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ABSTRACT 
 
Accurate predictions of in-situ rock stresses are important in the design of major tunnelling and 
excavation projects. In Sydney, stresses are estimated using 'typical' values based on historical data 
and in-situ field testing for critical infrastructure. Testing has historically included hydraulic fracturing, 
overcoring and borehole slotting. In Sydney, these tests can show high variability which is significant 
as high in-situ stresses may cause rock mass failure or excessive deformations, whilst conservative 
approaches may result in significant costs to projects in over-designed support systems. 
Understanding how different geological factors affect in-situ stresses would be an important step 
towards improving stress predictions. This paper presents some results from a project assessing 
variability of in-situ stresses within the Triassic Hawkesbury Sandstone which underlies the Sydney 
region. Extensive field proofing was undertaken to provide a structural and mineralogical background 
of the study area. Drill cores from the Epping to Chatswood Rail Link project were sampled directly 
above and/or below the depth of stress measurements. XRD-Siroquant and petrographic analysis was 
performed to identify the relationship between mineralogy and in-situ stress magnitudes. The authors 
found that the presence of coarser-grained cross-cutting crystalline siderite, quartz overgrowths and a 
fine-grained silica matrix were indicators of potentially high in-situ stress magnitudes.   
 
Keywords: Hawkesbury Sandstone, in-situ stress, mineralogy. 
 
1  INTRODUCTION 
 
The orientation and magnitude of the local stress field is an important factor to consider when 
undertaking civil engineering projects. It has the potential to influence the stability of excavations 
through: compressive failure of intact rock; stress redistribution between layers of different rock 
stiffness; excessive deformations; and failures associated with stress relief and stress concentrations 
related to topography (e.g. Enever et al. 1990). The Epping to Chatswood Rail Link project is located 
in north-western Sydney, with hydraulic fracturing tests performed in eight boreholes (Table 1). Access 
to the cores from the Epping to Chatswood Rail Link project provided a unique opportunity to examine 
the rock characteristics at the location of in-situ stress testing. 
 
The Epping to Chatswood Rail Link had a number of stress measurements that fell outside of the 
primary cluster. It was important to consider whether these reflected regional variation in the horizontal 
stress distribution or localised conditions. The reports from which the in-situ stress data were collected 
also contained some observations of factors that may have influenced outlier results and these are 
provided in the discussion section. This work is based on the honours thesis of Martel (2010). 
 
2  METHOD 
 
Samples were collected from boreholes above and/or below the depths of stress measurements 
(Table 1). Selected samples were used in detailed petrographic, XRD – SIROQUANT and whole-rock 
XRF analysis. 
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Table 1: In-situ stress data and analyses, Epping to Chatswood Rail Link 

Borehole Test Depth h 
(MPa) 

H 
(MPa) 

Orientation 

of H (°) 

Sample XRD Petrology 

SH100 1 
1A 

10.5 
10.5 

8.58 
6.76 

16.11 
11.56 

50 
80 

BM18 – above 
BM19 – below 

× 
× 

× 
× 

7 11.7 8.77 17.57 95 BM20 – above 
BM21 – below 

× 
× 

× 
× 

SH101 5 20.5 4.14 7.41 135 BM29 – above 
BM30 – below 

× 
× 

× 
× 

SH102 5 26.5 2.37 3.07 40 BM25 – below ×  

6 28.3 2.38 3.98 30 BM26 – below  × 

8 18.5 1.4 2.6 165 BM23 – below × × 

SH106 5 16.6 1.1 1.35 35 BM33 – above × × 

6 14.5 1.8 3.7 20 BM31 – above 
BM32 – below 

 
× 

× 
× 

8 26.3 5.31 9 Uncertain BM34 – above 
BM35 – below 

 × 
 

SH110 1 4.5 1.6 2.25 130 BM36 – below × × 

7 26.2 7.66 14.46 Uncertain BM38 – above 
BM39 – below 

 × 

SH112 4 20.3 4.45 7.85 25 BM41 – above × × 

5 25.5 2.26 3.56 5 BM42 – below  × 

SH114 6 25.5 1.63 2.36 30 BM45 – above  × 

8 21.3 4.2 6.37 45 BM43 – above 
BM44 – below 

 
× 

 
 

