
causes zones of tensile failure on the wellbore wall that are aligned in the SHmax orientation [Aadnoy, 1990;
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Bell, 1996a; Zoback, 2007]. DIFs can be analyzed via borehole image logs as a subset of conductive and
subvertical fractures that are observed on opposite sides of the borehole (Figure 3). DIFs cannot be inter-
preted from oriented caliper logs. In this study, breakout and DIF orientations were corrected for magnetic
declination in order to plot the orientations with respect to true north.

3.2. SHmax Orientation From Earthquake Focal Mechanism Solutions

Natural seismic events (i.e., earthquakes) also provide important information on the state of crustal stress
[Heidbach et al., 2010; McKenzie, 1969; Raleigh et al., 1972; Zoback, 1992]. Three types of seismological indica-
tors are employed in the WSM database to infer the stress state, including single focal mechanisms (FMS), for-
mal stress inversions using several focal mechanisms (FMF), and average or composite focal mechanisms
(FMA). The main difference between these indicators is the reliability of the derived stress.

In the FMS method, the orientation of the P, B, and T axes of a focal mechanism solution represents the prox-
imate stress field orientation [McKenzie, 1969]. However, the P, B, and T axes are not equal to the principal
stress orientations [Célérier, 2010; Heidbach et al., 2010;McKenzie, 1969]. Assuming that the friction coefficient
of the rupture plane is 0.6, the largest principal stress orientation is ~30° off from the rupture plane. Since it is
generally not clear which of the two nodal planes is the rupture plane for strike-slip events, the P axis bisect-
ing the compressional quadrant of the focal mechanism is used as a proxy for the SHmax orientation. For the
other faulting regimes the other principal axis of the moment tensor are used (see Zoback [1992] for more
details). However, theoretically the orientation of the largest principal stress can be anywhere within the
compressional quadrant [Arnold and Townend, 2007; McKenzie, 1969], and thus using the P axis as proxy
for the stress orientation allows for potentially large uncertainties. Hence, for the WSM database the SHmax

orientation derived from FMS method is assumed to have a standard deviation of ±25° (i.e., C quality

Figure 3. Typical examples of drilling-induced tensile fractures (DIFs) and borehole breakouts (BOs) in acoustic and resistivity borehole image tools. (a) An example of
Ultrasonic Borehole Imager (UBI) log from Tekirii-2 well and (b) an example of Fullbore Formation MicroImager (FMI) from Turangi-1 well. In borehole image logs, BOs
are defined as poorly resolved wide zones (low-amplitude or conductive zones) due to invasion of drilling mud in the conjugate shear fractures that make an oval
shape for the borehole. Note that the BOs and DIFs in vertical wells form in the opposite side of borehole wall. (c) A typical example of BOs in four-arm caliper log in
Kupe South well which is characterized by enlargement in one diametrical direction (shown by caliper 1), while the other caliper is similar to bit size. P1AZ is the
azimuth of pad 1 relative to magnetic north. Note that interpretation of BOs in caliper logs need particular attention to be distinguished from other types of borehole
enlargements (see Plumb and Hickman [1985] and Reinecker et al. [2003] for more details).

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013178

RAJABI ET AL. STRESS MAP OF TARANAKI BASIN 6058

238



Figure 4. The in situ stress map of the Taranaki Basin. In situ stress data are shown based on the type indicators (FM: focal mechanism solution of earthquakes and
stress inversions; DIF: drilling-induced fractures; BO: borehole breakouts) and tectonic stress regime (U: undefined, SS: strike-slip, NF: normal). Lines show the
orientation of the SHmax, and the length of the lines indicates the data quality based on the World Stress Map quality ranking criteria [Heidbach et al., 2010]. Faults
and petroleum fields in the Taranaki Basin are from King and Thrasher [1996]. Note that the strike-slip stress regime for wellbore data are fromMildren et al. [2001] and
GMI [2010].
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according to the WSM ranking criteria); [Heidbach et al., 2010; Zoback, 1992]. The average of P, B, and T axes of
several mechanism solutions (i.e., FMA data records [Leitner et al., 2001; Sbar and Sykes, 1973; Webb et al.,
1986; Zoback and Zoback, 1980]) or the composites [Sbar et al., 1972] are less reliable, and thus these data
records are assumed to have a higher standard deviation of ±40° and thus receive a D quality in the latest
update of the WSM database [Heidbach et al., 2010].

A more accurate stress estimation of the principal stress orientations can be achieved with a set of focal
mechanism solutions assuming that they are caused by the same stress tensor. Furthermore, this so-called
formal stress inversion (FMF) assumes that the earthquake slip direction occurs in the maximum shear stress
direction (Wallace-Bott hypothesis [Bott, 1959]). Thus, the stress inversion provides the three principal stres-
ses orientation by minimizing the average difference between the slip direction and the maximum shear
stress on the inverted faults [Angelier, 1984; Gephart and Forsyth, 1984;Michael, 1984]. This misfit angle is used
in the WSM database to assign the data record quality. More recently, Arnold and Townend [2007] implemen-
ted a probabilistic approach to determine the principal stress axes orientations from earthquake observa-
tions. Different inversion methods result in a deviatoric stress tensor, with four parameters including the
three principal stress axes orientations and the relative magnitudes of the intermediate principal stress with
respect to the minimum and maximum principal stresses. To compare the results of the formal stress inver-
sion with the other data records, the WSM database uses the approach of Lund and Townend [2007] to derive
the SHmax orientation from the orientation of the three principal stresses. The stress regime is again assigned
using the classification and limits of Zoback [1992]. Generally, the SHmax data records derived from formal
inversion of stress receive an A or B quality assignment in the WSM database [Heidbach et al., 2010;
Zoback, 1992].

4. Results: SHmax Orientation of the Taranaki Basin

In this study we analyzed various types of wellbore image logs, dipmeters, and oriented caliper tools in 129
wells in the Taranaki Basin (Figure 2) to derive the orientation of SHmax from the interpretation of borehole
breakouts and DIFs from 0.8 km to 5 km depths. This analysis results in 151 new A–E quality data records
across the basin. In addition, we compiled 40 (A–E quality) FMS data records in the region from published
papers by Webb and Anderson [1998] and Sherburn and White [2006], two FMF data records from Sherburn
and White [2006], one FMA from Reyners [2010], and four FMF data records from Townend et al. [2012]. The
combination of extensive drilling-induced stress information and focal mechanism solutions of earthquakes
allows us to present the first comprehensive contemporary stress map of the Taranaki Basin based on 198
stress indicators. We classified all data records according to the WSM quality ranking criteria, which classifies
stress orientations from A to E quality, with A quality being the most reliable and the E quality the least
reliable [Heidbach et al., 2010]. The details of the Taranaki Basin stress map can be found in Figure 4,
Table 1, and the online supporting information.

The earthquake FMS/FMF suggests a deep SHmax that is generally ranging from E-W to ENE-WSW and indi-
cates both normal and strike-slip stress regimes. The stress orientations from earthquakes are broadly consis-
tent with that observed from breakouts and DIFs, which indicates that SHmax is usually ~ ENE-WSW
throughout the basin but does range from NNE-SSW to E-W in individual wells and fields (Figure 4). In the
studied wells, we observed localized rotation of breakouts in the vicinity of fractures and faults in the

Table 1. In Situ Stress Data Indicators in the Taranaki Basin Based on Their Quality and Data Typesa

Data Type

Quality

TotalA B C D E

Borehole breakouts 18 13 15 19 64 129
Drilling-induced tensile fracture - 4 5 13 - 22
Focal mechanism solution of earthquakes - - 17 16 7 40
Stress inversion of focal mechanisms 2 2 - - 2 6
Average focal mechanism solutions - - - 1 - 1
Total 20 19 37 49 73 198

aThe A to E quality is according to the WSM ranking criteria [Heidbach et al., 2010].
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Taranaki Basin (Figure 5). Such a local perturbation of the SHmax was previously reported in the Taranaki Basin
[Camac et al., 2005], and other regions worldwide, due to juxtaposition of different types of rocks, slip on
active faults, and changes in the rock mechanical properties owing to high density of fractures [Rajabi
et al., 2016a, 2016b; Zoback, 2007]. It should be noted that local perturbations of breakouts in the studied
wells occur in very short intervals (e.g., 10–15m; Figure 5) and do not have a significant impact on the mean
SHmax orientation.

In order to analyze the pattern of the mean basin-wide SHmax orientation, we applied two different methods,
including stress province determination from Rayleigh test [Hillis and Reynolds, 2000; Rajabi et al., 2016b] and
the stress smoothing technique [Coblentz and Richardson, 1995; Hansen and Mount, 1990; Heidbach et al.,
2010; Müller et al., 2003; Reiter et al., 2014]. In the stress province method demonstrated by Hillis and
Reynolds [2000], the data records in the basin are weighted based on their quality. The most reliable SHmax

data record, A quality data, received a weight of 4 down to D quality that received a weight of 1. Often, only
the A–C quality data are considered as reliable data records, while D quality data records are less reliable
because D quality data have a higher probability to reflect local perturbations of the SHmax orientation rather
than long-wavelength SHmax orientation [Heidbach et al., 2010]. However, there are several examples that
demonstrate the potential reliability of D quality data records in different regions worldwide. For example,
Tingay et al. [2010], Reiter et al. [2014], and Ziegler et al. [2016] clearly demonstrated that the inclusion of D
quality data records does not increase the overall stress variability compared to only A–C data interpretation
and that the inclusion of D quality data can yield a more representative regional stress orientation in

Figure 5. Localized rotation of borehole breakouts (BOs) near faults and fractures in Trapper A-1 well. In this example,
(a) blue sinusoids show the interpreted fractures, and (b) green lines indicate the orientation of BOs which is perpendicular
to the maximum horizontal stress orientation (SHmax). The SHmax orientation is deviated almost 30° in a 10m depth interval
due to presence of faults or high density of natural fractures.
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sedimentary basins. However, it should also be noted that some other studies have suggested that it can be
unreliable to include D quality data for the understanding of regional stress pattern, as these data can result
in an increase in stress variability due to presence of local structures that show the local pattern of stress
[Rajabi et al., 2016a; Rajabi et al., 2016b]. Extreme caution needs to be exercised to refrain from filtering of
data records, simply because they do or do not “fit” preconceived expectations. As a rule of thumb, high-
quality borehole image logs, which may only include a few meters of stress indicators, often provide locally
highly reliable stress information even though the individual stress data record is assigned a D quality, using
the WSM criteria, because of the small number or short length of observed stress indicators.

In order to assess the reliability of D quality data in the Taranaki Basin, we calculated the mean SHmax orienta-
tion, length of the mean resultant vector (R bar), and the standard deviation (SD) with and without D quality
data. We then applied the Rayleigh test [Coblentz and Richardson, 1995; Davis, 2002; Mardia, 1972] on differ-
ent sets of stress data records to check if the mean SHmax orientations across the Taranaki Basin are distrib-
uted randomly or systematically. The result of the stress province calculations are presented in Figure 6
and show a prevailing ENE-WSW SHmax orientation across the Taranaki Basin with generally low SD values
regardless of the inclusion of D quality data in the statistical calculations. Thus, we conclude that the D quality
data reliably show the SHmax orientation across the basin and hence we included them for smoothing analysis
in the following section.

Figure 6. Statistical analysis of the mean orientation of SHmax across the Taranaki Basin. (a) Different rose diagrams show the distribution of SHmax orientations for
different data sets [Heidbach et al., 2010] which show consistent SHmax orientation with and without D quality data. Plot in Figure 6a shows the Rayleigh test for the
data records in the Taranaki Basin. Different lines in this plot are based on the cutoff values of Mardia [1972]. In order to do this statistical test, we first calculated
length of resultant vector for each data set and plotted it versus number of data records. As can be seen, in all situations (using different WSM qualities) the mean
SHmax orientation across the Taranaki Basin is statistically significant because they pass the highest line (i.e., 99.9%). (b) Smoothing the mean SHmax orientation on a
0.1° grid as described by Heidbach et al. [2010]. See text for the details of this method. Note the local deviation due to the topography of the Egmont Volcano (Mount
Taranaki) where the smoothed mean SHmax orientation has more than 25° SD and, hence, is not plotted.
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The smoothing analysis of stress pattern calculates the mean SHmax orientation, and its variability, on a grid
map for different search radii [Heidbach et al., 2010;Müller et al., 2003; Reiter et al., 2014]. In this study, we used
the algorithms developed by Heidbach et al. [2010] to calculate the smoothed SHmax pattern across the
Taranaki Basin on a 0.1° grid. Each data record was weighted according to its quality and the inverse distance
from each grid point. We plotted the mean SHmax orientation at the grid point when at least three SHmax

orientations were within the search radius and when the SD is < 25°. Figure 6 illustrates the smoothed stress
pattern across the study area from this analysis, which confirms the general ENE-WSW SHmax trend for the
Taranaki Basin region. It should be noted that each plotted mean SHmax orientation is reliable within ± 25°.

5. Discussions
5.1. The Pattern of In Situ Stress in the Taranaki Basin

Previous studies of the stress pattern of the Taranaki Region were based mainly on the earthquake FMS data
[Cavill et al., 1997; Reyners, 1980; Sherburn and White, 2006; Townend et al., 2012; Webb and Anderson, 1998]
and with particular emphasis on the seismicity of the Egmont Volcano (Mount Taranaki). Sherburn and
White [2006] suggested an east-west SHmax orientation in the Taranaki region based on 39 FMS data and
two FMF analyses, despite this direction not being consistent with the NW-SE extension inferred from recent
geological data. Thus, they suggested that the volcanic activity of Mount Taranaki was possibly perturbing
the stress field in the area [Sherburn and White, 2006]. Furthermore, they noted a high angle between their
regional E-W SHmax and the strike of the CEFZ (~N45°E), and concluded that this fault system must contain
high pore fluid pressure or have a low coefficient of friction [Sherburn and White, 2006]. According to our
analysis, based on 129 wellbore and 47 FMS/FMF/FMA data, the regional pattern of stress across the basin
is N68°E (±22°) which is slightly different from what was suggested by Sherburn and White [2006] and is more
broadly consistent with both the regional extension direction and the strike of the CEFZ.

In this study, we assessed the FMS data of Sherburn and White [2006] using the WSM quality ranking criteria
[Heidbach et al., 2010]. This led to seven data records receiving E quality because no clear tectonic regime
could be established according to Zoback [1992]. This means that the P, B, and T axes are rather oblique,
which prevents a conclusive derivation of a tectonic stress regime, and hence no assignment of a SHmax is
possible. Therefore, these data records are not included in our database. We then compared the mean
SHmax orientation of the region inferred from FMS, FMF, and wellbore data separately to see if these three
different methods provide similar results. To calculate the mean SHmax orientation for these three different
data sets, we first calculated the mean SHmax for all the data regardless of their quality (unweighted in
Table 2). We then put more weight on more reliable data records (A = 4, B = 3, C = 2 and D= 1) and calculated
the mean SHmax orientation (weighted in Table 2). The results reveal similar values for the mean SHmax orien-
tation derived from A–C quality wellbore and FMF and FMS data (Table 2). However, D quality FMS data
records result in more standard deviations on the mean SHmax orientation. Hence, putting lower weight on
the poor quality data (such as D quality FMS) is recommended for the calculation of mean SHmax orientations.
The comparison between wellbore and earthquake data has been investigated before in other
regions, such as Italy as convergent plate boundaries [Pierdominici and Heidbach, 2012], Iceland as
divergent plate boundaries [Ziegler et al., 2016], and southwest of Iran as a continental collision zone

Table 2. Comparison Between the Calculated Maximum Horizontal Stress Orientations (SHmax) Inferred From Single
Focal Mechanism Solutions of Earthquakes (FMS), Stress Inversions of Focal Mechanisms (FMF), and Wellbore Dataa

Data Records

No. of Data Records
Mean SHmax

(A–C Quality Data Records)
Mean SHmax

(A–D Quality Data Records)

A B C D Weighted Unweighted Weighted Unweighted

Wellbore indicators 18 17 20 32 068° (±19°) 067° (±20°) 067° (±21°) 066° (±24°)
FMF 2 2 0 0 069° (±13°) 069° (±13°) 069° (±13°) 069° (±13°)
FMS and FMA 0 0 17 17 067° (±27°) 067° (±27°) 072° (±30°) 076° (±33°)

aTo calculate the weighted mean SHmax orientation, A quality receives a weight of 4 down to D quality which receives
weight of 1. The mean SHmax orientations (calculated by bipolar statistics) show similar results between wellbore and
FMS/FMF data. However, D quality FMS data increases standard deviation, and, hence, lower weight should be put on
these data records. Note that A–D qualities are the World Stress Map quality ranking [Heidbach et al., 2010].
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[Rajabi et al., 2010, 2014]. Therefore,
our results, that is, from the near sub-
duction zone, confirm that these two
very different methods result in the
same mean SHmax orientation within
the standard deviation.

5.2. Comparisons Between the Stress
Pattern and Geological Data in the
Taranaki Basin

There have been extensive studies on
the geometry and kinematics of faults
in the North Island and the Taranaki
Basin [Giba et al., 2010, 2013; Reilly
et al., 2015; Seebeck et al., 2013, 2014].
For example, Giba et al. [2010], in a
detailed study on the evolution of the
northern Taranaki Basin, suggested a
regional NE-SW strike for Late Miocene
and younger faults. Furthermore, they
documented a southward migration of
normal faults in the northern Taranaki
Basin, where older faults (formed
between 12 and 4Ma) in the north show
a regional trend of ~N19°E, while
younger faults (<4Ma) in the south
show a regional trend of ~N41°E [Giba
et al., 2010]. In addition, kinematic ana-
lyses of normal fault outcrops along
the northern Taranaki coast suggest
NW-SE extension for the faults that were
active between 0.3 and 5Ma, which is
consistent with regional fault strikes
[Giba et al., 2010].

Townsend et al. [2010] characterized the recurrence rate, timing, and magnitude of six active normal faults to
the southwest of Mount Taranaki. These active faults show a regional NE-SW to ENE-WSW trend (varies
between N35°E and N65°E) and indicate paleoseismicity with magnitudes of> 6 for these faults. The tectonic
or volcanic origin of these faults was discussed by Townsend et al. [2010], and they suggested that the faults
were formed due to tectonic activity because they were probably active before the volcanic activity. The con-
sistency between our determined SHmax orientation and the trend of these faults further supports a tectonic
origin for these faults (Figure 7). Reilly et al. [2015] showed NNE-SSW and ENE-WSW trending normal faults
west and east of the CEFZ, respectively. The presence of NE-SW reverse faults was also reported in the south-
west of North Island and north of South Island which is consistent with NW-SE to WNW-ESE SHmax orientation
for that region determined by Townend et al. [2012]. Seebeck et al. [2014] also suggested a NE-SW trend for
active normal faults of the Taupo Rift Zone (east of the Taranaki Basin), where kinematic data show a mean
extension of S43°E (±23). Generally, most of the studies in the Taranaki Basin, and active intra-arc rift in the
central North Island, suggest significant NW-SE extension on the NE trending faults, which is consistent with
the regional N68°E (±22°) SHmax orientation determined in his study (Figure 7).

According to the earthquake FMS data, a strike-slip tectonic stress regime primarily exists in the region but
with some suggestions of a normal faulting stress regime, particularly in the eastern part of the basin, and
these stress regimes are consistent with the rifting nature of the central North Island. For example,
McNamara et al. [2015] suggested a NE-SW SHmax orientation and normal stress regime in the eastern side
of the Taranaki region in three geothermal wells in the Rotokawa Geothermal Field, which the predicted

Figure 7. Summary and comparison between observed maximum
horizontal stress orientation (SHmax) and other azimuthal data in and
around the Taranaki Basin. Each line shows the mean azimuth, and the
shaded areas are standard deviation. The optimum failure angle is
determined as the mean SHmax orientation ±30°. Strike of normal faults in
Taranaki Basin and south of Taranaki Peninsula are from Giba et al. [2010]
and Townsend et al. [2010], respectively. The geometry of slab and strike
of Taupo rift are from Seebeck et al. [2013, 2014]. All these azimuthal
features are interrelated because they are caused by or are consequences
of the in situ stress field and the plot shows that most of the data are
consistent with each other.
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SHmax is subparallel to the active rift axis. Several unpublished petroleum reports determined stress regime
in different parts of the Taranaki Basin. For example, Mildren et al. [2001] predicted a broadly strike-slip
stress regime in the normally and mildly overpressure zones of the Pohokura Field (offshore of the
northern Taranaki Basin). However, their predicted SHmax magnitude in the overpressure zone is similar
to Sv (SHmax/Sv = 1.03), and thus this stress regime may be better classified as a borderline strike-slip/normal
faulting stress regime. Mildren and Meyer [2006] determined a strike-slip stress regime in Moana Prospect
(northern Taranaki Graben). Mildren [2009] investigated the stress regime in the Mangatoa area (northern
Taranaki) and found that the magnitude of Sv and SHmax are similar above the overpressure zone, and
stress conditions verge on the transition between normal and strike-slip stress regimes. Similarly,
GeoMechanics International Inc. (GMI) [2010] also predicted a strike-slip faulting regime for the Te Kiri
Prospect in the Western Taranaki Peninsula (Figure 4). Hence, petroleum data also suggest a generally
strike-slip regime and, in some cases, a transition from strike-slip to normal stress regime. The accommo-
dation of strike-slip component on the normal faults in the Taupo Rift Zone (east of Taranaki Basin) has
also been suggested and is consistent with petroleum data [Acocella et al., 2003; Lamarche et al., 2005;
Nairn and Cole, 1981; Seebeck et al., 2013; Spinks et al., 2005].

5.3. Controls on the Stress Pattern of the Taranaki Basin

Deformation and tectonic setting of the North Island is mainly controlled by the Pacific Plate subduction
beneath the Indo-Australian Plate [Nicol and Beavan, 2003; Nicol et al., 2007; Nicol and Wallace, 2007;
Townend et al., 2012; Wallace et al., 2004]. The process of the subduction in the North Island can be traced
by several features such as folds and faults in the eastern portion (fore arc), active intra-arc rift (and associated
volcanism in the Taupo rift zones) and back-arc spreading in the central and central western part of North
Island [Nicol and Beavan, 2003; Nicol et al., 2007; Nicol and Wallace, 2007; Townend et al., 2012; Wallace
et al., 2004]. The convergence of the plates at the Hikurangi margin is oblique and, due to slab rollback,
induces trench-parallel and trench-perpendicular suction forces that control the stress state of the overriding
plate [Barnes et al., 1998; Townend et al., 2012; Wallace et al., 2004].

As outlined in the previous section, comprehensive studies on the evolution of volcanism, rifting, and faulting
in the Taranaki Basin suggest NE-SW trending active and recent normal faults that are broadly consistent with
our observed SHmax orientation. Although most of the faults in the northern part of the Taranaki Basin show a
NE-SW trend, Giba et al. [2010] clearly demonstrated that normal faults with NNE-SSW orientation were active
between 12 and 4Ma, while younger faults (0–4Ma) that are primarily present in the southern part of the
basin show clockwise changes in their strikes. In the northern Taranaki Basin, Giba et al. [2010] determined
a regional trend of N39°E (±25°) for the normal faults, which is generally consistent with our determined
N68°E (±22°) SHmax orientation (Figure 7). Furthermore, this ENE-WSW SHmax orientation is fully consistent
with the trend of normal faults at the southern Taranaki Basin [Reilly et al., 2015] and outcrop normal faults
in the southeast of the Taranaki Peninsula [Townsend et al., 2010] (Figure 7). Note that most of the active faults
in the Taranaki Basin were originally initiated during past tectonic phases and have been reactivated due to
episodic extensions and contractions [Giba et al., 2010; Giba et al., 2013; King and Thrasher, 1996; Reilly et al.,
2015; Sherburn and White, 2006]. Hence, their orientation of active faults may not be optimally oriented with
the exact present-day SHmax orientation [Sherburn and White, 2006].

The regional ENE-WSW orientation of SHmax in the Taranaki Basin is subparallel to the relative motion of
Pacific and Australian plates (Figure 7). If we consider the transmission of this relative motion as the main
source of the contemporary tectonic stress in the Taranaki Basin, we would predict that a prevailing
thrust stress regime exists in the region. However, as outlined above, most of the Taranaki Basin (except
in the northernmost of part of South Island) shows a strike-slip to normal stress regime. At a tectonic
plate scale, the strike of the subducted slab beneath the central western North Island is N40°E–N50°E
(Figure 7) [Seebeck et al., 2013; Seebeck et al., 2014]. The trend of the slab in the vicinity of the
Taranaki Basin (~N50°E) is almost subparallel with the pattern of SHmax orientation (N68°E). Similar effects
of slab orientation on stress patterns are observed in other subduction zones such as Hellenic Arc in the
Mediterranean [Doutsos and Kokkalas, 2001; Heidbach et al., 2010; Meijer and Wortel, 1997] and Cascadia
subduction zone [Balfour et al., 2011; Wang, 2000] where there is a margin-normal SHmax orientation at
the subduction front and a margin-parallel SHmax orientation farther from the trench and in the
back-arc region.
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The standard deviation of our determined SHmax orientation is ±22° and can explain the ~20° difference
between regional strike of the slab and the SHmax orientation (Figure 7). However, two other stress sources
can also be suggested to explain this ~20° difference. First, the clockwise rotation of the North Island around
a vertical axis could be an alternative cause of this ~20° difference (Figure 7). Several studies have proposed
clockwise rotation of the North Island around a vertical axis due to a variable rollback process of the subduct-
ing plate and the southward transition of subduction to continental collision along the Hikurangi margin. In
this region, the Pacific Plate is being subducted in the northern part of the margin (slab rollback dominant),
while there is a continental collision zone in the southern part due to the presence of a buoyant indenter and
the unsubductable Chatham Rise [Beavan and Haines, 2001; Nicol et al., 2007; Nicol and Wallace, 2007;Walcott,
1987; Wallace et al., 2004, 2009]. Second, Stern et al. [2013] suggested mantle dripping in the western North
Island where there are sharp lithospheric changes across the Taranaki-Ruapehu line. These sharp changes are
also present in the recent Moho map of New Zealand [Salmon et al., 2013] where the Moho depth in
southwest of North Island is thicker than the Moho in the Taranaki region. These lithospheric changes along
with mantle dripping probably provide gravitational instabilities and can affect the stress pattern of the
Taranaki Basin.

Seebeck et al. [2013] comprehensively investigated the geometry and strike of the subducted Pacific Plate
beneath the Australian Plate in the last 20Ma and suggested a consistent trend for the slab since 16Ma,
which is not in agreement with clockwise rotation of the overriding plate. Consequently, Seebeck et al.
[2013] proposed that the clockwise rotation of the North Island is independent of the subducted slab and
occurs due to decoupling deformation between the plates owing to the accommodation of the majority of
relative plate motion by subduction thrust at Hikurangi margin. Hence, similar to Seebeck et al. [2014], who
concluded that the geometry of the subducted slab provides the major control on the geometry of rift faults
in the Taupo Rift Zone, we suggest that the state of in situ stress in the Taranaki Basin is mainly controlled by
rollback of the subducting slab and the associated force of subduction suction.

5.4. Implications for Petroleum Exploration

The Taranaki Basin has significant economic importance because it is the major petroleum province of New
Zealand. The implications of the present-day stress, particularly the SHmax orientation, have been demon-
strated in numerous studies from early exploration to field abandonment [Bell, 1996b; Tingay et al., 2005;
Zoback, 2007]. The information of the present-day stress has major applications in wellbore stability, fault seal
and fracture permeability, sand production prediction, and subsurface fluid flow [Barton et al., 1995; Bell,
1996b; Heffer et al., 1997; Tingay et al., 2005; Zoback, 2007]. The understanding of the present-day stress in
the Taranaki Basin is particularly important because it is a rifted basin, where faults and fractures play critical
roles in different aspects of the petroleum exploration and production. Generally, the concept of structural
permeability [Sibson, 1996] demonstrates the fluid-flow ability of fractures and faults that are oriented
subparallel to the orientation of the SHmax [Barton et al., 1995; Zoback, 2007]. The failure angle is defined
as the angle between the SHmax orientation and strike of faults, which Sibson [1985] suggested as being
22.5–30° for typical friction coefficients of 0.6–1.0 [Byerlee, 1978]. In a normal stress regime, the optimal orien-
tated faults are parallel to SHmax orientation. Sherburn andWhite [2006] considered the strike of CEFZ as N45°E
and determined an east-west orientation for the SHmax across the Taranaki Basin. Hence, they found a large
failure angle for the Taranaki region (i.e.,>30°) and concluded high pore fluid pressure or a low coefficient of
friction of the faults in the region.

Our refined stress map of the Taranaki Basin suggests that interpreted faults are in the optimum range of
failure angle (Figure 7). In addition, neotectonic information generally suggests a normal faulting stress
regime in the Taranaki Basin [Giba et al., 2010; Litchfield et al., 2013; Townsend et al., 2010], while unpublished
wellbore data [GMI, 2010; Mildren, 2009; Mildren and Meyer, 2006] and earthquake FMS data [Sherburn and
White, 2006] suggest both strike-slip and normal stress regimes in the basin. We did not observe any systema-
tic changes of stress regime in the Taranaki Basin laterally and with depth. Hence, the presence of two tec-
tonic stress regimes across the basin possibly is due to the existence of geological structures, density
contrasts, mantle dripping, and the Mount Taranaki activity. The existence of normal and strike-slip stress
regime have significant implications for wellbore stability of the Taranaki Basin, where erroneous assessment
of present-day stresses can lead to expensive instability or collapse of boreholes [Tingay et al., 2015;
Zoback, 2007].
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The orientation of the SHmax can be deviated from the regional trend, laterally and with depth, due to the
presence of geological features [Rajabi et al., 2016a, 2016b; Zoback, 2007]. The Taranaki Basin shows a signif-
icant ENE-WSW SHmax orientation except the west of Mount Taranaki where a number of close by indicators
show rotations from the regional trend possibly owing to density contrast and magmatism as previously
highlighted by Sherburn and White [2006]. Localized perturbation of stress, with depth, has been previously
reported in the vicinity of intersected faults in the Taranaki Basin [Camac et al., 2005]. We also observed these
small-scale stress rotations at short intervals in some of the studied wells (Figure 5). These localized stress var-
iations can have significant implications in geomechanical characterization of georeservoirs [Bell, 1996b;
Rajabi et al., 2016b; Zoback, 2007]. The orientation of SHmax is an important issue in the initiation of induced
hydraulic fractures and an effective method for stimulation of hydrocarbon and geothermal reservoirs
[Bell, 1996b; Zoback, 2007]. Hence, localized deviation of stress due to small-scale stress sources can initiate
complex and ineffective hydraulic fracture stimulations [Maxwell et al., 2009; Rajabi et al., 2016b]. This issue
is particularly important for the Taranaki Basin where hydraulic fracturing stimulation is implemented to
extract oil from reservoir rocks in some fields [Green et al., 2006].

6. Conclusions

This paper presents the first comprehensive contemporary stress map of the Taranaki Basin of New Zealand,
which is located on the Australian Plate adjacent to the Pacific-Australian plate boundary. The interpretation
of wellbore and earthquake data provides a mean SHmax orientation of N68°E (±22°) across the Taranaki Basin,
which is consistent with NW-SE extension of the region suggested by subsurface and outcrop published
geological data. The mean SHmax orientation is almost parallel to the strike of the subduction trench and
the subducting slab, indicating that the subduction process of the Pacific Plate is the most likely key control
on the pattern of stress in the Taranaki Basin. In addition to the dominant regional stress orientation driven by
the adjacent subduction zone, we also observed small-scale stress perturbations (localized rotation of break-
outs) in the vicinity of small-scale geological sources, as well as close to the density contrast of the Egmont
Volcano (Mount Taranaki). The regional and local stress orientation, which has numerous implications in geo-
mechanical studies, is important to explain the impact of smaller-scale sources of stress even in the presence
of large-scale plate boundary forces.
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Abstract 

The interaction of the Indo-Australian and Pacific plates at New Zealand provides an ideal location to 
investigate the contemporary stress field at both active subduction and continental collision plate 
boundaries. Prior to this study, the majority of stress information in New Zealand was confined to 
interpretation of focal mechanism solutions in deeper (>10 km) parts of the crust. However, 
hydrocarbon exploration in several sedimentary basins of New Zealand, including the Taranaki, East 
Coast and Canterbury Basins, provide an opportunity to evaluate the stress pattern in the upper five 
km of the crust in New Zealand. In this study we compiled extensive in-situ stress data from six 
established methods to investigate the stress pattern of New Zealand in the upper 40 km of the crust. 
Our compiled database comprises data records from interpretation of borehole breakouts and drilling-
induced fractures in various part of New Zealand. This database comprises 183 data records from 
petroleum and geothermal wells, 332 well-constrained single-event focal mechanism solutions, 125 
data records from formal inversion of focal mechanism solutions, nine data records from average 
focal mechanism solutions and three stress orientations from volcanic vent alignments. The regional 
stress pattern of New Zealand reveals a consistent ESE-WNW maximum horizontal stress (SHmax) 
orientation in much of the South Island. The SHmax orientation throughout the South Island is at a high 
angle to the strike of major active strike-slip faults (Alpine and Marlborough Faults), providing 
further evidence that major strike-slip plate boundaries are mechanically weak features. The SHmax 
pattern in the North Island is variable, and is affected by the active subduction of Pacific plate beneath 
the Indo-Australian Plate, but is observed to be consistent with normal and thrust faults in most part of 
this micro-continent.  

Keywords: present-day tectonic stress, New Zealand, Australia-Pacific plate boundary 

 

1. Introduction 

Stress mapping is appropriate common approach to examine the crustal stress sources at different 
spatial scales, and to examine the dynamics of plate boundaries (Heidbach et al., 2010; Palano, 2015; 
Rajabi et al., 2016a; Sperner et al., 2003; Tingay et al., 2010; Zoback, 1992). The most large-scale 
stress mapping has been done to understand intra-plate stress pattern (Assumpção et al., 2016; Barth 
and Wenzel, 2010; Hillis and Reynolds, 2000, 2003; Rajabi et al., under-review). However, there are 
significant concerns about the applicability of stress mapping on plate boundaries, especially stress 
derived from single earthquake focal mechanism solutions (FMS). For example, it has been noted that 
the calculation of maximum horizontal stress (SHmax) orientations from single-event FMS near plate 
boundaries have a higher potential to be inaccurate, especially near strike-slip plate boundaries such 
as seen throughout the South Island of New Zealand (Heidbach et al., 2010). Such data points are 
classified as ‘plate boundary events’ in the World Stress Map project (WSM) and there is still debate 
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about their reliability and whether they should be used in stress studies (Heidbach et al., 2010). 
Therefore, analysis of SHmax orientation from different methods and comparison with SHmax derived 
from FMS providing a possible way to assess the reliability of FMS data near plate boundaries. 

New Zealand has a complex tectonic setting and it is located at the border of Indo-Australian and 
Pacific plates where two subduction zones in north and south are linked by the Alpine fault (King, 
2000). The present-day stress state of New Zealand is poorly represented, with the 2008 release of the 
WSM project containing only 58 data records for the entire micro-continent (Heidbach et al., 2008, 
2010). The bulk of this sparse dataset is from deep (> 10 km) single-event FMSs, which might not 
represent the crustal stress pattern at shallower depth intervals and also may potentially reflect 
spurious stress orientations, termed plate boundary events as outlined above (Heidbach et al., 2010). 
Townend et al. (2012) undertook extensive formal inversion of focal mechanism solutions in 100 
locations in central New Zealand and suggested a uniform ESE-WNW orientation for SHmax in New 
Zealand’s South Island. In addition, Townend et al. (2012) suggested that the SHmax orientation in the 
Hawke’s Bay (eastern North Island) is sub-parallel to the subducted slab. However, almost 60% of 
stress data compiled by Townend et al. (2012) is from deeper than 41 km and may not reliably 
represent the crustal stress pattern of New Zealand, especially given that the Moho depth in the North 
Island and northern half of the South Island is less than 40 km (Salmon et al., 2013). Along with these 
studies, numerous attempts have been carried out to infer the stress pattern in New Zealand using 
analysis of earthquake focal mechanism solutions (Balfour et al., 2005; Holt et al., 2013; Sherburn 
and White, 2006; Webb and Anderson, 1998).  

Formal stress inversion from several earthquake focal mechanism solutions, which have been used by 
Townend et al. (2012), generally provide reliable information on the crustal stress pattern, however, 
in-situ stress is not necessarily consistent with depth due to presence of various geological structures 
(Heidbach et al., 2007; Rajabi et al., 2016a; Rajabi et al., 2016b; Tingay et al., 2011). Hence, it is 
important to examine stress orientations determined from other methods in order to more reliably 
assess the stress field in New Zealand. There are several methods to estimate in-situ stress in different 
depth ranges of the crust including near surface geological indicators, shallow depth (< 1km) civil 
engineering and mining measurements and intermediate depth (< 5 km) wellbore stress indicators 
(Amadei and Stephansson, 1997; Engelder, 1993). These different methods along with deep 
earthquake information (> 5 km) can be quality ranked with the WSM ranking criteria in order to 
investigate the stress pattern in different depth intervals (Heidbach et al., 2010; Sperner et al., 2003; 
Zoback, 1992). Furthermore, these shallow stress measurement (< 5 km) methods are not susceptible 
to the same potential errors as single-event FMS derived SHmax orientations, and thus can be used to 
better assess the reliability of earthquake-derived stress data near plate boundaries. In this study we 
compiled 652 data records from various sources to present the most comprehensive and quality 
ranked stress map of New Zealand. In this paper we first explain the tectonic setting of New Zealand 
and present our stress database. We then explain the regional stress pattern of New Zealand in nine 
stress provinces and present the smoothed stress map of this tectonically active region. We also 
explain the controls on the New Zealand stress pattern and, finally, we compare stress state inferred 
from our database and active faults to investigate their relationship in New Zealand. 

2. Tectonic setting of New Zealand

The tectonics of New Zealand has been mainly shaped by the complex interaction of the Indo-
Australian and Pacific plates (Bird, 2003; King, 2000; Lamb, 2015; Liu and Bird, 2002; Wallace et 
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al., 2009b). The geology of North Island is mainly controlled by the westward motion of the Pacific 
Plate, at a rate of 41-48 mm/yr., which is subducted beneath the Indo-Australian Plate (IAP) along the 
Hikurangi margin (Figure 1) (Wallace et al., 2009a; Wallace et al., 2009b). This oblique subduction 
has produced several key characteristics throughout the overriding plate. In the most eastern part of 
the IAP, the margin-normal component of this oblique convergence is accommodated by thrust faults, 
while the margin parallel component is accommodated by strike-slip faults in the forearc. The intra-
arc region in characterised by active rifting and volcanism through the Taupo volcanic zone (Seebeck 
et al., 2014), while back-arc spreading has generated normal faults in the central western North Island 
(Nicol and Wallace, 2007; Townend et al., 2012; Wallace et al., 2004). The Eastern Mobile Belt of the 
Taranaki Basin, in the westernmost portion of the North Island, marks the western limit of neotectonic 
deformation related to this subduction (Giba et al., 2010; King and Thrasher, 1996).  

This oblique subduction zone in the North Island transitions to oblique transpression in the north of 
the South Island, where the deformation is accommodated by Marlborough strike-slip fault system 
(Figure 1) (Balfour et al., 2005; Townend et al., 2012; Wallace et al., 2012), and then transitions to 
oblique continent-continent collision throughout most of the South Island, with deformation centred 
along the 500km long Alpine Fault (Figure 1) (Norris and Toy, 2014; Sutherland et al., 2013; 
Sutherland et al., 2012). South of New Zealand, the plate boundary again transitions to subduction, 
but with the oceanic crust of the Indo-Australian plate being subducted below the oceanic crust of the 
Pacific plate along the Puysegur Margin at rates of 30-35mm/yr. (Anderson et al., 1993; Clark et al., 
2011; Townend et al., 2012; Walcott, 1987). Figure 1 illustrates the tectonic setting of New Zealand, 
where the micro-continent is trapped in a ‘subduction sandwich’. 

 

3. Methods for estimation of the present-day SHmax 

The crustal stress tensor is commonly described using four components (Figure 2), namely the 
orientation of SHmax, magnitude of vertical stress (Sv) and the magnitude of the two horizontal 
principal stresses (maximum and minimum; SHmax and Shmin respectively) (Engelder, 1993; Zoback, 
2010). In this study, we investigate the stress pattern of New Zealand by compiling stress information 
from six well-known methods, namely single-event focal mechanism solutions of earthquakes (FMS), 
formal stress inversion from several earthquake focal mechanism solutions (FMF), average focal 
mechanism solutions (FMA), wellbore breakouts, drilling-induce fractures (DIF) and volcanic vent 
alignments (GVA). The primary aim of this study is to determine the orientation of SHmax; however, 
the majority of the data are from earthquake focal mechanism solutions and, hence, also enabled us to 
assign a tectonic stress regime in much of the data. In this study we use the Andersonian classification 
(Anderson, 1905) to classify the stress regimes into reverse (SHmax > Shmin > Sv), strike-slip (SHmax > 
Sv > Shmin) and normal (Sv > SHmax > Shmin) faulting stress regimes. The estimation of SHmax using 
seismological and wellbore indicators is described below. In this study, all the SHmax orientations are 
classified according to the WSM quality ranking criteria from A to E quality (Heidbach et al., 2010; 
Sperner et al., 2003; Zoback, 1992).  

 
3.1. Stress derivations from seismological methods 

Earthquake focal mechanism solutions are the most common source of stress information in the 
earth’s lithosphere (Heidbach et al., 2010; McKenzie, 1969; Raleigh et al., 1972; Zoback, 1992). 
Generally these sources of information can be interpreted by three methods to estimate the stress state. 
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The main difference in these methods is their reliability, in which the most reliable information is 
always obtained from the FMF method (Heidbach et al., 2010; Zoback, 1992) that use several events 
in a closed geographical region to derive present-day stress. In the FMF method, the stress state is 
estimated by minimising the difference between the maximum shear stress and slip direction of 
earthquakes (Angelier, 1984; Bott, 1959; Gephart and Forsyth, 1984; Michael, 1984). In the WSM 
ranking system, the FMF method receives A- and B-quality if at least 15 and eight events are used for 
the stress inversion respectively (Heidbach et al., 2010).  