SH115 1 9.6 1.1 1.53 Uncertain BM46 – below ×  

3 19.65 2.1 3.7 50 BM48 – above × × 

4 23.5 2.74 3.78 25 BM49 – below ×  

 
3  RESULTS 
 
3.1  Petrography 
 
Petrographic analysis of 16 samples identified quartz, muscovite, siderite, clay minerals and 
carbonates as the primary constituents of the Hawkesbury Sandstone. The texture was either a 
uniform distribution of mineral grains or an alignment of some of the minerals, such as micas and 
graphite, defining a foliation at the micro-scale. Grading was seen in some samples, with changes 
from coarser to finer-grained quartz-dominant assemblages.  
 
The dominant mineral present in all samples was quartz, consistently representing >50% of the thin-
section. Although quartz grains ranged from rounded to angular, most were sub-rounded to sub-
angular. Post-diagenetic features including quartz overgrowths, alteration of siderite to goethite, and 
recrystallisation of quartz grains were observed in many of the thin-sections. Overgrowths of varying 
degrees were present in 8 of the 12 samples. 
 
Muscovite was identified in most thin-sections, commonly altering to clay. Preferred orientations were 
visible in some samples, forming foliations with carbonaceous material, graphite and siderite. The 
shape of the muscovite was influenced by the surrounding minerals being bent extensively to fit 
around quartz grains. The vast majority of samples displayed low permeability due to close-packing of 
quartz grains, overgrowths and extensive clay and fine-grained silica matrix/cement. Siderite was 
common, both in crystalline and altered forms. Although crystalline siderite was easily identified, finer-
grained minerals in the matrix were only able to be more generally identified as carbonates. A number 
of samples stood out as containing greater concentrations of crystalline siderite (including BM38, 
BM34, BM41 and BM42). Estimations of porosity/permeability were difficult to make in some of the 
samples (e.g. BM36) as some of the quartz grains had been plucked-out during the thin-sectioning 
process. Some clay-rich thin-sections had experienced some mass loss, and therefore we were 
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unable to identify whether observed pore spaces were over exaggerated. Overall, the Hawkesbury 
Sandstone samples appeared to have only low apparent porosity/permeability. 
 
3.2  XRD-SIROQUANT 
 
Quantification of the X-ray diffraction results using SIROQUANT identified a range of mineral phases 
present in each sample (Table 2). It was noticed that during the running of X-ray diffraction samples, 
the MPD X-ray diffractometer used was configured with an intensity of 220 000. As a result of this, the 
chi

2
 values for the SIROQUANT analysis are higher than what would usually be expected. 

 
Quartz, the dominant mineral in each sample, ranged in abundance from 51% to 82%. Although clay 
occurs in every sample, the weight percentage and type of clay varied. Kaolinite was present in all 
samples followed by illite. Although siderite was a common phase, its weight percentage varied from 
0.3% to 7%. In terms of abundance, muscovite was the next most significant mineral, though absent 
from 6 of the 16 samples, with varying concentrations of 0.1% to 7.7%. Anatase and goethite were 
only detected in a few samples at very low concentrations of around 0.1% to 0.6%. 
 