The FMS method uses the P-, B- and T-axes orientation of single earthquake events as a proxy for the 
stress orientation (McKenzie, 1969). However, the orientation of these axes might not be equal to the 
principal stress orientation and, hence, this method at best situations (well-constrained M > 2.5 event 
that is recorded at least 20 by stations) receive C-quality according to the WSM ranking system 
(Heidbach et al., 2010; Zoback, 1992). The stress state can also be determined from FMA method 
using composite (Sbar et al., 1972) or average (Leitner et al., 2001; Webb et al., 1986; Zoback and 
Zoback, 1980) of P-, B-, and T- axes for several earthquakes. This method is less reliable, in 
comparison to FMF and FMS and, usually receive a D-quality in the WSM ranking scheme (Heidbach 
et al., 2010). 

3.2. Wellbore methods for estimation of the SHmax orientation 

Interpretation of wellbore breakouts and drilling induced fractures (DIF) in borehole image and 
oriented-caliper logs are considered as the most reliable sources of SHmax information the upper five 
kilometres of the earth’s crust (Amadei and Stephansson, 1997; Bell, 1996; Zoback, 2010). Breakouts 
occur when the hoop stress on the borehole wall exceeds compressive rock strength and, hence, is 
oriented to the azimuth of Shmin (Bell and Gough, 1979). The formation of breakouts causes an oval 
shape for the wellbore and can be interpreted using wellbore image and oriented-caliper logs (Figure 
2). DIFs forms when the concentrated stress on the borehole wall is less than tensile rock strength 
(Aadnoy, 1990a, b; Bell, 1996). These features are opened against the minimum principal stress 
(parallel to the SHmax) and can be interpreted by borehole image logs (Figure 2). Note that these 
features need to be interpreted in vertical wells for reliable determination of SHmax orientation; 
however, if the wellbore deviation is more than 10° (for caliper logs) or 20° (for image logs) 
additional transformation is required for the accurate estimation of SHmax orientation (Mastin, 1988; 
Peška and Zoback, 1995). 

4. Results and Discussions
4.1. The New Zealand stress map database

In this study we compiled 652 quality-ranked data records across New Zealand to map the present-day 
stress pattern of this tectonically active region. We particularly focused on the interpretation of 
breakouts and DIFs in petroleum wells in the Taranaki (western North Island), East Coast (eastern 
North Island) and Canterbury (eastern South Island) Basins, as well as the Ohai Coalfield (southern 
South Island). This wellbore data was then combined with four additional wellbore stress data points 
(McNamara et al., 2015; Sibson et al., 2012). In total, the New Zealand stress map database has 183 
(A-E) quality data records from wellbores, which is a significant increase in comparison to only one 
E-quality data point in the 2008 release of the WSM project (Heidbach et al., 2008, 2010). 
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We also complied 332 (A-E quality) well-constrained FMS data records from Geofon (GEOFON 
Data Centre, 1993), the global CMT catalogue (Ekström et al., 2012) and published literature 
(Anderson et al., 1993; Doser et al., 1999; Heidbach et al., 2008; Leitner et al., 2001; Sherburn and 
White, 2006; Webb and Anderson, 1998). FMF method comprises 125 (A-E) records in our database, 
which are from published literature and reassessed based on the WSM quality ranking system 
(Balfour et al., 2005; Boese et al., 2012; Holt et al., 2013; Leitner et al., 2001; Reyners et al., 2002; 
Sherburn and White, 2006; Townend et al., 2012). We also found nine (A-E quality) FMA data 
records based on Webb et al. (1986), Leitner et al. (2001) and Reyners (2010) and ranked them 
accordingly. In addition, three volcanic vent alignment data records were included in the database, as 
inferred from Nairn and Cole (1981) according to Sperner et al. (2003) ranking criteria. Figure 3 
shows the stress map of New Zealand with 652 data records in the upper 40 kilometres of the crust. 
The majority of the data records (395) were assigned a tectonic stress regime (Figure 3) according to 
the Andersonian classification (Anderson, 1905). The details of the database can be found in Table 1 
and digital supplementary information. 

 

4.2. Regional pattern of New Zealand and their controls 

In order to define the regional stress pattern of New Zealand, two statistical approaches, namely 
‘stress province using Ryleigh test’ (Hillis and Reynolds, 2000; Tingay et al., 2010) and ‘search-radii 
wavelength’ were used (Heidbach et al., 2010; Müller et al., 2003). The concept of stress provinces in 
this study is similar to Tingay et al. (2010) in which there should be at least four A-D quality SHmax 
data records in a proximate geographical, and geologically consistent, region to define a stress 
province. All the data records in each province are weighted based on their reliability, such that A-, B-
, C- and D-quality data receive a weight of ‘four’, ‘three’, ‘two’ and ‘one’, respectively. Circular 
statistical parameters (Davis, 2002; Mardia, 1972), including the mean SHmax orientation, standard 
deviation (s.d.) and the length of resultant vector (R-value), are calculated for each province (Davis, 
2002; Hillis and Reynolds, 2000; Mardia, 1972). Finally, the R-value and the number of data records 
in each province is compared with cut-off values of Mardia (1972) in order to evaluate the reliability 
of mean SHmax in each province (i.e. Rayleigh test). In this study we defined nine stress provinces 
across New Zealand (Figure 4, Table 2). These stress provinces are assigned with a tectonic stress 
regime if at least 80% data records in each province have similar tectonic stress regime (Figure 4). 
The analysis of stress provinces across the North Island reveal some major trends, including a NE-SW 
SHmax orientation in three North Island provinces (Taupo Volcanic Zone, Northeast of North Island, 
and East Coast-2), a ENE-WSW SHmax in the Taranaki region and a ESE-WNW SHmax in the East 
Coast-1 province (Rajabi et al., 2016c).  

As outlined above, the tectonic setting and deformation of the North Island is controlled by the 
oblique subduction along the Hikurangi Margin. The majority of our stress data in the East Coast-1 
province exhibits a thrust faulting stress regime with a trench-perpendicular SHmax orientation, and 
which is likely to be accommodating the normal component of the oblique subduction. Further west 
and in the East-Coast-2 province, we observe nine NE-SW SHmax orientations (with normal stress 
regime), similar to Taupo Volcanic Zone that show trench-parallel SHmax orientation. The stress 
pattern in the East Coast-1 province is somehow different from Townend et al. (2012), where they 
suggested a trench-parallel SHmax orientation inferred from three ENE-WSW strike-slip in the 
southern Hawke’s Bay (latitude -40°). Our stress data compilation in the East-Coast stress province is 
inferred from 10 FMS stress indicators as well as three reliable wellbore measurements. In addition, 
this pattern of SHmax orientation (trench-perpendicular at the subduction front and trench-parallel in 
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the back-arc region) is also observed in other major subduction zones, such as Cascadia (Balfour et 
al., 2011; Wang, 2000) and Hellenic Arc (Doutsos and Kokkalas, 2001; Meijer and Wortel, 1997). 
Hence, the stress pattern of the North Island is interpreted to be directly linked to, and controlled by, 
forces exerted by the subduction process. 

The SHmax pattern in much of the South Island is uniform in terms of orientation and stress regime, 
with the Marlborough, Christchurch and Alpine stress provinces all displaying a ESE-WNW average 
SHmax orientation Figure 4 and Table 2). This SHmax orientation is similar to that described in prior 
stress analyses by Balfour et al. (2005), Townend et al. (2012), Sibson et al. (2012) and Holt et al. 
(2013). This SHmax orientation is sub-parallel to absolute plate motion inferred from the hotspot-3 
model (Gripp and Gordon, 2002), and is interpreted as a first-order stress pattern (Townend et al., 
2012). Further south, and in the Pusegur margin, there is an E-W SHmax orientation with a prevailing 
thrust faulting stress regime, which is consistent with the dynamics of this subduction zone (Figure 4).  

The second statistical approach, i.e. ‘search-radii’ method (Heidbach et al., 2010) aims to calculate the 
mean SHmax orientation and its standard deviation on a regular grid. The results of this algorithm are 
plotted based on the wavelength of the SHmax orientation, meaning that long wavelength pattern shows 
consistent SHmax orientation over a large area, while short wavelength indicates a locally variable 
stress pattern (Heidbach et al., 2010). In this study, we calculated the ‘search-radii’ algorithm on a 
0.5° grid map that is defined over New Zealand (Figure 4). The algorithm starts with a radius of 1000 
km to find at least 4 data records that have standard deviation < 25°. This radius decreases by 50 km, 
in each step, to find our criteria (minimum four data records with s.d. < 25°). The smoothed stress 
map of New Zealand (Figure 4) clearly shows a long wavelength stress pattern (consistent SHmax 
orientation) in much of the South Island, but short wavelength SHmax patterns throughout the North 
Island that are similar in orientation to the earlier defined stress provinces (Figure 4). 

4.3. Comparison between the present-day stress and active faults 

High tectonic activity across New Zealand has resulted in a rich active faults database (Langridge et 
al., 2016). In this paper we have compared the present-day stress field of New Zealand with the active 
fault database of Langridge et al. (2016), which contains those faults that have deformed the ground 
surface in the last 125,000 years. The comparison between active faults and our stress database is 
shown in Figure 5. Generally, the SHmax orientation is consistent with the pattern of normal and thrust 
faults observed throughout most of New Zealand. For example, there is a good agreement between 
SHmax pattern and the active faults in the Taranaki (Rajabi et al., 2016c). Further east, and in the Taupo 
Volcanic Zone, the present-day stress pattern is consistent with the active normal faults of the region 
(Figure 2). NE-SW thrust faults in the eastern portion of the North Island, and the southeastern and 
northwestern parts of the South Island, are consistent with ESE-WNW SHmax pattern in these regions 
(Figure 5). However, there are significant inconsistencies between SHmax orientation and the trend of 
major strike-slip faults in New Zealand, including in the southeastern parts of the North Island, as 
well as in the Alpine fault and Marlborough regions (in the South Island). The strike-slip faults in 
these regions have strikes that are at a high angle (~60°) to the SHmax orientation, and are inconsistent 
with classic Andersonian faulting (Anderson, 1905). Such a large angle between SHmax and fault strike 
has been seen on other major plate boundary strike-slip faults, such as the San Andreas Fault 
(Hickman and Zoback, 2004; Townend and Zoback, 2004) and Great Sumatran Fault (Mount and 
Suppe, 1992), and has often been considered to indicate that these faults must be weak (Balfour et al., 
2005; Hickman and Zoback, 2004; Townend et al., 2012; Townend and Zoback, 2004). Whilst it is 
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possible for faulting to occur in non-optimally oriented stress states, it is often hypothesized that this 
will only happen on such major features if they have an extremely low coefficient of friction, such as 
<0.2, which is well below the 0.6-1.0 normal range of rock coefficient of friction found by Byerlee 
(1978). It is also possible that such faults are able to be active under non-optimally aligned stress 
states due to the presence of extremely high fluid pressures (overpressures) (Sibson, 1990). To date, 
no conclusive evidence for either high pore fluid pressures or regionally extensive low mechanical 
coefficients of friction have been observed in attempts to drill into the San Andreas Fault or Alpine 
Fault (Balfour et al., 2005; Fulton et al., 2004; Hickman and Zoback, 2004; Lachenbruch and Sass, 
1992; Townend and Zoback, 2004) However, the stress data compiled herein provides further strong 
confirmation that present-day stresses in the South Island of New Zealand oriented at a high angle to 
the strike of major strike-slip faults, and support the hypothesis that “plate-bounding strike-slip faults 
are frictionally weak” (Balfour et al., 2005; Hickman and Zoback, 2004; Townend et al., 2012; 
Townend and Zoback, 2004).  

 

5. Conclusions 

We have compiled the first comprehensive stress map of New Zealand, with 652 quality-ranked data 
records, determined from six well-known methods. We defined nine stress provinces, assigned with a 
predominant stress regime, across New Zealand. The regional stress pattern of the North Island is 
primarily controlled by the subduction of the Pacific Plate along the Hikurangi margin. There are two 
regional patterns for the SHmax orientation in the North Island, one normal and another perpendicular 
to the trench, which highlights the role of the subducting slab in controlling the stress pattern in the 
overriding plate. The analysis of four stress provinces in the South Island showed a consistent stress 
pattern with a strike-slip stress regime (except along the Pusegur subduction zone), which is 
subparallel to the absolute plate motion. The comparison of stress pattern and active faults show a 
good consistency between SHmax and the trend of normal and thrust faults in different parts across 
New Zealand. However, there are significant inconsistences between stress and fault orientation for 
major strike-slip faults, with the present-day SHmax commonly at a high angle (~60°) to the strike of 
the major Alpine and Marlborough faults. The high angle between SHmax and major strike-slip faults is 
consistent with that seen on other major strike-slip plate boundary faults, and further supports the 
hypothesis that these faults are mechanically weak.   
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Table 1: The New Zealand stress map database based on the data type and quality. A to E denote the 

quality ranking system of the World Stress Map (Heidbach et al., 2010).  

Data type 
Quality 

Total 
A B C D E 

Focal mechanism solution of earthquakes 0 0 282 22 28 332 

Formal stress inversion of focal mechanisms 36 75 0 0 14 125 

Composite/average focal mechanisms 0 0 0 9 0 9 

Borehole breakouts 20 16 20 23 76 155 

Drilling-induced fractures 2 5 5 16 0 28 

Volcanic vent alignments 1 0 2 0 0 3 

Total 59 96 309 70 118 652 

Table 2: Stress provinces of New Zealand. The type of stress provinces is according to Hillis and 

Reynolds (2000) classification. In this method which is based on the Rayleigh test the number of data 

records in each provinces and the mean resultant vector (R-value) is compared to cut-off value to 

determine the confidence level (Conf.). A stress province is highly reliable if it passes the conf. of 

99.9 %. Hence, all the stress provinces of New Zealand are statistically significant and show the 

regional SHmax orientation accurately. Stress regime in each province is defined based on the 

prevailing stress regime (> 80%) of data records. 

Province No. of A-D 

quality data 

Mean 

SHmax 

s.d. R-value Conf. Type Stress 

Regime 

Taranaki Basin 125 068° ±22° 0.74 99.9 % 1 U 

Taupo Volcanic Zone 25 043° ±22° 0.74 99.9 % 1 NF 

East Coast Region -1 18 103° ±21° 0.75 99.9 % 1 TF 

East Coast Region -2 (NF) 9 060° ±18° 0.81 99.9 % 1 NF 

Marlborough  35 107° ±11° 0.93 99.9 % 1 SS 

Alpine 80 113° ±20° 0.78 99.9 % 1 SS 

Christchurch 90 118° ±13° 0.90 99.9 % 1 SS 

Puysegur 65 093° ±13° 0.90 99.9 % 1 TF 

North East of North Island 24 034° ±21° 0.76 99.9 % 1 NF 
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Figure 1: Regional tectonic setting of New Zealand that shows two subduction zones, in the north and 

south, that are connected to each other with the long transform fault system. In this figure the plate 

boundaries are from Bird (2003) and the background image is ETOPO-1 from Amante and Eakins 

(2009). 
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Figure 2: Schematic diagram to show the crustal stress components that is commonly described as 

four parameters including the magnitude of vertical stress (Sv) minimum horizontal (Shmin) and 

maximum horizontal (SHmax) stresses. This example shows the stress components in a vertical well 

with borehole breakouts (BO) and drilling-induced fractures (DIF). The yellow cylinder is an acoustic 

image log that illustrates the BO, DIF and their relationships with the horizontal stresses. 
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Figure 3: The present-day stress map of New Zealand with 652 data records. All the data in this map 

are ranked based on the World Stress Map ranking system from A to E quality (Heidbach et al., 

2010). The lengths of each line show the quality (the longer means more reliable) and azimuthal trend 

of the line show the SHmax orientation. Different colour illustrates various tectonic stress regime in 

which the blue denotes the thrust (TF), red shows normal (NF) and green demonstrates the strike-slip 

stress regime. The black colures also have been used if the stress regime is undefined (U). 

263



Figure 4: Left) the stress provinces of New Zealand in nine geological locations. Different colours show the prevailing stress regime in each province. 

Isolated (A-D) data records that do not lie in any provinces are shown in this map. Right) the wavelength stress pattern of SHmax in New Zealand. In this map, 

black lines show the mean SHmax orientation with < 25° standard deviation and different colours show the wavelength (or consistency) of the SHmax orientation 

in spatial scales. As can be seen both methods show prevailing ESE-WNW SHmax orientation with long wavelength in South Island while the SHmax pattern in 

North Island is variable and is due subduction forces. 



Figure 5: Comparison between contemporary stress pattern and active faults (Langridge et al., 2016) in New Zealand. The mean SHmax orientation is consistent with normal 

faults in North Island as well as thrust faults in the south Island. However, the SHmax orientations have a large angle difference with the trend of strike-slip faults and highlight 

them as ‘weak’ faults. 
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Iceland is located on the Mid-Atlantic Ridge which is the plate boundary between the Eurasian and the North
American plates. It is one of the few places on earth where an active spreading centre is located onshore but
the stress pattern has not been extensively investigated so far. In this paper we present a comprehensive compi-
lation of the orientation ofmaximumhorizontal stress (SHmax). In particular we interpret borehole breakouts and
drilling induced fractures from borehole image logs in 57 geothermalwells onshore Iceland. The borehole results
are combined with other stress indicators including earthquake focal mechanism solutions, geological informa-
tion and overcoringmeasurements resulting in a dataset with 495 data records for the SHmax orientation. The re-
liability of each indicator is assessed according to the quality criteria of the World Stress Map project.
The majority of SHmax orientation data records in Iceland is derived from earthquake focal mechanism solutions
(35%) and geological fault slip inversions (26%). 20% of the data are borehole related stress indicators. In addition
minor shares of SHmax orientations are compiled, amongst others, from focalmechanism inversions and the align-
ment of fissure eruptions. The results show that the SHmax orientations derived from different depths and stress
indicators are consistent with each other.
The resulting pattern of the present-day stress in Iceland has four distinct subsets of SHmax orientations. The SHmax

orientation is parallel to the rift axes in the vicinity of the active spreading regions. It changes fromNE–SW in the
South to approximately N–S in central Iceland and NNW–SSE in the North. In theWestfjords which is located far
away from the ridge the regional SHmax rotates and is parallel to the plate motion.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The regional stress pattern along divergent plate boundaries has not
been studied extensively yet due to the inaccessibility of submerged
Mid Oceanic Ridges. Few and scattered earthquake focal mechanism so-
lutions are the only sources of stress orientation in these areas in the
World Stress Map (WSM) database (Heidbach et al., 2008; Heidbach
et al., 2010). These indicators generally show a ridge parallel maximum
horizontal stress (SHmax) orientation (Zoback et al., 1989; Zoback, 1992).
In intraplate regions the orientation of SHmax is often parallel to the ab-
solute plate motion in a first order approximation and therefore gener-
ally normal to the ridges and subduction zones (e.g. Richardson, 1992;
Müller et al., 1992; Grünthal and Stromeyer, 1992; Zoback, 1992;
Zoback et al., 1989). A systematic rotation of SHmax from ridge parallel
to ridge normal has been observed close to ridges in the Indian Ocean
(Wiens and Stein, 1984) and at Mid Oceanic Ridges in general (Sykes,
1967; Sykes and Sbar, 1974).
).
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Iceland is one of the few places on the Earth with an onshore diver-
gent plate boundary (e.g. Ward, 1971; Sæmundsson, 1979; Einarsson,
1991; Einarsson, 2008; Bird, 2003). It is in a unique geological and tec-
tonic setting, where an oceanic ridge (theMid-Atlantic Ridge) traverses
a (purported)mantle plume (e.g. Lawver andMüller, 1994;Wolfe et al.,
1997; Allen et al., 2002). The rift zones in and around Iceland are dom-
inated by various volcanic systems of different extents and activities
(Thordarson and Larsen, 2007; Jóhannesson and Sæmundsson, 1998).
Induced by the hotspot the plumbing of the volcanic systems is extend-
ed compared to a usual divergent plate boundary (Allen et al., 2002). As
the plate boundary crosses the hotspot, it breaks up into a complex se-
ries of segments. Purely divergent segments are the Northern Volcanic
Zone (NVZ) in North Iceland, and the sub-parallel Western and Eastern
Volcanic Zones (WVZ, EVZ) in South Iceland which are generally as-
sumed to be the expression of a ridge jump (Sæmundsson, 1979;
Einarsson, 1991; Einarsson, 2008). In the South, the South Iceland
Seismic Zone (SISZ) is the connecting segment between the Reykjanes
peninsula and the Eastern Volcanic Zone (Sæmundsson, 1974;
Sæmundsson, 1979; Einarsson, 1991; Stefánsson et al., 2008). In the
North the Tjörnes Fracture Zone (TFZ) connects the NVZ to the southern

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tecto.2016.02.008&domain=pdf
mailto:mziegler@gfz-potsdam.de
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end of the submarine Kolbeinsey Ridge (Sæmundsson, 1974;
Sæmundsson, 1979; Einarsson, 1991; Stefánsson et al., 2008). The
WVZ and NVZ are joined by a transverse E–W zone across central
Iceland. Outside of the immediate plate boundary, volcanism occurs in
the South Iceland Volcanic Zone, the Snæfellsnes Volcanic Zone and
the Öræfajökull Volcanic Zone (e.g. Jakobsson, 1979; Sæmundsson,
1978; Sæmundsson, 1986).

This volcano-tectonic setting has received a particular attention in
the first compilation of the present-day crustal stress by Hast (1969).
Since then, several researchers investigated the state of stress in differ-
ent parts of Iceland. An extensive campaign of in-situ stress measure-
ments from shallow overcorings was carried out by Haimson and
Rummel (1982) conducted hydro-fracturing experiments in six
Reykjavík
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onshore boreholes. Furthermore, extensive field campaigns to collect
geological fault slip data provide information on the current and
palaeo-stress field in Iceland as well as its temporal evolution
(Gudmundsson et al., 1996; Bergerat and Angelier, 1998; Garcia and
Dhont, 2005; Angelier et al., 2008; Plateaux et al., 2012). In total, the
compilation of stress data records in theWorld StressMap (WSM)data-
base 2008 resulted in 38 data records of the contemporary SHmax orien-
tation and the stress regime (9 focal mechanism solutions, 5 hydro-
fracturing orientations, and 24 overcoring measurements, (Heidbach
et al., 2008; Heidbach et al., 2010)). However, this small data set is not
sufficient to reveal the presumably high variability of the stress field
pattern of Iceland. This is especially important since Iceland's peculiar
location causes extensive interactions between tectonic and volcanic
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processeswhich influence the local stress field (e.g. Sæmundsson, 1979;
Gudmundsson, 2006; Andrew and Gudmundsson, 2008).

In this paper we present a new comprehensive compilation of the
contemporary SHmax orientation for Iceland with 495 data records
(Fig. 1). In particular, we analysed 37 km of borehole acoustic image
logs from 57 geothermal wells to interpret present-day stress indica-
tors, i.e. borehole breakouts (BOs) and drilling induced fractures
(DIFs). Furthermore, we revised the 38 data records from the WSM
2008 and conducted an extensive literature study to compile published
focal mechanism solutions and geological stress indicators, e.g. fault slip
inversions or the alignment of volcanic vents and fissures. All data re-
cords are quality ranked according to the WSM quality ranking system
(Zoback, 1992; Sperner et al., 2003; Heidbach et al., 2010). We identify
the regional pattern of the SHmax orientation by four different stress
provinces with different mean SHmax orientations on Iceland.
BO

Shmin

SHmax

Fig. 2. A vertical borehole section with stress indicator pairs. Top: Drilling induced
fractures (DIFs) are narrow vertical fractures which indicate the orientation of SHmax.
Bottom: Borehole breakouts (BOs) are broad vertical widened zones of the borehole
which indicate the orientation of Shmin. These two features occur diametrically on both
sides of the borehole wall.
2. Stress data compilation

The first comprehensive compilation of the contemporary SHmax ori-
entation was made by Sbar and Sykes (1973) who mapped the stress
pattern in North America. This effort was later institutionalised by
Zoback et al. (1989)) in the framework of the WSM project (e.g.
Müller et al., 1992; Heidbach et al., 2010). In the literature there are sev-
eral methods to determine the orientation of SHmax in a rock volume
(Ljunggren et al., 2003; Zoback et al., 1989; Zang and Stephansson,
2010). However, these different methods may result in different orien-
tations due to the depth of the phenomena, different reliability, or su-
perposition of different forces at different scales (Heidbach et al.,
2007). Hence, comparison between the SHmax from different indicators
have received a particular attention to establish a quality ranking
scheme for the WSM database (Zoback and Zoback, 1991; Zoback,
1992; Zoback et al., 1989; Sperner et al., 2003; Heidbach et al., 2010).
Following this scheme each data record is assigned a quality fromA (re-
liability of orientation±15°), B (±15–20°), C (±20–25°), D (±25–40°)
up to E (N±40°) (Heidbach et al., 2010). A detailed description of the
WSM quality ranking scheme for individual stress indicators can be
found in Zoback (1992), Sperner et al. (2003)), and Heidbach et al.
(2010).

Our stress data compilation extends from 62° to 68° northern
latitude and from −11° to −26° longitude. The image log data from
the 57 geothermal wells resulted in 36 new A–D stress data records.
In addition, we estimated 17 SHmax orientations from crater rows of fis-
sure eruptions of different volcanic systems. Furthermore, an extensive
literature review resulted in 374 new stress data records which are
mainly from focal mechanism solutions of earthquakes. These new
data records are fromdifferent earthquake catalogues such as theGlobal
CMT (Ekström et al., 2012), (Dziewonski et al., 1981), Geofon Potsdam
(Centre, 1993) and Zurich Moment Tensors. Furthermore data records
were included from published papers by Angelier et al. (2004),
Batir (2011), Bergerat et al. (1990), Bergerat and Angelier (1998),
Bergerat et al. (1998), Bergerat and Plateaux (2012), Bjarnason and
Einarsson (1991), Einarsson (1979) Einarsson (1987), Forslund
and Gudmundsson (1991), Garcia et al. (2002), Garcia (2003), Green
et al. (2014), Gudmundsson et al. (1992), Gudmundsson (1995),
Gudmundsson et al. (1996); Jakobsson (1979), Jefferis and Voight
(1981), Hagos et al. (2008), Haimson and Voight (1977), Keiding et al.
(2009), Khodayar and Franzson (2007), Kristjánsdóttir (2013), Lund
and Slunga (1999), Lund and Bödvarsson (2002), Nakamura (1977),
Plateaux et al. (2014), Rögnvaldsson and Slunga (1994); Roth et al.
(2000), Schäfer and Keil (1979), Sigmundsson et al. (2005) Sigurdsson
(1970), Soosalu and Einarsson (1997), Stefánsson (1966), Tibaldi et al.
(2013), and Villemin et al. (1994). The detailed dataset of the Iceland
stress map is provided in the supplementary material. In the following
sections we briefly describe each individual stress indicator used for
the Iceland stress dataset.
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2.1. Borehole data

The possibility to determine the in-situ stress orientation from fail-
ure of borehole walls was first recognised by Bell and Gough (1979) in
Alberta, Canada. They showed that if the stresses around a borehole ex-
ceed the strength of the rock, some pieces of the borehole wall spall off
and the borehole is elongated in one orientation. According to Kirsch
(1898) and Scheidegger (1962) the highest stresses around a circular
hole are encountered perpendicular to the orientation of maximum
compression (SHmax). These resulting broad elongated zones of so called
borehole breakouts (BO, see Fig. 2) indicate the orientation ofminimum
horizontal stress (Shmin) which is perpendicular to SHmax under the as-
sumption that the vertical stress (Sv) is one of the principal stresses
(Bell and Gough, 1979).

Furthermore, if the minimum circumferential stress around a bore-
holewall is smaller than the tensile strength of the rock, drilling induced
fractures (DIF, see Fig. 2) occur (Aadnoy, 1990; Aadnoy and Bell, 1998).
Therefore drilling induced fractures are recognised as an indicator for
the orientation of SHmax as well (Wiprut et al., 1997; Bell, 1996;
Sperner et al., 2003).

Acoustic image logs provide a picture of the borehole wall based on
acoustic contrast of boreholewall andfluids. Borehole breakouts usually
appear as broad vertical zones of a low acoustic amplitude on opposite
sides of the borehole wall (separated by 180°) while drilling induced
fractures are indicated by narrow vertical zones of low amplitude
(Fig. 3). A pair of DIFs or BOs on opposite sides of the borehole wall is
considered as a single feature. Since the shapes of BOs and DIFs depend
on rock strength and the elastic properties of rocks and these features
are time dependent, incipient breakouts form at the initial stage of the
formation of borehole breakouts (Aadnoy and Bell, 1998).
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Fig. 3. Borehole related stress indicators in acoustic image logs. Left: Borehole breakouts (BOs) in well ST-16 Sigtún close to Akureyri. The inferred overall orientation of SHmax from BOs is
127° in this well. Right: Drilling induced fractures (DIFs) inwell HJ-20 Hjalteyri close to Akureyri. The inferred overall orientation of SHmax from DIFs is 144° in this well. The location of the
two wells is shown in Fig. 4.
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Iceland's volcano-tectonic setting results in large geothermal re-
sources which are extracted by various boreholes (Ragnarsson, 2015).
In 2002 through 2015 the Iceland GeoSurvey (ÍSOR) ran borehole
image logs in 57 geothermal and scientific boreholes mainly in the
South Iceland Lowlands and around Akureyri and Krafla in the North
(see Fig. 4 for locations). From these data we collected and analysed
37 km of acoustic image logs. Most of them are slightly deviated from
Reykjavík

Akureyri

ST-16

HJ-20

RN-34

Fig. 4. The location of geothermal boreholes with acoustic image logs. The black and grey
triangles denote the location of boreholeswith andwithout stress indicators (based onour
image log analysis) respectively. The white triangles show the location of borehole HJ-20
Hjalteyri, ST-16 Sigtún (Fig. 3) as well as in RN-34 Reykjanes.
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vertical (b10°)which still allows the interpretation of stress related fea-
tures in every stress regime (Mastin, 1988; Tingay et al., 2005; Peška
and Zoback, 1995).

27 boreholes contained at least one BO or one DIF (Table 1, Fig. 4). In
the case that both BOs andDIFs are found in the samewell, the indepen-
dently inferred SHmax orientations are generally in good agreementwith
each other (Table 1). In addition to the newly analysed borehole images
3 BOs and 1 DIF from published articles were included. In the analysed
boreholes stress indicators are mainly found between the surface and
1 km depth. Some few BOs/DIFs are located in deeper sections of the
boreholes with a maximum depth of 2.34 km in well RN-34 on the
Reykjanes peninsula (Fig. 4). Thus borehole stress data bridge the gap
between shallow stress indicators from geological data and focal mech-
anism solutions at greater depth.

Table 1 shows the results of image log interpretation and observed
BOs/DIFs in the studied wells. 11 data records have an A–C quality and
25 data records have a D quality. The high number of low quality data
records is partly related to the challenges of well-logging in a high tem-
perature and igneous environment resulting in a partly poor image
quality. Special tools adapted to high temperatures are required and
can only remain in the well for a short time period (Ásmundsson
et al., 2014). In addition, in some of the studied wells image tools
were not centralised and produced low quality images with numerous
vertical artefactswhichdo not allow a reliable detection of BOs andDIFs.

2.2. Focal mechanism solutions

Focal mechanism solutions of earthquakes have been used to infer
stress information, both orientation and relative magnitudes, in the
deeper part of the earth's crust which is beyond common drilling
6



Table 1
Stress indicators from the analysed acoustic borehole images of A–D Quality. All the information required for theWSM quality ranking is included in the Table. Azimuth: Interpreted ori-
entation of SHmax. Number: The amount of recognised feature pairs (BOs or DIFs) in a single well. S.D.: Standard deviation calculated according to the circular statistics of bi-polar data by
(Mardia, 1972) with a weighting depending of the length (short: L) of the feature. Length: The added length of the fractured borehole sections. Top and Bottom: The depth of the upper-
most and lowermost stress indicator found in the borehole. Depth: The mean between top and bottom. Date: Date of the tool run.

Borehole
ID

Latitude Longitude Azimuth Type Depth
[km]

Quality Location Date Number S.D. Length
[m]

Weighting Top
[m]

Bottom
[m]

HH-08 63.425023 −20.25904 133 BO 1.05 C Vestmannaeyjar 20050415 11 13 22 L 789 1719
RN-34 63.83951 −22.660869 36 BO 1.95 C Reykjanes 20150328 15 12 25 L 1412 2628
RN-34 63.83951 −22.660869 47 DIF 2.45 B Reykjanes 20150328 20 9 40 L 2317 2612
KH-34 63.98881 −20.44006 67 BO 0.04 D Kaldárholt 20050322 1 0 2 L 38 40
KH-34 63.98881 −20.44006 109 DIF 0.2 D Kaldárholt 20050322 2 2 3 L 55 390
SO-01 63.995165 −21.13729 47 DIF 0.32 D Sogn/Ölfus 20050322 3 13 6 L 314 325
HE-21 64.008906 −21.3438 41 BO 1.67 D Hellisheiði 20060215 11 14 16 L 1608 1748
HE-21 64.008906 −21.3438 67 DIF 1.35 B Hellisheiði 20060215 53 14 123 L 912 1812
HE-58 64.033132 −21.376734 35 DIF 1.9 D Hellisheiði 20150830 3 15 5 L 1609 2200
HN-01 64.026124 −21.45102 45 BO 0.9 C Hellisheiði 20050405 20 22 26 L 866 977
HN-01 64.026124 −21.45102 44 DIF 0.85 D Hellisheiði 20050405 7 18 10 L 768 977
HK-15 64.041 −20.81377 8 BO 0.1 C Grímsnes 20060303 33 15 25 L 37 183
HN-12 64.044597 −21.38636 84 DIF 1.5 D Hellisheiði 20101021 7 21 11 L 1152 1878
HN-16 64.045106 −21.3862 86 DIF 2.06 D Hellisheiði 20101018 6 12 9 L 2021 2187
NJ-28 64.098521 −21.270345 107 DIF 1.05 D Nesjavellir 20150625 5 9 11 L 1029 1057
HF-01 64.391916 −15.34195 151 DIF 0.6 D Hoffell 20130221 10 11 17 L 424 805
ASK-29 64.393293 −15.343563 130 BO 0.11 D Hoffell 20120926 6 16 6 L 103 123
ASK-57 64.393898 −15.34267 4 BO 0.28 D Hoffell 20120926 1 0 1 L 283 284
ASK-122 64.393778 −15.33175 65 DIF 0.35 D Hoffell 20150924 7 14 13 L 338 375
HO-02 65.04501 −22.77176 60 BO 0.36 D Stykkishólmur 20070215 1 0 4 L 366 370
ST-16 65.5519 −18.07022 127 BO 0.35 C Sigtún/Eyjafjörður 20050126 28 9 37 L 111 671
ST-16 65.5519 −18.07022 140 DIF 0.4 D Sigtún/Eyjafjörður 20050126 5 7 16 L 329 508
BO-3 65.562966 −18.10464 107 DIF 0.07 D Botn 20130122 3 13 10 L 60 80
KV-01 65.692163 −16.81934 29 BO 1.43 D Krafla 20060803 1 0 1 L 1435 1437
KV-01 65.692163 −16.81934 164 DIF 1.43 D Krafla 20060803 2 8 2 L 1432 1435
K-18 65.702026 −16.73063 17 BO 0.74 D Krafla 20081118 2 4 6 L 733 750
HJ-17 65.855115 −18.2105 151 DIF 0.15 D Hjalteyri 20020221 2 11 2 L 122 170
HJ-13 65.855337 −18.21303 145 DIF 0.06 D Hjalteyri 20020220 1 0 3 L 62 65
HJ-20 65.856089 −18.21142 141 BO 1 D Hjalteyri 20050202 4 8 12 L 784 1176
HJ-20 65.856089 −18.21142 144 DIF 0.75 A Hjalteyri 20050202 60 11 136 L 352 1346
HJ-15 65.859457 −18.21754 154 DIF 0.2 D Hjalteyri 20020223 1 0 2 L 204 207
ARS-32 65.931479 −18.33783 163 BO 0.75 D Árskógsströnd 20060608 6 19 6 L 668 842
ARS-32 65.931479 −18.33783 173 DIF 0.55 C Árskógsströnd 20060608 17 14 36 L 206 713
SK-28 65.997822 −19.33668 143 BO 0.5 C Hrolleifsdalur 20051008 55 25 137 L 240 821
SD-01 66.127507 −18.96229 146 BO 0.45 D Skarðdalur/Tröllaskagi 20100925 2 3 3 L 430 537
SD-01 66.127507 −18.96229 140 DIF 0.5 B Skarðdalur/Tröllaskagi 20100925 20 11 69 L 319 687
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plans (Sbar and Sykes, 1973; Gephart and Forsyth, 1984; Zoback, 1992;
Heidbach et al., 2010). The orientation of SHmax is estimated from the
principal strain axes of the double couple components of the focal
mechanism (McKenzie, 1969; Barth et al., 2008). However, these axes
are not necessarily reliable proxies for the stress axis orientation
(McKenzie, 1969; Célérier, 2010; Heidbach et al., 2010). Therefore, sin-
gle focalmechanism solutions are never eligible for a quality better than
C in the WSM database (Heidbach et al., 2010; Barth et al., 2008). A
stress determination though the averaging of several focal mechanism's
P, B, and T axes (FMA) is less reliable and is hence assigned D quality.

Between 1994 through 2007 250,000 seismic events were recorded
by the IcelandMeteorological Officewith 11 events of M N 5 (Einarsson,
1991; Einarsson, 2008; Jakobsdóttir et al., 2002; Jakobsdóttir, 2008;
Einarsson et al., 1977; Keiding et al., 2009). The detection threshold in
this time frame has been between M l=2 and M l=0 depending on
the region (Jakobsdóttir, 2008). Focalmechanismsolutionswere public-
ly available for only a fraction of the recorded seismic events.

Presumably especially in Iceland many seismic events are related to
volcanic eruptions or dyke intrusions and thus are potentially spatially
and temporally restricted manifestations of the stress field (e.g.
Roman et al., 2004; Sánchez et al., 2004; Einarsson, 1991; White et al.,
2011). Hence they do not necessarily represent the long-term stress
field but only short-term fluctuations of a perturbed regional stress
field. In addition, such events may have a low double-couple and high
compensated linear vector dipole (CLVD) component (Nettles and
Ekström, 1998). That means themain strain component is due to an in-
flation or deflation above some pressure source in contrast to a double-
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couple mechanism (Nettles and Ekström, 1998; Ekström, 1994). There-
fore events which can be spatially and temporally attributed to a volca-
nic eruption or rifting event are assigned E quality. However, seismic
events which are only located at a volcano but cannot be linked to an
eruption remain with a quality C. In the Vatnajökull area several thrust
faulting events were recorded during an inter-volcanic period. Nettles
and Ekström (1998) and Einarsson (1991) suggest that these events
are a movement of the Barðabunga caldera rim. Hence they are not di-
rectly temporarily related to a volcanic eruption and assigned the qual-
ity C.

Furthermore, the phenomenon of induced seismicity in geothermal
reservoirs is reported in Iceland (Flóvenz et al., 2015). The stress
field in geothermal or hydrocarbon reservoirs can change significantly
due to depletion and/or reinjection (Segall and Fitzgerald, 1998;
Martnez-Garzón et al., 2013). Hence, focal mechanisms of seismicity lo-
cated in the vicinity or within active reservoirs are prone to exhibit a
perturbed stress state compared to the virgin in-situ stress state. There-
fore seismic events which are in spatial and temporal proximity to e.g.
dams or geothermal power plants are identified as potentially induced
and are assigned E quality as well.

In addition to single focal mechanism solutions (FMS) or an average
of FMS (FMA), inversions of focal mechanisms (FMF) can be performed
(e.g. Gephart and Forsyth, 1984; Angelier, 1984). Generally results from
inversions provide high quality (A or B) stress data records (e.g. Keiding
et al., 2009; Kristjánsdóttir, 2013). However, the inversions of focal
mechanism solutions performed by Bergerat et al. (1998), Garcia et al.
(2002), Angelier et al. (2004) and Plateaux et al. (2014)) show the
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existence of two spatially or temporally different local stress fields. Due
to the high quality of the inversions they are included in the database
anyway but assigned E quality since these two stress fields cannot be
distinguished.
2.3. Geological indicators

Geological indicators of past fault slip events can also provide infor-
mation on the stress state and the data reliability is equal in comparison
to other methods (Sperner et al., 2003). However, to prevent a mix of
palaeo-stress and contemporary stress data records, geological indica-
tors are generally not allowed to be older than Quaternary, i.e. not
older than 2.85 Ma (Zoback, 1992). Sometimes the age of a fault slip
or dyke intrusion is measured (e.g. radiocarbon dating), the relative
age deduced by the stratigraphy (e.g. in Bergerat and Angelier, 1998),
or the maximum age of the rock is otherwise known (e.g. in Bergerat
and Plateaux, 2012). If this is not the case geological maps can provide
information of the age of the indicators. Note that the rule applies to
the age of the fault slip and not the age of the rock, in case where they
can be distinguished.

In the new Iceland Stress Map a large amount of data records are
provided by geological indicators, i.e. stress tensors inferred from fault
slip data. This is due to the extensive work on the stress inversions of
fault data (GFI) by J. Angelier, F. Bergerat &A. Guðmundsson undertaken
in Iceland (e.g. Bergerat et al., 1990; Bergerat et al., 1998; Angelier et al.,
2004).

We assessed geological indicators (GFI) following strictly the WSM
quality ranking scheme (Heidbach et al., 2010; Sperner et al., 2003).
Zoback (1992) discusses thepossible necessity to alter the age restriction
according to the tectonic setting. In case two ormore different temporal-
ly successive stress states are inferred in the exact same location and
both originate in the Quaternary only the youngest can be taken into ac-
count in this compilation (as is the case in e.g. Bergerat and Angelier,
1998). In several instances, stress indicators from fault slip data are in
close proximity to similarly oriented stress indicatorswhich are definite-
ly from the currently active stress field (e.g. a borehole breakout or focal
mechanism solution). Their similar orientation is at least an indicator
that the age restriction also applies in Iceland. Even though local stress
perturbations do occur due to the presence of local structures (Rajabi
et al., 2016; Heidbach et al., 2007) hence different SHmax orientations in
close spatial proximity must not be judged as unreliable.
Table 2
Newly included volcanic vent and fissure alignments (GVAs) which are also shown in Hjartarso
the age of themost recent eruption of the associated (central) volcano is listed. Number: The am
are considered. In case of parallel alignments the standard deviation is calculated according to

Latitude Longitude Azimuth Quality Location

63.43 −20.2 45 C Vestmannaeyjar
63.82 −18.83 18 C Eldgjá (South)
63.9 −21.8 56 B Reykjanes
63.94 −18.65 43 C Eldgjá (Middle)
64.1 −18.3 35 C Eldgjá (North)
64.25 −18.6 33 B Veiðivötn
64.29 −20.84 43 C Þjófahraun
64.4 −20.5 47 C Langjökull
64.75 −16.6 30 C Kverkfjöll
64.8 −17.3 22 B Dyngjuháls
65 −17.15 29 C Trölladyngja/Frambruni
65.15 −16.6 21 C Askja
65.4 −16.8 9 C Fremrinámur
65.5 −16.45 8 C Nýjahraun
65.6 −16.8 8 B Reykjahlíð
65.7 −16.8 6 C Krafla
65.9 −16.35 11 C Hólssandur

aThordarson and Larsen (2007), bHaflidason et al. (2000), cSinton et al. (2005), dSigurdsson and
Sæmundsson (2014).
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2.4. Vent alignments

Nakamura (1977)) was one of the first to recognise the alignment of
volcanic vents, eruptive fissures, and dykes (GVAs) as stress indicators.
GVAs are always related to volcanic eruptionswhich tend to be easier to
date compared to fault slip, since often the age of volcanic eruptions are
known.