Table 2: Results of Siroquant analysis of Hawkesbury Sandstone samples 

Sample 

Minerals
a 

Q
 

K I MI S M A G Total 
Global 
Chi

2
 

18 51.1 31.3 10   2.1 5.1 0.3   99.9 25 

19 74.1 11.9 11.4   2.5 0.1     100 24 

20 61.5 18.1 13.5   3 3.8     99.9 29 

21 73.7 13.4 8.7   4.2 0.1     100.1 20 

23 53.1 27.3 10.6   4.2 4.9     100.1 25 

25 80.5 7.8 9.5   2.2       100 19 

29 79.2 10.2 5.7   4.2 0.6     99.9 20 

30 74.8 13.1 8.4   3.8       100.1 26 

32 63.6 18.2 12.5   2.7 3     100 28 

33 63 22.1 0.2   7 7.7     100 23 

36 81.1 17.8 0.1   0.3     0.6 99.9 23 

41 82.4 13.1 1.1   3.1 0.2     99.9 24 

44 77.9 12.9 5   4.1       99.9 28 

46 53.2 26.5 9.1   3.9 7.4     100.1 20 

48 59.2 18.3 14.7 4.5 3.4       100.1 29 

49 71.5 15 5.8 4.5 3.2       100 25 
a
 Q-Quartz; K-Kaolinite; I-Illite; MI-Mixed Layer Illite; S-Siderite; M-Muscovite; A-Anatase; G-Goethite 

 
3.3  In-situ stress across the study area 
 

The magnitude of the minor horizontal stress, h, showed a general trend of increasing with depth. 
Within the Epping to Chatswood Rail Link project data, some measurements deviated significantly 
from this general trend, showing high stress measurements for their relative depth. These outliers 

were identified as „spurious‟ in a report by Fowler (2005). The relationship between the major , H, 
horizontal secondary principal stress magnitude and the depth of measurement is shown in Figure 1. 

The magnitude of H appears to increase with depth in a similar way to h. 
 
The orientation of the major horizontal secondary principal stress compared to depth of measurement 

shows a more complex pattern. The H orientations of the data show a degree of clustering around 
010° - 050°, NNE to NE in direction. Some variation is expected due to the inhomogeneous nature of 
the Hawkesbury Sandstone (as shown by the XRD-Siroquant results, Table 2) over the study area. 
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Most notably, structural factors such as jointing and faulting (Och et al. 2009) as well as topography, 
would be expected to cause a shift in the local stress regime. 
                                                                                              

 
Figure 1. Major Horizontal Principal Stress vs depth (m), and discussed test numbers. 
 

3.4  Epping to Chatswood Rail Link 
 
It is apparent from Figure 1 that SH100, SH106 and SH110 produced stress magnitudes higher than 

expected given the usual depth vs. magnitude relationship. SH100 and SH101 produced four high H 
magnitudes as well as orientations which vary from the normal NNE to NE trend for the Sydney area. 

SH106 produced a higher than expected H in test 8 at a depth of 26.3m (Figure 1). Test 7 of SH110 

H is an obvious deviation from the rest of the data points with a magnitude of 14.46 MPa at 26.2m. 
To a lesser degree, SH112 produced magnitudes slightly higher than expected in tests 4 and 5 of 7.85 
MPa and 3.56 MPa respectively. Orientations mainly fit within the regional stress field orientation of 
NNE to NE (Enever 1999). However, five outliers, produced by boreholes SH100, SH101, SH102 and 
SH110 (Figure 1) will be explored further in the discussion section below.  
 
4  DISCUSSION 
 
This section considers the results from the in-situ stress testing and mineralogical tests with respect to 
the potential for prediction of in-situ stress magnitudes and orientations within the Sydney region. 
  
4.1  Variations in mineralogy and texture of the Hawkesbury Sandstone 
 
As expected, petrographic analysis showed quartz as the main constituent of the Hawkesbury 
Sandstone. SIROQUANT quantified the quartz content, ranging widely from 51 to 82 wt%. 
Petrographic examination enabled the identification of features not obtainable from XRD-Siroquant 
analysis alone such as quartz overgrowths, crystalline siderite, foliations, graded bedding and pore 
spaces (Figure 2a). Quartz overgrowths were common, but their intensity varied greatly between 
samples from weak to extreme (Figure 2b). Samples that contained extreme quartz overgrowth also 
had greatly reduced matrix, reflected in the XRD analysis by the low clay percentages. 
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q-quartz, s-siderite, m-mica 
Figure 2a. Crystalline siderite, quartz overgrowths 