Thehigh volcanic activity in Iceland allows inclusion of young eruptive
fissures, vent alignments and dykes from the Quaternary. We therefore
included 17 GVAs produced by recent volcanic activities (even in historic
times, Thordarson and Larsen, 2007). The data originates in geological
mapping campaigns and is also displayed in the Geologic Map of
Iceland — Bedrock (Hjartarson and Sæmundsson, 2014). Table 2 shows
the stress orientations inferred from eruptive fissures mainly deduced
from geologic mapping also presented in the map by Hjartarson and
Sæmundsson (2014). They are quality ranked according to the WSM
criteria shown in Table 3.

2.5. Further stress indicators

In total 25 overcoring (OC) stress measurements are available
throughout Iceland. Due to their shallow depth (0–30 m) the inferred
stress state may be highly influenced by local topography or strength
contrasts. Therefore the data records are assigned to E quality. Previous
data records from theWSM2008whichwere assigned a different qual-
ity according to an outdated version of the ranking scheme were
updated.

In addition 9 SHmax orientations are available from hydraulic-
fracturing (HF). Previously listed HF data records were revisited and
assigned a quality according to themost recent quality ranking scheme.

3. Stress map & pattern of Iceland

The new compilation of stress data for Iceland has 495 data records
with 318 having A–D and 188 A–C quality (Table 4, Figs. 1 & 5). Most of
the A–D quality data records are from focal mechanism solutions (35%)
and geological fault inversions (26%). Borehole related indicators (BOs,
DIFs, HFs) have a share of 20% while the alignments of volcanic vents,
fissures and craters contribute with 8%. The inversion of several focal
mechanism solutions make up 7% of the dataset.

56% of the data records are from the depth range of 0 to 1.25 km
(Fig. 5). These are mainly geological stress indicators which are either
n and Sæmundsson (2014). The required information for theWorld Stress Map as well as
ount of parallel vent/fissure alignments. Vents: The overall number of vents/fissureswhich
the circular statistics of bi-polar data by Mardia (1972).

Number S.D. Vents Type Last eruption/rifting event

1 5 Vents 1973 A.D.a

1 6 Fissures 934–940 A.D.a

4 5 21 Vents 1231 A.D.b

1 5 Fissures 934–940 A.D.a

1 9 Fissures 934–940 A.D.a

4 13 67 Fissures 1477 A.D.a

1 11 Fissures 3600 B.P.c

2 3 10 Vents 950 A.D.c

1 7 Fissures 9000 B.P.b

3 6 28 Fissures 1902–1903 A.D.e

1 8 Fissures 1300 A.D.f

1 14 Vents 1961 A.D.b

1 9 Vents 4000 B.P.d

2 6 16 Fissures 1874–75 A.D.d

4 2 16 Fissures 1975–1984 A.D.a

1 10 Fissures 1975–1984 A.D.a

1 7 Fissures Holoceneg

Sparks (1978), eBjörnsson and Einarsson (1990), fHjartarson (2003), and gHjartarson and
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Table 3
TheWorld StressMapquality ranking schemeversion 2008 for borehole breakouts anddrilling induced fractures from image logs and volcanic vent alignments (Heidbach et al., 2010). S.D.=
standard deviation.

Stress indicator A
SHmax ±15°

B
SHmax ±15–20°

C
SHmax ±20–25°

D
SHmax ±25–40°

E
SHmax N±40°

Borehole
breakouts

≥10 distinct breakout zones
and combined length ≥ 100 m
in a single well with S.D. ≤ 12°

≥6 distinct breakout zones and
combined length ≥ 40 m in a
single well with S.D. ≤ 20°

≥4 distinct breakouts and
combined length ≥ 20 m with
S.D. ≤ 25°

b4 distinct breakouts or b20 m
combined length in a single
well with S.D. ≤ 40°

Wells without
reliable breakouts
or S.D. N 40°

Drilling induced
fractures

≥10 distinct fracture zones in a
single well with a combined
length ≥ 100 m and S.D. ≤ 12°

≥6 distinct fracture zones in a
single well with a combined
length ≥ 40 m and S.D. ≤ 20°

≥4 distinct fracture zones in a
single well with a combined
length ≥ 20 m and S.D. ≤ 25°

b4 distinct fracture zones in a
single well or a combined
length b 20 m and S.D. ≤ 40°

Wells without
fracture zones or
S.D. N 40°

Volcanic vent
alignment

≥5 Quaternary vent
alignments or “parallel” dikes
with S.D. ≤ 12°

≥3 Quaternary vent
alignments or “parallel” dikes
with S.D. ≤ 20°

Single well-exposed
Quaternary dike or single
alignment with ≥5 vents

Volcanic alignment inferred
from b5 vents
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exhumed faults or surface manifestations of the stress field. Most bore-
hole indicators are in the same depth range. Even some very shallow
focal mechanism solutions and inversions of several focal mechanisms
are located in that depth range. Around 2.5 km depth stress indicators
from deep boreholes and earthquake related indicators are equally
abundant. Below that depth, focal mechanism solutions of seismic
events are the only available stress indicators. The peak of events
around 10 km is artificial becausemany focalmechanisms of smallmag-
nitude seismic events are assigned this depth as a default value if the
depth cannot be estimated otherwise.

Some stress indicators (e.g. focal mechanism solutions, fault inver-
sions) allow characterisation of the Andersonian faulting type of the
stress field (Anderson, 1905; Anderson, 1951). The method to derive
the type of faulting is described by (Zoback, 1992). Fig. 5 shows that
normal faulting prevails at the surface. However, within the first
kilometre this changes. In the following topmost 10 km a strike slip re-
gime is dominant. With a further increase in depth the normal faulting
regime prevails. Indicators for a reverse faulting regime are observed in
all depths in a relatively small abundance. Nevertheless, around 1 km
and 10 km depth they have a significant share.

The prevailing orientation of SHmax in Iceland inferred from A–C
quality ranked data records is determined according to circular statistics
of bipolar data (Mardia, 1972) which shows amean SHmax orientation of
18°±35° for the entire dataset. A closer look at Fig. 1 demonstrates four
predominant regional orientations of SHmax. In the Southwest and the
Southern Iceland Lowlands SHmax is oriented approximately NE–SW
(Fig. 6). In theNorthern Volcanic Zone (north of the Vatnajökull glacier)
which is presently the active rift zone, SHmax has almost N–S orientation
(Fig. 7). SHmax is rotated by about 20° to NNE–SSW in the easternmost
part of Iceland (Fig. 7). In Northern Iceland SHmax is rotated from the
N–S orientation in the Northern Volcanic Zone to a predominant
NNW–SSE orientation (Fig. 8). Finally in the Westfjords the SHmax

trend is approximately NW–SE oriented (Fige. 9). For these four subsets
Table 4
An overview of the quality and type of all stress indicators in the designated area (N: 62°–
68°, W: 11°–26°). They include the revisited and re-ranked data from the WSM 2008 as
well as the newly analysed data from acoustic image logs, the alignments of volcanic cra-
ters and fissures, and data records from literature research.

Quality

A B C D E Total

Type FMF 15 7 – – 14 36
FMS – – 63 22 90 175
FMA – – – 9 – 9
BO – – 6 13 30 49
DIF 1 3 1 15 1 21
HF – 1 2 6 – 9
OC – – – – 25 25
GFI 1 11 40 63 14 129
GVA 1 11 25 2 3 42
Total 18 33 137 130 177 495
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the standard deviation for A–D quality data is between 19° and 29°
which is comparable to other regional stress investigations (e.g.
Pierdominici and Heidbach, 2012; Reiter et al., 2014; Reinecker et al.,
2010).

Generally the standard deviation of the mean SHmax orientation of
stress data records with A–C quality is found to be within ±25° (see
rose diagrams in Figs. 1, 6–9). If D quality data records are included
the mean SHmax orientation changes by ≤4°. The standard deviation in-
creases by approximately 5° reflecting that D quality data introduces
more noise to the dataset. Therefore D quality data should not be used
individually for a local stress field analysis. Surprisingly the standard de-
viation decreases by 1° with the introduction of 11 D quality data re-
cords in North Iceland. 10 of these data records are from boreholes
and their quality depends on the short length of the feature and/ormiss-
ing information on the standard deviation. These circumstances show
that awell-picked distinct single feature in a borehole provides valuable
information on the orientation of SHmax.

The types of available stress indicators varies in the different subsets.
While all types of indicators are represented close to the plate boundary,
in the Westfjords and Eastfjords the stress state is mainly derived from
geological indicators and boreholes. That means that in those regions
the information on the stress field is based mainly on shallow data.

Apart from lateral variations of the orientation of SHmax, the possibil-
ity of a vertical layering exists (Cornet and Röckel, 2012; Gudmundsson,
2002; Heidbach et al., 2007). In some regions, mainly sedimentary ba-
sins, moderate (Reiter et al., 2014; Reiter and Heidbach, 2014) or signif-
icant (Röckel and Lempp, 2003; Roth and Fleckenstein, 2001; Rajabi
et al., 2016) stress rotations occur with depth. For example, Rajabi
et al. (2016) reported significant rotation of the SHmax orientation with
depth in the Clarence-Moreton Basin of eastern Australia due to pres-
ence of geological structures including intrusions of igneous rocks into
sedimentary successions.

It is indicated by the propagation of dykes, that such a layering also
exists in Iceland on a local scale (Gudmundsson, 2002; Gudmundsson,
2003). To find regional-scale depth-dependent differences in the SHmax

orientationwe compiled surface data (GFI, GVA) aswell as intermediate
(0.2–2 km) borehole indicators (BO, DIF) and deep (2–20 km) focal
mechanism solutions (Fig. 5). In all areas where more than one type of
indicator is available, the orientation of SHmax remains consistent with
depthwhichhighlights the independence from the type of stress indica-
tor and the vertical homogeneity of SHmax throughout the crust. Thus a
potential regional-scale depth-dependency of SHmax is not observed.

4. Discussion

This study presents thefirst comprehensive and systematic compila-
tion of the present-day tectonic stress in Iceland where all results are
ranked based on a quality ranking scheme for the in-situ stress state.
A high density of data records is achieved on the Reykjanes peninsula,
in South Iceland, East Iceland, and the Akureyri area and Tjörnes
Fracture Zone in North Iceland (Fig. 1). Few or no data records are
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available aroundHofsjökull, Langjökull in thewesternHighlands, on the
Snæfellsnes peninsula, and in theWestfjords (Fig. 1). Based on the avail-
able data from this compilation the orientation of the maximum com-
pressive stress (SHmax) in Iceland is organised in four subsets and is
consistent with themain plate boundaries in the region. This highlights
the role of different plate boundary forces in the stress pattern of Iceland
(Fig. 10). Furthermore the highly dynamic geological setting of Iceland
is reflected in the stress field by effects of eruptions, geothermal activity,
and rifting events.

4.1. Regional stress pattern

In the South-West a ridge parallel SHmax orientation can be observed
along the Reykjanes Ridge (Fig. 1) which has the Eurasian plate to the
RPR

Reykjavík

−23°

Iceland

SHmax: 36 ± 23
Quality: A-C
N = 73

SHmax: 
Qua

Fig. 6. The orientation of SHmax (A–D quality) on the Reykjanes peninsula ridge (RPR), the tran
Legend is the same as in Fig. 1.
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East and the North American plate to the West (Einarsson, 2008; Bird,
2003). At the Reykjanes peninsula where the ridge makes landfall
SHmax remains mostly ridge parallel (Figs. 1 & 6). This pattern of SHmax

is consistent with observations by e.g. Sykes (1967) and Wiens and
Stein (1984) who show ridge parallel SHmax close to the spreading cen-
tre along divergent plate boundaries in general and especially in the
Indian Ocean.

Ridge parallel stress is also indicated further to the North along the
WVZ (Fig. 1). The western boundary of the Hreppar microplate is at
the WVZ and its northern boundary is the quietest Central Iceland Vol-
canic Zone (CIVZ) which is not represented by stress indicators here
(Einarsson, 2008).

In the South the Hreppar microplate meets the Eurasian plate at the
transform SISZ (Einarsson, 2008). This is one of the two areas with the
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largest seismic events (M= 7.2) in Iceland (e.g. Stefánsson et al., 2000;
Bergerat and Angelier, 2001). In the SISZ the SHmax is NNE to NE (Fig. 6)
which is consistent with the surface ruptures of large earthquakes (e.g.
Árnadóttir et al., 2003; Einarsson, 2008).

In the North-East of the SISZ the EVZ and the NVZ are the currently
active rift zones (Einarsson, 2008). Most of the rifting events (Laki,
Eldgjá, Krafla fires, Holuhraun) and volcanic eruptions (Grimsvötn,
Gjálp, Askja, Hekla, Barðabunga) are in these two zones (Sigmundsson
et al., 2015; Thordarson and Larsen, 2007). This activity is related to
the current location of the centre of the hotspot which is considered
to be beneath the Vatnajökull glacier at the transition from the EVZ to
the NVZ (e.g. Wolfe et al., 1997; Ito et al., 2003), Fig. 10). The SHmax is
found to follow the orientation of the EVZ and NVZ which are consid-
ered as the plate boundary from NE–SW in the South to N–S in the
North (Fig. 1). This pattern is also observed at some distance along the
Icelandic east coast (Fig. 7).
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In the North, the TFZ connects the NVZ with the Kolbeinsey Ridge
north of Iceland (Sæmundsson, 1974; Sæmundsson, 1979; Einarsson,
1991; Garcia, 2003; Stefánsson et al., 2008). The spreading is distributed
between the Dalvík Zone (DZ), the Húsavík-Flatey-Zone (HFZ) and the
Grimsey Oblique Rift (GOR) (Sæmundsson, 1974). This is the second
area with large magnitude seismic events in Iceland (Jakobsdóttir,
2008) and shows a NNW–SSE trend for the SHmax orientation which is
mainly inferred from focal mechanism solutions (Fig.8).

In the Westfjords which are the oldest part of Iceland (10–16 Ma,
Moorbath et al., 1968; McDougall et al., 1984) and also partly on the
Snæfellsnes peninsula a rotation of SHmax from ridge parallel towards
ridge perpendicular is observed (Figs. 9 & 1). This rotation is interpreted
as the transition from the ridge parallel stress orientation to the com-
mon intraplate stress orientation (Wiens and Stein, 1984; Sykes, 1967;
Sykes and Sbar, 1974; Müller et al., 1992; Grünthal and Stromeyer,
1992; Gudmundsson et al., 1996). This rotation is expected in some
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distance from the spreading centre which depends mainly on the com-
position of the rock and only partly on the age and distance from the
ridge (Wiens and Stein, 1984). Such a rotation is also expected to
occur off the Icelandic east coast to meet the overall trend of SHmax ob-
served in Europe (e.g. Grünthal and Stromeyer, 1992; Müller et al.,
1992; Heidbach et al., 2007).

Many of the stress indicators recognised in the applied quality rank-
ing, e.g. focal mechanism solutions or borehole breakouts, are manifes-
tations of a stress field which generally can be assumed as the currently
active in-situ stress field. Still, seismic events and volcanic eruptions
may change the local stress field in a very short time interval (e.g.
Reasenberg and Simpson, 1992; King et al., 1994; Dieterich et al.,
2000). Albeit, these changes induced by seismic events are generally
smaller than the regional stress magnitude (Hardebeck, 2010). Hence
they are assumed to be within the uncertainty of SHmax ±15° of even
the highest quality stress indicators. As well the isostatic rebound
fromdeglaciation is not expected to have an immediate impact on stress
orientation (Plateaux et al., 2014).
4.2. Comparison with other observations

A comparison of the orientation of SHmax with the direction of plate
motion (Geirsson et al., 2006) shows that they are in quite large areas
perpendicular to each other (Fig. 10). In a more local study (Keiding
et al., 2009) compared the stress and strain in the Reykjanes peninsula.
The stress is determined from the inversion of focal mechanism from
earthquake swarms while the strain is derived from GPS data. Keiding
et al. (2009) conclude that theminimumhorizontal stress Shmin is paral-
lel to the maximum horizontal strain _∈Hmax. This also holds for detailed
GPS data provided by Árnadóttir et al. (2009). In the Westfjords the
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orientation of SHmax is sub-parallel to the plate motion (Fig. 9 and
Árnadóttir et al., 2009, Figs. 3 & 4).

Extensive maps of surface fissure swarms are available for Iceland
(e.g. Gudmundsson, 1987; Clifton and Kattenhorn, 2006; Hjartardóttir
et al., 2009; Einarsson, 2010; Hjartardottir et al., 2015). Even though
eruptive fissures can be used as stress indicators, surfacefissure swarms
do not provide information on the stress field but on the deformation
(Hjartardottir et al., 2015). The fissure swarms are very similarly orient-
ed to the orientation of the SHmax. Especially in the NVZ the orientation
of the fissure swarms are well in agreement with eruptive fissures and
other stress indicators (e.g. Hjartardottir et al., 2015).

5. Conclusion

In this paper we present the first comprehensive and quality ranked
compilation of the contemporary stress data in Iceland including the
analysis of image logs from 57 geothermal boreholes. In total we com-
piled 495 SHmax orientations from different stress indicators. The main
contributions to the newly compiled database are from171 surface geo-
logical information, 61 geothermalwells (intermediate-depth), and 175
indicators from focal mechanism solutions of earthquakes (deep). The
two key findings of this compilation are: (1) no significant depth-
dependent variation in the SHmax orientation (±25°) is observed while
the stress regime changes with depth. (2) four distinct contemporary
stress provinces are present in Iceland. The stress provinces are in agree-
ment with the large-scale regional tectonic setting.
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The Stress Pattern of Iceland Moritz Ziegler1,2, Oliver Heidbach1, Mojtaba Rajabi3, Gylfi Páll Hersir4, Kristján Ágústsson4, Sigurveig Árnadóttir4 and Arno Zang1,2 
1Helmholtz Centre GFZ, Potsdam, D; 2University of Potsdam, Potsdam, D; 3Australian School of Petroleum, The University of Adelaide, Adelaide, SA 5005, AUS;4 ÍSOR, Iceland GeoSurvey, Reykjavík, IS. In the framework of the IMAGE project we compiled the first comprehensive stress map of Iceland from different stress indicators and new analyis of data from 51 Icelandic geothermal boreholes. In total we interpreted ~34 km of acoustic image logs for stress indicators, i.e. borehole breakouts and drilling induced tensile fractures. Furthermore we revised the existing 38 data records for Iceland in the World Stress Map and conducted an extensive literature research to compile all available focal mechanism solutions and geological stress indicators. The new stress compilation consists of 444 data records for the orientation of the maximum horizontal stress (SHmax) in and around Iceland with 307 data records of A-D qualities according to the World Stress Map ranking scheme (Fig. 1). Most of the A-D quality data records are from geological fault inversions (38%) and focal mechanism solutions (27%). Borehole related indicators (breakouts, drilling induced fractures, hydro-fractures) have a share of 14% while data from the alignments of volcanic vents, fissures and craters contribute with 12%. The inversion of several focal mechanism solutions make up 9% of the dataset. The mean orientation of SHmax is 16° +/- 39° for all A-D quality data. A closer look at subregions reveals four different provinces with fairly consistent SHmax orientation. They are in the Capital area and Southern Lowlands (mean SHmax = 38° +/- 29°), the eastern Highlands and Eastfjords (mean SHmax = 9° +/- 25°), the Tjörnes Fracture Zone and Akureyri (mean SHmax = 152° +/- 21°), and the Westfjords (mean SHmax = 137° +/- 17°). This distribution of SHmax orientations is in agreement with the prevailing structural geology. At the spreading ridges Reykjanes and Kolbeinsey in the South and North respectively an orientation of SHmax parallel to the plate boundary is observed. The same is observed in the Northern and Eastern Volcanic Zones and it is also indicated by the few indicators associated with the Western Volcanic Zone. In the transform South Iceland Seismic Zone and Tjörnes Fracture Zone which produce Icelands largest earthquakes, SHmax is at an angle of approximately 20° to 60° to the transform faults which define the plate boundary. A rotation from ridge parallel to the general intraplate ridge normal SHmax is expected at some distance from the plate boundary. Such a rotation is observed in the Westfjords, NW-Iceland. 

Fig. 2: Stress indicator of quality A-D in Iceland. The lines represent the orientation of SHmax. Major tectonic features are shown. 

287



Geophysical Research Abstracts
Vol. 18, EGU2016-3834, 2016
EGU General Assembly 2016
© Author(s) 2016. CC Attribution 3.0 License.

The Stress Pattern of Iceland
Moritz Ziegler (1,2), Mojtaba Rajabi (3), Oliver Heidbach (1), Gylfi Páll Hersir (4), Kristján Ágústsson (4),
Sigurveig Árnadóttir (4), Arno Zang (1,2)
(1) Helmholtz Centre Potsdam, German Research Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany, (2)
University of Potsdam, Institute of Earth and Environmental Science, Karl-Liebknecht-Str. 24-25, 14476 Potsdam-Golm,
Germany, (3) Australian School of Petroleum, The University of Adelaide, Adelaide, SA 5005, Australia, (4) Iceland
GeoSurvey (ÍSOR), Grensásvegur 9, 108 Reykjavík, Iceland

Iceland is one of the few places on earth where an active spreading can be observed onshore, yet the contemporary
crustal stress state has not been investigated intesively. We compiled the first comprehensive stress map of Iceland
from different stress indicators and analysed data from 57 Icelandic geothermal boreholes. In total we interpreted
appox. 37 km of acoustic image logs for stress indicators, i.e. borehole breakouts and drilling induced tensile
fractures. Furthermore we revised the 38 data records for Iceland from the World Stress Map 2008 and conducted
an extensive literature research to compile all available focal mechanism solutions and geological stress indicators.

The new stress compilation consists of 495 data records for the orientation of the maximum horizontal stress
(SHmax) in and around Iceland with 318 data records of A-D qualities according to the World Stress Map ranking
scheme. Most of the data records are derived from focal mechanism solutions (35%) and geological fault inversions
(26%). Borehole related indicators (breakouts, drilling induced fractures, hydro-fractures) have a share of 20%.
Minor contributions to the dataset are provided by the alignment of volcanic vents and fissures and overcoring
measurements.

The mean orientation of SHmax is 17˚ ± 39˚ for all A-D quality data. A closer look at subregions reveals four
different provinces with fairly consistent SHmax orientation. They are in the Capital area and Southern Lowlands
(mean SHmax = 38˚ ± 29˚), the eastern Highlands and Eastfjords (mean SHmax = 8˚ ± 25˚), the Tjörnes Fracture
Zone and Akureyri (mean SHmax = 151˚ ± 21˚), and the Westfjords (mean SHmax = 137˚ ± 17˚).

This distribution of SHmax orientations is in agreement with the prevailing tectonic structure. At the spreading
ridges Reykjanes and Kolbeinsey in the South and North respectively an orientation of SHmax parallel to the plate
boundary is observed. The same is observed in the Northern and Eastern Volcanic Zones and it is also indicated
by the few indicators associated with the Western Volcanic Zone. In the transform South Iceland Seismic Zone
and Tjörnes Fracture Zone which produce Icelands largest earthquakes, SHmax is at an angle of approximately
20˚ to 60˚ to the transform faults which define the plate boundary. A rotation from ridge parallel to the general
intraplate ridge normal SHmax is expected at some distance from the plate boundary. Such a rotation is observed
in the Westfjords, NW-Iceland.
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The World Stress Map Database Release 2016 - Global Crustal Stress Pattern vs. 

Absolute Plate Motion 

This part of the thesis examines the new (2016) release of the WSM project, and in particular, 

looks at whether the WSM database still shows a link between SHmax orientation and absolute plate 

motion, given the significant stress variations documented in prior chapters, and thus tests whether 

the key finding of the WSM project, that the crustal stress field is primarily controlled by plate 

boundary forces, is still valid. This chapter briefly summarizes results and work that has already 

been presented at three conferences, including 35 Years of International Lithosphere Program-

Celebrating Excellence in Solid Earth Sciences (in Potsdam, Germany), the General Assembly-2016 

of the European Geosciece Union (in Vienna), and the Arthur Holmes Meeting-2016 (at the 

Geological Society of London).  

The World Stress Map (WSM) Project was initiated in 1986 under the auspices of the 

International Lithosphere Program in order to compile the global database of the contemporary 

crustal stress state. The project has had three major phases so far. 

1. The first phase of the project (1986-1992), which contained ~7700 data records.

2. The second phase of the project (1995-2008), which produced a WSM consisting of 21750

data records.

3. The third phase (2009-2016), resulting in a WSM with 42870 data records.

This year marks the end of the third phase of the WSM project, and also the 30th anniversary of 

the project. The new release of the WSM project contains approximately double the information of 

the 2008 release, with 42,870 data records from various sources of information from across the 

world (Table 1). In particular the new database contain more than 3500 new data records from deep 

boreholes in China, Australia and New Zealand as well as new stress information from places that 

previously had limited data such as Eastern South America, Africa and Iceland (including over 1300 

wellbore indicators either analysed by the author, or compiled by the author from published 

sources). 

One of the key findings of the first phase of the WSM project was the observation that SHmax was 

generally oriented parallel to absolute plate motion in stable parts of North America, Europe and 

South America (Richardson, 1992). This observation was instrumental in reaching the first major 

conclusion fo the WSM Project, namely that plate boundary forces provide the primary control on 

the plate-wide stress pattern (Zoback, 1992; Zoback et al., 1989). However, since these original 

findings in 1992, there has been extensive improvements in plate motion analysis, such as the advent 

of GPS, which has drastically changed the absolute plate motion models in some areas. Furthermore, 

the WSM database now contains over 10 times more A-C quality data records than was available in 
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1992, and this data covers more continental regions, and at much higher data density, than could be 

studied previously. Finally, the increase in stress data density in the WSM has resulted in the 

recogniton that stress orientation can vary significantly at regional and local scales (Heidbach et al., 

2010), such as the numerous examples presented in earlier chapters of this thesis. Hence, the 2016 

release of the WSM project provides a fantastic opportunity, and clear rationale, for re-visiting the 

comparison between SHmax orientation and absolute plate motion, and to again test whether the 

present-day SHmax orientation is primarily driven by plate boundary forces. 

In this study, absolute plate motion (APM) is inferred from the HS3-NUVEL1A model (Gripp 

and Gordon, 2002), and is compared to the mean orientation of SHmax. In order to provide the mean 

SHmax orienation, A-C quality data were smoothed on a 1° regular grid with a search radius of 500 

km. The angular difference between SHmax and APM on each 1° grid was calculated, and is shown 

on Figure (1) by the histograms for six major tectonic plates. The results indicate that there is now 

only a reasonable correlation between APM and SHmax orientation in North and South America. The 

Eurasia and Australian plates show poor correlation between SHmax and APM. The Pacific and 

Africa plates also show poor corrolations between SHmax and APM, but it should be noted that stress 

data is quite sparse in these two plates, and thus the comparison may not be reliable.  

The mis-match between SHmax and APM seen in most tectonic plates might suggest that plate 

boundary forces are not the primary control on the present-day stress field. However, it is also 

possible, and I consider it likely, that the WSM data still indicates that plate boundary forces do 

control the present-day stress field at the first order. For example, geomechanical-numerical 

modelling indicates that plate boundary forces are a primary control on the intra-plate stress field in 

Australia, despite their being no clear relationship between SHmax and APM. Indeed, while North 

America and South America have plate boundary forces that largely push or pull in one direction, 

and thus show a SHmax-APM correlation, the plate boundaries of other major plates are generally 

more complex, and so there is less likely to be a simple SHmax-APM correlation. However, the 

observations from this thesis, combined with the widespread recognition of ‘third-order’ and 

‘fourth-order’ stress patterns (Bell, 1996; Heidbach et al., 2007; Tingay et al., 2006), do indicate that 

the stress orientation at any point is controlled by a wide range of stress sources, ranging from plate 

boundary forces right down to highly localised sources tat may only influence the stress orientation 

at the scale of metres.  
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Table1. Number of stress data records according to stress indicator and data quality. 
WSM 2008 new data records WSM 2016a 

A-E A-C A-E A-Cc A-E A-Cb 
Focal Mechanisms Single (FMS) 14,477 13,081 16,519 14,274 30,341 26,730 

Focal M. Inversion/Average (FMF, FMA) 1212 878 508 298 1720 1166 
Borehole Breakouts (BO, BOC, BOT) 4125 2168 2640 1204 6301 2962 

Drilling Induced Fracture (DIF) 278 82 663 352 941 430 
Hydrofracs (HF, HFG, HFM, HFP) 349 228 566 129 907 341 

Geological (GFI, GFM, GFS, GVA) 654 429 947 277 1601 704 
Overcoring (OC) 611 94 338 18 927 88 

Other (BS, PC, SWB, SWL, SWS) 44 9 88 35 132 44 
Sum 21,750 16,969 22,269 16,587 42,870 32,465 

a Sum of data records from the WSM 2008 database release and new data does not equal the total 
number since double entries of focal mechanisms and erroneous data entries were deleted from the 
WSM 2008 database. Furthermore, completely revised data records in particular for borehole data 
from China and Switzerland were also marked as new data entries since they were partly 
completely re-analysed from raw data.   

b 11,809 of these FMS data records are flagged as Possible Plate Boundary events (PBE) which 
indicates that they have a higher possibility not to show within the given C-quality (± 25°) 
assignment the SHmax orientation. 

c 6201 of these new FMS data records are flagged as Possible Plate Boundary events (PBE) which 
indicates that they have a higher possibility not to show within the given C-quality (± 25°) 
assignment the SHmax orientation. 
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Figure 1: World Stress Map based on the new data compilation with 20464 A-C quality data records. Note that in this map A-C quality data that are < 100 km 
away from any plate boundary were not shown (PBE of Heidbach, et. al., 2010). Lines represent the orientation of maximum horizontal stress (SHmax) and 
their length show proportional to data quality. Different colours indicate stress regimes with red for normal faulting (NF), green for strike-slip faulting (SS), 
blue for thrust faulting (TF), and black for unknown stress regime (U). Histograms show the deviation between the absolute plate motion azimuth from HS3-
NUVEL and the mean SHmax orientation. The mean SHmax orientation is calculated on a 1° grid using a search radius 500 km and applying a weighted by data 
quality and distance to the grid point. 
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The World Stress Map (WSM) Project was initiated in 1986 under the auspices of the 

International Lithosphere Program. Focus of the first WSM phase was to characterize 

the intraplate stress field pattern and to publish an open access database of the 

contemporary crustal stress information. In 1992 the final project results were 

published in a special volume of the Journal of Geophysical Research [Zoback 1992] 

with the scientific results based on the WSM database with over 7300 data records. 

The key finding of the first phase is that for a number of major tectonic plates the 

orientation of the maximum horizontal stress SHmax is sub-parallel to absolute plate 

motion. The second phase of the WSM project lasted from 1996 until 2008 as a 

project of the Heidelberg Academy of Sciences and Humanities, located at the 

Geophysical Institute, Karlsruhe University. At the end of this phase the WSM 

database has increased to 21,750 data records. With this compilation regional and 

local deviations from the first-order plate-wide trend were identified and published in 

a special issue of Tectonophysics [Heidbach et al. 2010]. Since 2009 the WSM project 

is located at the GFZ Potsdam and a new database release is in preparation for the 

30th anniversary of the WSM project in 2016. We present preliminary results of the 

new database release and two examples that show the practical use the WSM for the 

calibration of 3D geomechanical-numerical models; one represents a large scale 

model of the entire Alberta basin in Canada and the other is of smaller scale 

simulating the 3D in situ stress state of a potential waste disposal site in northern 

Switzerland. 
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The World Stress Map Database Release 2016 - Global Crustal Stress
Pattern vs. Absolute Plate Motion
Oliver Heidbach (1), Mojtaba Rajabi (2), Moritz Ziegler (1,3), Karsten Reiter (4), and the WSM Team
(1) Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Section 2.6 Earthquake Hazard and Stress
Field, Potsdam, Germany (oliver.heidbach@gfz-potsdam.de), (2) Australian School of Petroleum, The University of Adelaide,
Adelaide, SA 5005, Australia , (3) University of Potsdam, Institute of Earth and Environmental Science, Karl-Liebknecht-Str.
24-25, 14476 Potsdam-Golm, Germany, (4) TU Darmstadt, Institute of Applied Geosciences, Schnittspahnstr. 9, 64287
Darmstadt, Germany

The World Stress Map (WSM) Project was initiated in 1986 under the auspices of the International Lithosphere
Program in order to compile the global information on the contemporary crustal stress state. The data come from
a wide range of stress indicators such as borehole data (e.g. hydraulic fracturing, borehole breakouts), earthquake
focal mechanism solutions, engineering methods (e.g. overcoring), and geological data (e.g. inversion of fault slip
measurements). To guarantee the comparability of the different data sources each data record is assessed with
the WSM quality ranking scheme. For the 30th anniversary we compiled a new WSM database with 42,410 data
records which is an increase by >20,000 data records compared to the WSM 2008 database. In particular we added
new data from more than 3,500 deep boreholes and put special emphasis on regions which previously had sparse or
no published stress data such as China, Australia, Brazil, Southern Africa, Middle East and Iceland. Furthermore,
we fully integrated the Chinese stress database and the Australian stress database. The resulting data increase
reveals several areas with regional and local variability of the stress pattern. In particular we re-visited the question
whether the plate boundary forces are the key control of the plate-wide stress pattern as indicated by the first release
of the WSM in 1989 [Zoback et al, 1989]. As the WSM has now more than 10 times data records and thus a better
spatial coverage we first filter the long-wave length stress pattern on a regular grid. We determine at these grid
points the difference between absolute plate motion azimuth using the global plate model HS3-NUVEL1A [Gripp
and Gordon, 2002] and the mean orientation of the maximum horizontal stress. The preliminary results show that
the earlier findings are still valid in principal. However, all plates show in some parts significant deviations from
this general trend; some plates such as the Australian Plate show hardly any correlation at all. These deviations
seem to be either due to mantle drag forces, different plate boundary forces acting in different directions, additional
internal body forces or major structural inhomogeneity’s.
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New Crustal Stress Map of the Mediterranean and Central Europe
Oliver Heidbach (1), Susana Custodio (2), Andrew Kingdon (3), Maria Teresa Mariucci (4), Paola Montone (4),
Birgit Müller (5), Simona Pierdominicini (1), Mojtaba Rajabi (6), John Reinecker (7), Karsten Reiter (8), Mark
Tingay (6), John Williams (3), Moritz Ziegler (1,9)
(1) Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Section 2.6 Earthquake Hazard and Stress
Field, Potsdam, Germany (oliver.heidbach@gfz-potsdam.de), (2) Instituto Dom Luiz, Faculdade de Ciencias, Universidade de
Lisboa, Lisbon, Portugal, (3) British Geological Survey, Environmental Science Centre, Keyworth, Nottingham NG12 5GG,
UK, (4) Instituto Nazionale di Geofisica e Vulcanologia, Via di Vigna Murata 605, 00143 Rome, Italy, (5) Institute of Applied
Geosciences, KIT, Adenauerring 20b, 76131 Karlsruhe, Germany, (6) Australian School of Petroleum, The University of
Adelaide, Adelaide, SA 5005, Australia , (7) GeoThermal Engineering GmbH, Baischstr. 8, 76133 Karlsruhe, Germany, (8)
TU Darmstadt, Institute of Applied Geosciences, Schnittspahnstr. 9, 64287 Darmstadt, Germany, (9) University of Potsdam,
Institute of Earth and Environmental Science, Karl-Liebknecht-Str. 24-25, 14476 Potsdam-Golm, Germany

The World Stress Map (WSM) Project was initiated in 1986 under the auspices of the International Lithosphere
Program in order to compile globally the information on the contemporary crustal stress state. For the 30th an-
niversary the WSM database has been updated and increased the number of data records from 21,750 to 42,410
worldwide. For the Mediterranean and Central European stress map the number of data records has increased from
3877 to 8192. The data come from a wide range of stress indicators such as borehole data (e.g. hydraulic fracturing,
drilling induced tensile fractures, borehole breakouts), earthquake focal mechanism solutions and stress inversions
from these, engineering methods (overcoring, borehole slotter) and geological data (e.g. volcanic alignment, in-
version of fault slip data). To guarantee the comparability of the different stress indicator the resulting data are
quality-ranked using the WSM quality ranking scheme. The new data set has a better coverage and enables us to
identifying the regional and local variability of the stress pattern. For the Mediterranean and Central Europe we
analysed the wave-length of the stress pattern by determining the mean orientation of the maximum horizontal
stress SHmax on a regular grid using an updated version of the hybrid approach of Heidbach et al. [2010]. The
preliminary results show that the Africa-Eurasia plate convergence is a key control of the overall stress pattern.
However, given the complex tectonic setting in particular due to the indentation/collision of the Adriatic micro
block, the Alpine topography as well as forces that control the movement of the Anatolian and Aegean block, the
stress pattern shows in these regions significant changes in the mean SHmax orientation as well as in the tectonic
regime.
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The World Stress Map (WSM) Project was initiated in 1986 under the auspices of the 
International Lithosphere Program in order to compile the global information on the 
contemporary crustal stress state. The data come from a wide range of stress indicators such 
as borehole data (e.g. hydraulic fracturing, borehole breakouts), earthquake focal mechanism 
solutions, engineering methods (e.g. overcoring), and geological data (e.g. inversion of fault 
slip measurements). To guarantee the comparability of the different data sources each data 
record is assessed with the WSM quality ranking scheme. For the 30th anniversary we 
compiled a new WSM database with 42,410 data records which is an increase by >20,000 
data records compared to the WSM 2008 database. In particular we added new data from 
more than 3,500 deep boreholes and put special emphasis on regions which previously had 
sparse or no published stress data such as China, Australia, Brazil, Southern Africa, Middle 
East and Iceland. Furthermore, we fully integrated the Chinese stress database and the 
Australian stress database. The resulting data increase reveals several areas with regional 
and local variability of the stress pattern. In particular we re-visited the question whether the 
plate boundary forces are the key control of the plate-wide stress pattern as indicated by the 
first release of the WSM in 1989 [Zoback et al, 1989]. As the WSM has now more than 10 
times data records and thus a better spatial coverage we first filter the long-wave length stress 
pattern on a regular grid. We determine at these grid points the difference between absolute 
plate motion azimuth using the global plate model HS3-NUVEL1A [Gripp and Gordon, 2002] 
and the mean orientation of the maximum horizontal stress. The preliminary results show that 
the earlier findings are still valid in principal. However, all plates show in some parts significant 
deviations from this general trend; some plates such as the Australian Plate show hardly any 
correlation at all. These deviations seem to be either due to mantle drag forces, different plate 
boundary forces acting in different directions, additional internal body forces or major structural 
inhomogeneity’s.  
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7. Concluding Statement

The aim of this thesis was to investigate the pattern of crustal stress at different spatial scales in 

order to better evaluate the causes and consequences of present-day stress in the earth’s crust. The 

research conducted in this thesis resulted in nine stress-related journal publications or manuscripts, 

as well as greatly contributing to the 2016 release of the World Stress Map (WSM) project. The 

results and key conclusions for each part of the thesis are stated in each paper. Herein, I summarize 

the major outcomes of this thesis. 

This thesis provided significant advancement in understanding the stress state of Australia, New 

Zealand and Iceland, and particularly in regions where there were no or sparse stress data. These 

new stress maps, that are included in the WSM-2016 database, are shown in Figure 1. In the 

introduction of the thesis, I stated that in-situ stress is a scale-dependant parameter, meaning that the 

study of stress depends on the scale of the study. The analysis of stress conducted in this thesis 

revealed that large scale stress analyses do not necessarily represent the in-situ stress pattern at 

smaller scales. Similarly, the analyses of just a couple of borehole measurements in one area might 

not be a good representation of the regional stress pattern. For example, the regional pattern of 

maximum horizontal stress (SHmax) in the Gunnedah and Clarence-Moreton basins (eastern 

Australia) is ENE-WSW. However, stress analyses at smaller, basin and wellbore, scales revealed 

variable SHmax orientations, that can even be perpendicular to the regional trend.  

Interestingly, all the stress sources, acting from the plate to the wellbore scale, are inter-related to 

each other, so that the in-situ stress at any given point in the earth's crust is the resultant of all these 

different stress sources. Hence, the analysis of stress in this thesis resulted in the introduction of 

‘fourth-order’ stress sources that control the stresses at very small scales (< 1km), and which 

compliments the already established classification of first-, second- and third-order stress sources 

published by numerous other authors. These fourth-order stress sources are particularly important 

for geothermal and petroleum production applications, such as where hydraulic fracturing is crucial 

for the safe and economic development of reservoirs. Figure 2 illustrates the updated classification 

of stress-sources in the earth’s crust. 

Stress investigations at different spatial scales in Australia, New Zealand and Iceland also provide 

significant conclusions about the analysis and interpretation of stress data. 

1. Interpretation of in-situ stresses, particularly at larger scales such as tectonic plate scales,

requires a significant knowledge about regional tectonics and geodynamics.

2. Regional geological understanding is an important part of any stress analysis, particularly at

basin and wellbore scales.
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3. In-situ stress in intraplate regions can be uniform (directly linked to plate boundary forces),

or highly scattered due to the presence of complex plate boundaries and the presence of

local stress sources.

4. All stress sources are inter-related, and what we see at any given point in the earth's crust 

is the resultant of different sources.

5. The many methods for stress measurement involve significantly different concepts, and

need to be carefully ranked in terms of their reliability. Interpretation of stress data without

any quality ranking or weighting can provide misleading results.

This research, along with new updates by the WSM project, provide the most comprehensive global 

stress database available, and represent our greatest understanding of the crustal stress field to date. 

However, there are still several places in which the WSM contains no, or sparse, data (Figure 1). 

Whilst geomechanical-numerical models and interpolation methods may provide insight into the 

likely stress orientations in these regions, the results of this thesis highlight the great importance of 

having high quality in-situ stress data, and sufficient data density, in order to reliably assess the 

stress field. Furthermore, the results of this thesis, and the WSM in general, can be compared with 

geological settings in order to make predictions about the regional orientation, and likely degree of 

local variation, in unstudied areas. For example, the SHmax orientations in active intra-arc regions 

(such as New Zealand’s North Island) are generally sub parallel to the rift axis, while the SHmax 

orientation in active foreland settings is generally perpendicular to the mountain belt (e.g. Papua 

New Guinea and the Molasse Basin in Europe). Hence, by developing and understanding the links 

between geological settings and SHmax orientations in the WSM, and particularly studying the stress 

orientation on a range of scales, we can potentially predict the regional and in-situ stress pattern 

throughout the Earth’s crust.  
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Figure 1: The 2016 version of the World Stress Map (WSM) contain 42870 maximum horizontal stress (SHmax) data records. This thesis conducted the stress analysis in 

Australia (a), New Zealand (b) and Iceland (c). Compare this map with the 2008 release of the WSM (Figure 9 in Chapter 2). The 2016 release of the ASM contained 2140 

A-E quality data records in 30 regions. In the new version of the WSM map, New Zealand is represented by 652 A-E quality. Iceland (c) contains 495 A-E quality SHmax data 

records. 



Figure 2: Classification of various orders of crustal stress sources with spatial and temporal effects, as well as 
major implications and some Australian examples. According to this classification, the orders of stress in the 
earth’s lithosphere can be explained by interaction of different sources. (a) Plate boundary forces are the first-
order control on the stress field of continental Australia. (b) and (c) show significant rotation of stress 
orientations due to presence of second and third order of stress sources (basement structures, faults and 
lithological contrasts) in the Surat and Gunnedah basins in eastern Australia. (d) Shows an example of stress 
rotation at wellbore scale owing to fourth-order of stress sources (faults and fractures). 
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8. Contribution to Additional Papers

8.1. Journal Paper: 

Paper 10: The Effect of Magmatic Intrusions on Coalbed Methane 

Reservoir Characteristics: A Case Study from the Hoskissons 

Coalbed, Gunnedah Basin, Australia 

Salmachi, A., Rajabi, M., Reynolds, P., Yarmohammadtooski, Z., Wainman, C. 2016. The 

effect of magmatic intrusions on coalbed methane reservoir characteristics: A case study from 

the Hoskissons coalbed, Gunnedah Basin, Australia. International Journal of Coal Geology 

165, 278-289. DOI: http://dx.doi.org/10.1016/j.coal.2016.08.025.
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Magmatic intrusions can deteriorate coalbedmethane reservoir quality by precipitating minerals in natural frac-
ture and cleat system. To date, the effect of magmatic intrusions on coal rank and maturity has been studied ex-
tensively. However, their impact on fluid flow capacity and gas content is poorly investigated. This study
evaluates the impact of magmatic intrusions on reservoir characteristics of the Hoskissons coal interval in the
Gunnedah Basin (eastern Australia) where numerous coal-intrusion associations exist. Drill stem test (DST),
borehole image logs and core data are used to determine fluid flow characteristics, gas content and quality in
14 wells across the Gunnedah Basin. The integration of borehole image logs and DST data analysis enables us
to determine the existence, openness, and hydraulic conductivity of natural fracture and cleat systems in the
Hoskissons coal interval. In addition, available desorption canister data, gas composition data, and conventional
well logs are interpreted to investigate probable thermal effect on gas content.
Our analyses of different datasets reveal that the thickness of intrusions and their positions with respect to the
Hoskissons coal interval are variable in the studied wells. Permeability varies from 1091 mD down to zero
owing to heterogeneous fracture and cleat systems. Interpreted natural fracture/cleat systems arewell correlated
with measured permeability from DST data analysis. This highlights the role of open natural fractures/cleats in
fluid flow characteristics of the Hoskissons coal interval. Results indicate that the mineralizing effect of hydro-
thermal fluids derived either frommagmatic intrusions or coal itself is not a controlling factor in fluid flow capac-
ity of the Hoskissons coal interval in the studied wells. This is described by either the distance between coal
section and major intrusions in some wells or perhaps emplacement of intrusive bodies prior to development
of cleat and natural fracture networks. The destructive impact of intrusions on permeability is observed in one
of the studied wells in which in-situ stress perturbation is large (due to presence of magmatic intrusions in sed-
imentary rocks). Variable in-situ stress orientation can decrease fracture connectivity and consequentlyfluidflow
properties are affected. Gas content largely varies in heat affected coal intervals. This signature is the result of
thermal effect fading with distance and is more pronounced when intrusions are in close proximity to coal inter-
vals. Gas composition is variable in the studied wells. Gas composition data indicate that high quality desorbed
gas with methane concentration higher than 90% could be found even in coal intervals which are heavily
intruded.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Intrusive magmatic systems can be composed of interconnected
bodies of magma, such as sills, dykes and laccoliths (Duff and Holmes,
1993). These features often preferentially exploit structural weaknesses
such as faults (Magee et al., 2013) aswell as focusing alongmechanical-
ly weak lithologies (Schofield et al., 2012). Magmatic intrusions intrud-
ing into coalbed can play an important role in coalbed methane
reservoir properties (Cooper et al., 2007; Golab et al., 2007). The effect
almachi).

31
of magmatic intrusions on coalbeds can include changes in geochemical
and petrographic properties, coal rank, vitrinite reflectance, micro- and
meso-pore structure, and fluid flow characteristics. These effects have
been investigated in various regions and basins worldwide such as the
Karoo Basin in South Africa, Sangatta coal deposit of East Kalimantan
in Indonesia, Bukit Asam deposit of Sumatra, Pennsylvanian coals in
the Illinois Basin in the United States, and coalbeds of the Gunnedah
Basin, Australia (Amijaya and Littke, 2006; Gröcke et al., 2009; Gurba
and Weber, 2001; Mastalerz et al., 2009; Moore, 2012; Rimmer et al.,
2009).

The extent of the altered zone in coal depends on temperature and
size of the igneous bodies as well as cooling mechanisms (Barker et
4
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al., 1998; Bostick and Pawlewicz, 1984; Crelling and Dutcher, 1968).
Hence, it is explained as a function of intrusion thickness and can vary
from only a fraction of intrusion thickness up to several times the intru-
sion thickness (Aghaei et al., 2015; Golab et al., 2007; Jones and Creaney,
1977; Mastalerz and Jones, 1988; Stewart et al., 2005).

Temperature at close contact between coal and intrusions can be
possibly higher than 600 °C for a fairly short period of time (Stewart
et al., 2005). This temperature is higher than typical temperatures re-
quired for normal coalification condition (Rimmer et al., 2009). Typical
temperatures for normal coalification process are less than170 °C for bi-
tuminous coals and less than 250 °C for anthracite coals (Taylor et al.,
1998). This results in increase in vitrinite reflectance, fixed carbon,
and ash content followed by decline in volatile matter content
(Rimmer et al., 2009; Stewart et al., 2005; Yoksoulian et al., 2016).
Mastalerz et al. (2009) described increase in vitrinite reflectance from
0.62% up to 5.03% over a distance of 5 m from a large dike, and from
0.63% up to 3.71% within a distance of 3.3 m from a small dike for
coals in the Illinois Basin. Yoksoulian et al. (2016) also indicated that
coal rank changes from high volatile bituminous rank (vitrinite reflec-
tance of 0.6–0.7%) to meta-anthracite rank (vitrinite reflectance of
5.3%) within a distance of 10 m from a dike. Adjacent to an intrusion,
volatilematter (VM) content of the coal decreaseswhereasfixed carbon
(FC) and ash content can increase (Rahman and Rimmer, 2014; Rimmer
et al., 2009; Yoksoulian et al., 2016).

Gas storage and quality and geo-mechanical and fluid flow proper-
ties could also change in intruded coals (Gurba and Ward, 1998;
Gurba and Weber, 2001; Rajabi et al., 2016b). Variation in gas content
is a function of several parameters including coal rank, coal depth, prox-
imity to magmatic intrusions, and the sealing capacity of overlying for-
mations (Gurba and Weber, 2001; Moore, 2012; Salmachi et al., 2015).
Gas desorption canister tests assist to evaluate gas storability of the coal
and also its quality. High concentration of inert gases including carbon
dioxide and nitrogen affects the economic value of the produced gas.
High carbon dioxide content in coals of the Sydney Basin in Australia
is believed to have roots in shallow seated magmatic intrusions (Faiz
et al., 2007). High concentration of carbon dioxide maybe related to
contact metamorphism effects or degassing of magma (Moore, 2012).

Hydrothermal circulation systems triggered by magmatic intrusions
at shallow depth are highlymineralizing (Holford et al., 2013). These sys-
tems can play an important role in fluid flow characteristics of coal sec-
tions, through precipitating minerals and infilling fractures and cleats
(Golab et al., 2007). This impairs coal permeability and deteriorates con-
ditions for gas production from coalbeds. Fracture and cleat filling with
minerals has been stated in literature for various magmatic intrusion-
coal associations (Golab et al., 2007; Mastalerz et al., 2009). The intensity
of mineralization increases with proximity to the intrusion. Due to varia-
tion in cleat and natural fracture systems, coal permeability shows signif-
icant variability even in a specific coalbed in a region (Ayers, 2002;
Laubach et al., 1998; Palmer, 2010). Hence, along with gas content, gas
quality and coal thickness, comprehensive permeability measurement is
of significant importance to generate themap of sweet spots and fairways
in coalbed methane reservoirs (Ayers, 2002; Palmer, 2010).

Magmatic intrusions are able to act as seals or barriers to gas migra-
tion from underlying coal deposits and affect coal gas contents across
the reservoir. For example, Gurba and Weber (2001) demonstrated
that coals which are located beneath large sills have high gas content
compared to those on top of the sills in the Gunnedah Basin in eastern
Australia. The sealing capacity of intrusions is related to their lateral ex-
tent, thickness, and the abundance of cooling joints, fractures and inter-
connected gas vesicles (Holford et al., 2013; Rateau et al., 2013). Hence,
extensive dataset including intrusion morphology, dynamics of magma
flow, depth of emplacement, well logs and core data are required for
detailed analysis of intrusion impacts on coalbed methane reservoir
properties. The study of intrusionmorphology and emplacementmech-
anisms is commonly undertaken using 3D seismic data (Schofield et al.,
2012; Thomson, 2007) and/or field observations (Hutton, 2009).
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Source rock related properties (gas content and gas quality) along
with fluid flow ability (coal permeability) of coalbeds are crucial for ex-
ploration and production of these self-sourcing reservoirs (Ayers, 2002;
Moore, 2012). Hence, in this paperwe aim to investigate the effect of in-
trusions and their associated hydrothermal circulations on fluid flow
characteristics of the coalbed in the Gunnedah Basin, eastern Australia.
We first investigate the presence of magmatic intrusions in the studied
wells using wellbore data. Then, we interpret DST data and borehole
image logs in 14 wells that are located from north to south of the
Gunnedah Basin to explain fluid flow characteristics of the Hoskissons
coalbed. We particularly study the quality of the natural fracture/cleat
systems, absolute permeability, gas content and gas quality using differ-
ent type of analyses and data. Finally, we show and explain the consis-
tency of the results and highlight the role of magmatic intrusions on
reservoir characteristics.

2. Geological setting of the study area

The Gunnedah Basin is one of the major coal Basins in eastern Aus-
tralia that covers an area of over 15,000 km2 in northeastern New
South Wales (Stewart et al., 1995). The Permo-Triassic Gunnedah
Basin accommodates up to 1200 m marine and non-marine sediments
and has considerable potential for coalbed gas exploration and produc-
tion (Othman et al., 2001; Stewart et al., 1995; Tadros, 1993). The basin
is a part of the Sydney-Gunnedah-Bowen Basin system which initiated
in an extensional tectonic setting (rift basin) during the Late Carbonifer-
ous to Early Permian (Glen, 2005; Tadros, 1993). Due to extensional set-
ting of the basin, significant rift volcanic covered the basement rocks of
the Lachlan Fold Belt and produced several troughs that are filled by
(coal bearing) sediments (Danis et al., 2010; Tadros, 1993). Fig. 1
shows the simplified geological map of the Gunnedah Basin and the lo-
cation of the studied wells to assess prospective gas production from
coals of the Gunnedah Basin. During and at the end of the Late Permian,
the Sydney-Gunnedah-Bowen Basin system converted to a coal-bearing
foreland basin dominated by compressional regime, uplift and erosion
(Danis et al., 2010; Glen, 2005; Tadros, 1993). The Surat Basin formed
over the northern and western parts of the Gunnedah Basin during
the Jurassic-Cretaceous. More details about the geology and tectonic
setting of the Gunnedah Basin can be found in Tadros (1993), Glen
(2005), and Danis et al. (2010).

The Late PermianHoskissons coalmeasure is one of themost impor-
tant coalbeds in the Gunnedah Basin and has significant potential for
methane extraction (Tadros, 1993). The coal measures contain a num-
ber of magmatic intrusions which have been intersected by drill holes,
particularly in the southeast of the Basin (Gurba and Ward, 1998;
Gurba andWeber, 2001). These intrusionswhich range from a few cen-
timeters to some tens ofmeters in thickness, are of basic and intermedi-
ate composition and are Late Triassic to Tertiary in age (Gurba and
Weber, 2001). Contact metamorphism associated with the intrusions
has resulted in the generation of hydrocarbons (Gurba and Weber,
2001; Othman et al., 2001).

3. Methodology

The methods and techniques assist to characterize the Hoskissons
coalbed are listed in Fig. 2. Reservoir characterization is placed into
two categories of fluid flow characteristics and gas content and quality.
Gas content and gas quality are studied using available desorption can-
ister data. Fluid flow characteristics (absolute permeability and quality
of natural fracture/cleat systems) are studied by DST data analysis and
borehole image logs interpretation.

The thickness and interaction of magmatic intrusions with the
Hoskissons coalbed are identified at wellbore-scale usingwell log inter-
pretation, core analysis, and well completion reports. Due to lack of
high-resolution 2D and 3D seismic data, we are not able to investigate
the 3D morphology of intrusions. However, the position of major



Fig. 1. Simplified geological map of the Gunnedah Basin and the location of the studiedwells. Themajority of the basement in the Gunnedah Basin ismetasediments andmetavolcanics of
the Lachlan Fold Belt (Tadros, 1993).

280 A. Salmachi et al. / International Journal of Coal Geology 165 (2016) 278–289
intrusions with respect to the Hoskisson coal intervals are obtained
from wellbore data. Fig. 3 shows major magmatic intrusions and the
Hoskissons coalbed intersected in the studied wells. Magmatic intru-
sions are emplaced either in close proximity or farther distances to the
Hoskissons coal intervals. Due to proximity to intrusions, coal intervals
in Lake Goran 1 and Kahlua 1 are heat affected (see Fig. 3). As demon-
strated in Fig. 3, Lake Goran 1 has the thickest intrusion (126m in thick-
ness) and the Hoskissons coal interval is sandwiched between
intrusions. Coal interval in Kahlua 1 is intruded by a 3-m thick intrusion
and as a result, coal is heat affected close to the intrusion.
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3.1. Gas content and quality

Gas desorption analysis has been performed on core samples in the
study area to investigate gas storage capability of coalbeds of the
Gunnedah Basin. The total gas content including lost gas (Q1), desorbed
gas (Q2), and residual gas (Q3) are obtained from the New SouthWales
Department of Resources and Energy database. The lost gas (Q1) is esti-
mated using Smith and William method (Smith and Williams, 1984).
Desorbed gas (Q2) is obtained bymeasuring the amount of gas released
from core samples in canister using the method specified in Australian
6
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Fig. 2. The workflow to study reservoir characteristics of the Hoskissons coalbed. Gas content and its quality are studied by desorption canister data. Fluid flow characteristics of the coal
intervals are studied by DST data analysis and borehole image log interpretation.
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Standards (Standards, 1999). Waiting time for desorption period varies
between 30 days to 90 days. Total gas content is explained in dry, ash
free basis (DAF) for comparison purposes. Gas composition samples
are normally taken from desorption canister immediately after final
canister reading. The results used in this study are based on an air-free
basis assuming only the measured constituents are present.
Fig. 3. Position of nearby intrusions with respect to the Hoskissons coal interval in the studiedw
left blank for better visualization.
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3.2. Drill stem test data analysis

Drill stem test is generally run in a well being drilled to evaluate the
flowpotential for an unknown formation of interest (Earlougher, 1977).
DST provides a temporary completion for thewell by isolating the target
formation from the wellbore using downhole packers (Earlougher,
ells. Onlymajor intrusions and Hoskissons coal intervals are shown. Other formations are
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1977). Formation fluid is produced through drill string and bottom-hole
pressures and temperatures are recorded using downhole gauges. DST
tests usually include two flow periods and two shut-in periods. Final
flow and shut-in periods are generally longer than initial flow and
shut-in periods. Hence; they are more reliable for data analysis
(Hackbarth, 1978; Matthews and Russell, 1967). Analysis of DST data
assists to estimate two fundamental flow properties including perme-
ability (K) and skin factor (S). The DST data of studiedwells have gener-
ally final flow periods (second flow period) of 30 to 90 min and final
shut-in periods of 2 to 12 h.

In this study, the final shut-in period data (second build up test) are
analyzed to determine coalbed permeability. Shut-in pressures are ex-
tracted from second pressure signal (pressures recorded after the sec-
ond flow period until the end of the test). The diagnostic plots
including the plots of ΔP and its logarithmic derivative versus Δ t are
calculated and used to identify radial flow regime in these tests. Once
logarithmic derivative ofΔP versusΔt in logarithmic scale stabilizes, ra-
dial flow regime may be identified. On the Horner plot, the slope of the
straight-line section is used to calculate absolute permeability (relative
permeability to water). Coalbed permeability is calculated from
straight-line section of theHorner plot using Eq. (1) (Earlougher, 1977):

K mDð Þ ¼ −162:6� qw � Bw � μw

mh
ð1Þ

where K is permeability in millidarcy, qw is the average water flow rate
during the flow period in barrels per day, Bw is the water formation vol-
ume factor, μw is the water viscosity at the reservoir temperature in
centipoise (μ), h is the coalbed thickness in feet, and m is the slope of
the straight-line section in the Horner plot.

3.3. Borehole image log

Borehole image logs provide a 360° picture of the borehole wall and
provide valuable sources of information for fracture interpretation, in-
situ stress and palaeo-stress analysis, sedimentary facies analysis and
reservoir modelling (Finkbeiner et al., 1997; Prensky, 1999; Rajabi et
al., 2010, 2016a; Wilson et al., 2013). In the petroleum industry there
are variety of borehole image logs that investigate different physical
properties of rock and fluid on the borehole wall including resistivity,
acoustic and density. In this study, we analyzed acoustic borehole
image logs of 14 wells in which ultrasonic waves are sent to the bore-
hole wall and travel time and amplitude of reflected signals are
Fig. 4.Gas content range (minimumandmaximum) for the Hoskissons coal section in the studi
Heat affected coals aremarkedwith red rectangles. NoDSTwas run in Culgoora 1a; therefore, p
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recorded (Prensky, 1999). Generally different materials have different
acoustic properties particularly open fractures/cleats. Open fractures/
cleats invaded by drilling mud have low-amplitudes and can be distin-
guished from rock matrix by their different acoustic properties. In this
study, acoustic borehole image log is employed to investigate the qual-
ity of natural fracture/cleat systemwith particular emphasis on the frac-
ture/cleat frequency in coal section and their openness. Borehole image
log interpretations combined with permeability measurement using
DSTdata analysis provide a robust practice to assess fluidflow capability
of the coal section.

4. Analysis and discussion

4.1. Gas content and quality

Gas content measurements of the Hoskissons coalbed in the studied
wells are summarized in Fig. 4. The difference between minimum and
maximum gas contents is an indication of variability of gas content in
the coal interval. Generally, the variability of gas content in the
Hoskissons coal interval is significant when coal is heat affected (see
Fig. 4). The maximum gas content measured in the Hoskissons coal in-
terval of Lake Goran 1 and Kahlua 1 are approximately 3 to 4 times
higher than their minimum gas content.

LakeGoran 1 is the examplewell inwhich coal is confinedwithmag-
matic intrusions. This well is heavily intruded and the Hoskissons coal
section is sandwiched between an upper 126 m-thick intrusion (258-
384m) and a threemeter thick intrusion toward the base of the section.
Core analysis indicates that the upper intrusion is dark green to purple
and black, crystalline, and has high strength. The upper intrusion is
emplaced approximately 16 m away from top of the Hoskissons coal
section. The minor intrusion (415–418.6 m) at the base of the coal sec-
tion is separated by a thin bedof siltstone. Fig. 5 is the gas content profile
for Lake Goran 1, constructed based on available desorption canister
data. Gas content profile includes coalbeds of the Trinkey Formation
(100.0–218.1 m), the Breeza coal Member (385.1–386.7 m), and the
Hoskissons coal interval (405.6–414.3 m). Gas content of the individual
coalbed (197.4–198.2 m) situated close to the top of the first major in-
trusion (200-240 m) is elevated compared to upper coalbeds in the
Trinkey Formation. Coalbeds of Breeza Member (385–385.7 m and
386.3–387m) are at close proximity to the base of the secondmajor in-
trusion (see Fig. 5) and their gas contents are also elevated. As the dis-
tance between coalbed and intrusion increases gas content rapidly
decreases. Although thick intrusions exist on top of the Hoskissons
edwells. Coal permeability, calculated by DST data analysis, has been labeled for eachwell.
ermeability is not available (NA).

8



Fig. 5. Gas content profile of coalbeds penetrated in Lake Goran 1. Gas content profile
includes coalbeds of the Trinkey Formation (100.0–218.1 m), Breeza coal Member
(385.1–386.7 m), and the Hoskissons coal interval (405.6–414.3 m). Two major
intrusions were penetrated prior to intersecting the Hoskissons coal section. The
thickest intrusion (about 126 m) is situated 16 m away from top of the Hoskissons coal
interval. Gas content measurements in the Hoskissons coal interval are also shown
separately.
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coal interval, vitrinite reflectance of 0.62% and 0.65% for middle and
upper part of the coal shows no sign of rank increase. The base of the
coal interval is thermally affected by the 3.5 m-thick intrusion situated
in close proximity to the interval. Fig. 5 also shows the change in gas
content in the Hoskissons coal section in Lake Goran 1 separately. The
gas content of the coal in close proximity to the minor intrusion is
about 12 m3/ton and the values of gas content decrease as distance be-
tween coal and the base intrusion increases. The existence of magmatic
intrusions in close contact with coalbeds is inferred to have thermally
altered the coal in Lake Goran 1, resulting in significant variability in
gas content over the coal intervals. Gas content trends are sharp and
stretching over coal intervals (see Fig. 5). This signature is due to ther-
mal effect fadingwith distance and consequently coal rank and gas con-
tent rapidly alter.

Kahlua 1 is the example well in which the Hoskissons coal section is
intruded by a 3-m thick basaltic intrusion. Fig. 6 shows the trends of
maximum and minimum vitrinite reflectance and volatile matter con-
tent measured along the coal interval. Close to the intrusion, increase
in vitrinite reflectance and decrease in volatilematter content obviously
show an increase in coal rank. The background vitrinite reflectance of
0.6–0.8% (high-volatile bituminous rank) increases up to 2.37% (semi-
anthracite rank) when intrusion is approached. Volatile matter content
decreases from34% at the base of the coal interval down to 10% adjacent
to the intrusion. Vitrinite reflectance returns to the background level in
Fig. 6. The trends of minimum and maximum vitrinite reflectance and volatile matter
content for the Hoskissons coal in Kahlua 1. The 3-m thick basaltic intrusion has
thermally altered surrounding coals resulting in higher vitrinite reflectance. The vertical
grey box shows the range of typical values for minimum and maximum vitrinite
reflectance in the study area.



Table 1
Gas composition analysis for the Hoskissons coal interval in the studied wells.

Well name
Sample mean
depth (m)

Methane
(%CH4)

Carbon dioxide
(%CO2)

Other gases
(%)

Blue Hills 2 674.6 25.94 72.06 2
676.36 9.67 85.51 4.82
678.68 23.16 75.26 1.58

Culgoora 1a 743.895 92.02 5.09 2.89
746.05 96.61 3.05 0.34
747.425 97.44 2.32 0.24
748.9 97.69 2.1 0.21

Culgoora 2 742.75 50.98 48.95 0.07
743.555 54.83 45.11 0.06
744.8 84.17 15.71 0.12
749 88.03 11.81 0.16
749.8 63.94 35.98 0.08

Brigalow park 2 475.065 98.91 1 0.09
476.925 98.94 0.89 0.17
479.32 99.45 0.47 0.08
480.575 99.25 0.69 0.06
483.275 99.02 0.9 0.08

Yallambee 2 737.53 15.96 83.94 0.1
739.085 15.26 84.65 0.09
741.765 16.5 83.39 0.11

Dewhurst 19 446.655 25.15 74.78 0.07
448.67 26.1 71.83 2.07
451.845 22.16 77.77 0.07

Kahlua 1 251.32 72.9 21.14 5.96
256.25 94 0.5 5.5
257.05 90.6 4 5.4
257.85 92.1 3.3 4.6
258.55 93.8 2.8 3.4
259.25 86.6 9.4 4
260.05 90.4 3.9 5.7
260.85 92 2.6 5.4

Lake Goran 1 405.94 93.4 0.59 6.01
407.345 95.1 0.78 4.12
408.04 93.5 0.67 5.83
408.905 91.6 0.6 7.8
409.615 94.2 0.89 4.91
411.505 90.8 0.85 8.35
412.84 91.6 0.57 7.83
413.905 93.6 0.73 5.67

Glasserton 1 316.66 96.1 3.87 0.03
319.37 97.4 2.54 0.06
321 95 4.99 0.01
322.84 87.5 12.47 0.03
324.345 94.4 5.56 0.04

Maroo 1
503.11 28.6 71.39 0.01
504.61 18.77 81.20 0.03

Bomera East 1 708.395 15.4 84.58 0.02
709.865 14 85.95 0.05
715.69 15 84.95 0.05
716.73 12.8 87.17 0.03

Kerawah 1 775.385 5.67 94.19 0.14
776.28 5.25 94.75 0
777.025 5.17 94.81 0.02
777.745 5.75 94.24 0.01
779.46 6.1 93.76 0.14
780.165 6.32 93.67 0.01
780.895 6.35 93.63 0.02
782.205 5.97 94.01 0.02
782.925 6.45 93.45 0.1
783.645 6.42 93.57 0.01
784.36 6.33 93.66 0.01
785.085 6.07 93.92 0.01
785.815 5.93 94.06 0.01

Slacksmith 1 333.37 10.5 1.12 88.38
334.04 6.1 2.58 91.32
335.98 7.4 3.06 89.54
338.31 4.5 2.22 93.28
340.47 6.6 3.26 90.14
342.26 16.4 1.06 82.54

Warrah 1 986.13 93 5.28 1.72
987.16 91 8.24 0.76
988.44 94.3 4.96 0.74
989.24 94.1 5.14 0.76
989.935 95 4.29 0.71

Table 1 (continued)

Well name
Sample mean
depth (m)

Methane
(%CH4)

Carbon dioxide
(%CO2)

Other gases
(%)

991.26 77.5 10.51 11.99
993.04 95 4.35 0.65
994.44 94.5 4.75 0.75
995.83 91.7 7.68 0.62
996.71 92.2 6.97 0.83

Source: The New South Wales Department of Resources and Energy database.
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the study area over a distance of about 2 m. Gas contents of thermally
altered coals (10 m3/ton) are approximately two times higher than
gas contents of unaltered coals (~5 m3/ton) located toward the base of
the coal interval. As distance between coal and intrusion increases, ther-
mal alteration fades and consequently vitrinite reflectance decreases.
This is in agreement with the previous studies conducted on the effect
of intrusions on prospective coal rank and vitrinite reflectance in the
Gunnedah Basin (Gurba and Ward, 1998; Gurba and Weber, 2001).
Magmatic intrusions had favorable impact on reservoir quality of the
Hoskissons coalbed by elevating gas content in both Lake Goran 1 and
Kahlua 1. High gas content of coals at vicinity of magmatic intrusions
in the Gunnedah Basin contradicts with the findings of Mastalerz et al.
(2009) for Pennsylvanian coals in the vicinity of dykes in the Illinois
Basin. Mastalerz et al. (2009) reported extreme reduction of micro-
and meso-pore volumes for coals at proximity of intrusions which is
an unfavorable condition for gas sorption. The contradiction is perhaps
related to the scales at which these studies have been conducted. This
study is conducted at a large scale to evaluate prospective gas produc-
tion from heat affected coals while the study conducted by Mastalerz
et al. (2009) is at a much smaller scale.

Gas quality is also an important factor to take into account the eco-
nomic viability of CBM producers. In this study, gas quality is assessed
by concentration of productive gases; predominantly methane. Gas
composition of desorbed gas samples for the Hoskissons coal interval
in the studiedwells is shown in Table 1. The number of gas composition
data available for each well depends on the number of desorbed gas
samples collected. Fig. 7 shows the gas composition (methane and car-
bon dioxide concentrations) trends along the coal intervals in Kahlua 1
and Lake Goran 1. Despite an abundance of intrusions close to the
Hoskisson coal interval in Lake Goran 1, methane concentration is
higher than 90% in all the desorbed gas samples. Gas composition anal-
ysis also shows coal gas is rich in methane in Kahlua 1. Gas contents at
close proximity to intrusions have been elevated in Lake Goran 1 and
Kahlua 1 and gas composition analysis indicates desorbed gases are
rich in methane. This suggests magmatic intrusions did not downgrade
the quality of coal gas in these two wells.

Gas composition and desorbed gas analyses in Blue Hills 2 indicates
coal has high gas content and carbon dioxide is the dominant compo-
nent. High gas content in some of the studied wells is explained by
high concentrations of carbon dioxide in desorbed gas samples. A labo-
ratory study on Australian coals suggests that coal storage capacity of
carbon dioxide is about twice that of methane (Faiz et al., 2007). Con-
centration of carbon dioxide in all gas composition samples is higher
than 70% in Blue Hills 2 (see Table 1) indicating no potential for meth-
ane extraction. High concentration of carbon dioxide in desorbed gas
samples of Blue Hills 2 might have roots in intrusions which are at im-
mediate contact with the coal interval (see Fig. 3). The link between
magmatic intrusion andhigh concentration of carbon dioxide in coalbed
gas is still not well understood (Moore, 2012) and requires further in-
depth research.

4.2. Fluid flow characteristics

Interpretation of open natural fractures and cleat systems in
coalbeds via borehole image logs enables us to predict the productivity
of coalbed in the studied wells. However there are several examples in
0



Table 2
Permeability of the Hoskissons coal interval in the studied wells.

Well name Seam depth (m) Absolute permeability (mD)

Blue hills 2 674.31–682.29 0
Culgoora 1aa 742.8–748.78 Not available
Culgoora 2 742.58–750.94 0
Brigalow Park 2 473.58–486.00 4.53
Yallambee 2 737.02–745.86 0
Dewhurst 19 446.19–452.25 986
Kahlua 1 247.91–264.60 376
Lake Goran 1 405.6–414.3 0.0225
Glasserton 1 316.2–324.7 1091
Maroo 1 503.5–506.5 23
Bomera East 1 701.7–718.8 6
Kerawah 1 775–786.3 1.075
Slacksmith 1 330–344.5 33.2
Warrah 1 984.4–998.7 0

a No DST was run in Culgoora 1a; hence, coal permeability is not available.

Fig. 7. Gas composition (only methane and carbon dioxide) trends in the Hoskissons coal interval in Kahlua 1 and Lake Goran 1. Gas contents have been elevated in close proximity to
intrusions and desorbed gas is rich in methane.

285A. Salmachi et al. / International Journal of Coal Geology 165 (2016) 278–289
the published literature that show the interpreted open fractures in
image logs may not hydraulically open due to the presence of frac-
ture-filling material (Bailey et al., 2014; Dewhurst and Jones, 2002;
Laubach et al., 2004). Hence, correlating natural fracture system with
permeability data calculated by DST data analysis can further confirm
whether interpreted open fractures in the coal section are hydraulically
open and contribute to fluid flow or not. Permeability of the Hoskissons
coal section along with quality of natural fracture and cleat systems are
studied to investigate the probable impact of magmatic intrusions and
their associated hydrothermal circulations on fluid flow characteristics.

The DST data analysis has been performed for all the studied wells
that had available and mechanically successful drill stem tests. Perme-
ability of Hoskissons coal interval is calculated in each well and is sum-
marized in Table 2. Permeability varies from 1091 mD down to almost
zero. Fig. 8 shows DST data analysis for two of the studied wells;
Slacksmith 1 and Glasserton 1. The entire pressure profiles, diagnostic
plots, and the Horner plots are shown in Fig. 8. DST data analysis is per-
formed based on single phase flow of water from the coal interval. The
existence of a permeable formation isolated between downhole packers
during the test may affect calculations and results in overestimation of
permeability. Hence; lithology has been investigated in the studied
wells to ensure the produced water, collected during the test, only
flows from the coal interval. For example, in Slacksmith 1, impermeable
beds of siltstone are interbedded with the coal section in the tested in-
terval. Hence, produced water most probably flows from coal section.
Results indicate that the Hoskissons coal permeability (relative perme-
ability to water) is higher than 1 Darcy in Glasserton 1. The second flow
period in the pressure profile of Glasserton 1 is sharp and looks different
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from the one observed in Slacksmith 1. The rapid increase in pressure is
an indication of strong hydraulic conductivity.

Generally, the deeper the Hoskissons coalbed, the lower the perme-
ability is. The variability in coal permeability is attributed to the hetero-
geneous nature of cleat and fracture systems. Fig. 9 shows the
correlation between borehole image logs and coal permeability calcu-
lated by DST data analysis for selected wells. Dewhurst 19, Kahlua 1,
Slacksmith 1, and Glasserton 1 have the highest permeability among
the studied wells. They spot a fairway for the Hoskissons coal in the
Gunnedah Basin (see Fig. 1 for location of high permeable wells marked



Fig. 8. The pressure profiles, diagnostic plots, and Horner plot analysis for drill stem tests conducted in Slacksmith 1 (top) and Glasserton 1 (bottom). The pressure profile for each test
includes two flow and two shut-in periods. Diagnostic plots are used to identify radial flow regime. Horner plots are used to calculate absolute permeability.
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with the red color). High permeability of coal intervals in Glasserton 1
and Dewhurst 19 is attributed to well-developed natural fracture and
cleat networks that can be readily interpreted in the borehole image
logs. Numerous open fractures combined with well-developed cleat
system result in coal sections to be viable avenues for fluid flow. On
the other hand, Kahlua 1 and Slacksmith 1 have poor cleat systems
(see Fig. 9). Although cleat system is not well developed in these two
32
wells, the existence of open fractures facilitates fluid flow in the coal in-
terval. There are 16 and 25 open fractures interpreted in coal sections in
Kahlua 1 and Slacksmith 1 respectively. Higher permeability of Kahlua 1
is related to the existence of two major fractures situated at the middle
of the coal interval. The coal interval in Kahlua 1 has ultra-high perme-
ability (376 mD) and existing fractures are open. Results indicate that
mineralizing effect of hydrothermal circulations associated with the 3-
2



Fig. 9. Borehole image logs for selected wells in the study area. Borehole image logs show natural fracture/cleat intensity in the Hoskisson coal section. Coal permeability calculated by DST data analysis is well correlated with fracture/cleat network
quality interpreted by borehole image logs.
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m thick intrusion (emplaced within the coal interval) had negligible ef-
fect on fluid flow capacity of the coal interval. Intrusion emplacement
prior to fracture developmentmay describe the negligible impact of hy-
drothermal circulation on fluid flow capability of the coal interval in this
particular case.

The destructive impact of intrusions on coal permeability is observed
in Lake Goran 1. This well is located in the direction of high permeable
wells identified in the study area but coal interval has very low perme-
ability. Although there are open fractures in the coal interval, DST data
analysis indicates very low fluid flow which can be interpreted as low
hydraulic connectivity among fractures. Low hydraulic connectivity
maybe due to the stresses induced by extensive intrusions propagated
around the coal interval. In-situ stress analysis in Lake Goran 1 by
Rajabi et al. (2016b) reveals that variable orientation of maximum hor-
izontal stress (~40° standard deviation) in this well is due to the pres-
ence of magmatic intrusions and associated faults. The orientation of
maximum horizontal stress is an important factor in fluid flow of frac-
tured reservoirs (Barton et al., 1995; Finkbeiner et al., 1997; Rajabi et
al., 2010; Rajabi et al., 2016a). Hence, fracture connectivity may be im-
paired due to large stress perturbation and as a result, permeability is
reduced.

Hoskissons coal interval is intersected at higher depth (701.7–
718.8 m) in Bomera East 1 compared to the other wells presented in
Fig. 9. Eight open fractures are identified and coal permeability is esti-
mated to be 6mD. Lowpermeability of coal interval ismost probably re-
lated to higher depth of the coal interval resulting in higher compaction
and lower fluid conductivity. During the drill stem test, a clean and
coarse to very coarse sandstone formation (about two meters in thick-
ness) was isolated in the tested interval. Hence, water flow from sand-
stone formation could have affected the test and coal permeability
maybe overestimated in Bomera East 1.

Permeability measurement in the studied wells indicates the rela-
tionship between coal permeability and depth follows the most likely
pattern expected; the higher the depth, the lower the permeability is.
Themineralizing effect of hydrothermal fluids derived either frommag-
matic intrusions or coal itself is not observed to be a controlling factor in
fluid flow capability of coal intervals in the studied wells. Borehole
image log interpretation indicates very limited numbers of fractures
are closed in the Hoskissons coal interval. Considering the fact that
Hoskissons coal coexists with extensive magmatic intrusions in the
Gunnedah Basin, it is of great importance that coal hydraulic conductiv-
ity is not damaged by hydrothermal circulations. One proposal is that
the magmatic intrusions were emplaced prior to development of natu-
ral fracture and cleat systems. Understanding the time ofmagmatic em-
placement and time of cleat development requires further research to
confirm this proposal. The other explanation is the distance between in-
trusions and coal interval. The separation between coal and intrusion
makes it difficult for hydrothermal fluids to reach to coal interval in
somewells. Hence, precipitation ofminerals in fractures and cleats asso-
ciated with hydrothermal circulations is not considerable.

5. Conclusions

An extensive dataset from 14 core wells in the Gunnedah Basin was
used to study the impact of magmatic intrusions on reservoir character-
istics of the Hoskissons coalbed. Reservoir characteristics include per-
meability, quality of natural fractures and cleats, gas content and its
quality. A number of intrusions are intersected prior to the Hoskissons
coal interval in the studied wells. The thickness of intrusions is variable
from only a few centimeters up to tens of meters. The Hoskissons coal
section is sandwiched between intrusions in Lake Goran 1 and is intrud-
ed in Kahlua 1. Thermal effects associatedwith intrusions have elevated
gas content in heat affected coals in Lake Goran 1 and Kahlua 1. Gas
composition analysis also indicates desorbed gas samples in these
wells are rich in methane. Therefore, magmatic intrusions had a favor-
able impact on coal gas storability in these two wells.
32
Coal permeability significantly varies in the area from 1091 mD
down to approximately zero. The deeper the Hoskissons coalbed, the
lower the permeability is. Significant variability in coal permeability is
attributed to heterogeneous fracture and cleat systems. Hydraulic con-
ductivity of natural fracture/cleat systemswas not impaired bymineral-
izing effect of hydrothermal circulations. This is inferred from
interpreted open natural fracture/cleat systemswhich arewell correlat-
ed with coal permeability. This is explained by the distance between
major intrusions and coal section in somewells whichmakes it difficult
for hydrothermal fluids to access the fracture/cleat systems. Emplace-
ment of intrusions prior to development of fracture/cleat systems may
also describe low impact of mineralizing effect of hydrothermal circula-
tions on coal permeability especially in coal intervals which are in close
proximity to intrusions (for example Kahlua 1). The destructive impact
of intrusions on coal permeability is observed in LakeGoran 1where the
intrusions have affected the orientation of in-situ stress. Large stress
perturbation can have detrimental effect on fracture connectivity and
as a result, fluid flow capability of the coal is affected.
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4D Fracture Distribution as a Signature of Structural Evolution in the Otway Basin 

Hugo Burgin1, Khalid Amrouch1 and Mojtaba Rajabi1 

1: Australian School of Petroleum, The University of Adelaide, Australia 

An understanding of the distribution of natural fractures throughout time and space within sedimentary basins 
can enable the optimisation of exploration and production methods. Additionally insights into the structural and 
tectonic evolution of a region can also be obtained.  Natural fractures within the Otway Basin (South East 
Australia) have been identified via wellbore image log data (from the Penola Trough) and outcrop analysis 
(along the Great Ocean Road), and have been catalogued with regard to their direction of dip, degree of dip 
and inferred chronological regime of paleo-stress.  
Evidence for up to four paleo-tectonic stress regimes within the study area have been identified, with 8 
individual fracture sets detected in well data and 6 sets detected from outcrop analysis at twelve localities 
within the study area. Once detected, each individual fracture set was assigned a conjugate pair based upon 
an inferred paleo-stress regime. Following the integration of well and field data sets, relative chronology 
between conjugate fracture pairs was determined via: the presence or absence of fracture sets within 
consecutive stratigraphic units, cross cutting relationships observed in the field and bedding / fracture 
orientation relationships. 
The result was a more complete understanding of the history of regional tectonics within the Otway Basin. 
Initial extension within the Otway Basin was in all likelihood orientated NE-SW, occurring over a prolonged 
period (Berriasian-Albian) during the Early Cretaceous. Followed by a basin inversion within the Otway that 
occurred during the Mid-Cretaceous (Cenomanian-Turonian), orientated NE-SW and then by renewed 
extension in a NW-SE orientation. Lastly a change to a NW-SE compressional regime from the Eocene-Recent 
was recorded and it is consistent with the measured in situ stress found to be approximately NW-SE as well.  
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9. Appendix:

This thesis provides the stress information in various regions. Hence, the 

databases including stress map of Australia, New Zealand and Iceland are 

presented in an attached CD-ROM as the appendix of this thesis. 
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