and silica-rich matrix, BM38 
 

q-quartz, si-fine grained silica, s-siderite 

Figure 2b. Strong quartz overgrowths, BM38 

 
Siderite was found to be more abundant than that reported by Swanson et al. (2002), who found a 
maximum concentration of 5.8%, as opposed to that found in this study of 11.7%. In thin-section, 
siderite was found within the matrix and as cross-cutting coarser-grained crystals. Crystalline siderite 
was a prominent feature in a number of samples such as BM38 and BM34. When comparing the 
Siroquant data to the petrographic analysis, the percentages of siderite did not always match-up. 
Some thin-sections contain relatively high percentages of siderite within their matrix, picked-up in 
XRD-Siroquant analysis, but not under the microscope. BM33 contains 7.0wt% siderite, but this was 
not obvious from the thin-section. Conversely, BM41 clearly contained crystalline siderite from 
petrographic analysis, but from XRD only contains 3.1wt%. The proportions of clay minerals showed a 
similar degree of spread over the two data sets. Overall the proportions of mineral phases identified by 
Siroquant (Table 2) generally reflect those of Pell (2002). Also, it is clear that there is an 
inhomogeneous distribution of siderite within the Hawkesbury Sandstone. 
 
4.2  Epping to Chatswood Rail Link 
 
Comparing the in-situ stress measurements alongside petrological and XRD analyses allowed the 
identification of the relationship between the engineering and mineralogical properties of the 

Hawkesbury Sandstone. The main tests which stood-out as producing outliers (high H magnitude) by 
the report into the Epping to Chatswood Rail Link were SH100, SH101, SH106, SH110, SH112 and 
SH114. SH100 and SH101 were described as experiencing „local concentration in the stress field‟ as 
the result of topographic relief (GHD LongMac 2003, Parramatta Rail Link). Topography is not 
believed to be an influencing factor on the relatively higher than expected stress magnitudes in 
boreholes SH106, SH110, SH112 and SH114. In particular, test 7 in borehole SH110 was described 
as an „enigma‟ (GHD LongMac 2003, Parramatta Rail Link) as it produced an in-situ stress magnitude 
of 14.47 MPa at a depth of 26.2 metres. Petrographic analysis of BM38 (taken from directly above the 
measurement site) showed an extensive development of coarsely crystalline cross-cutting siderite and 
quartz overgrowths throughout the thin-section. 
 
Unfortunately, BM38 was not analysed by XRD and SIROQUANT so the wt% of the contained siderite 
could not be quantified. Despite the presence of quartz overgrowths in BM38, the authors believe that 
although they have some influence on high in-situ stress measurements (Pells 2002 attributed quartz 
overgrowths to increased mechanical strength), cross-cutting coarsely crystalline siderite appears to 
be more responsible for the extreme values. The reasoning behind this is that BM36 (which is from a 
depth of 4.5m in the same borehole) contained a similar degree of quartz overgrowth but only 

contained a minor amount of crystalline siderite – with a Siroquant wt% of 0.3%. BM36 returned a H 
magnitude of 2.25 MPa, which does not appear to deviate from the general magnitude depth trend 

seen in Figure 1. Indeed the wt% of siderite vs. H does not show any correlation. Another notable 
difference between BM38 and BM36 was the matrix, which was silica-rich and clay-rich respectively. 
The fine-grained silica matrix of BM38 is likely to add to its high in-situ stress results along with the 
crystalline siderite. The matrix of BM36 contained a mixture of kaolinite and illite which amounted to 
17.9 wt% total clay. 
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Samples taken from above and/or below the remaining high in-situ stress measurement sites in 
SH106, SH112 and SH114 also displayed similar cross-cutting crystalline siderite assemblages. Test 

8 of SH106 produced a H magnitude of 9MPa at 26.3m and had significant crystalline siderite 
development, interlocking quartz grains and matrix. Siderite crystals were also observed in BM41 and 
BM42 which represented tests 4 and 5 of SH112. According to SIROQUANT analysis, BM41 
contained 3.1wt% siderite, by no means an unusually large number as the average siderite wt% for 
the 16 samples tested in the SH series was 3.37%, ranging from 0.3% to 7%. The highest weight% of 
siderite was recorded in sample BM33 at 7%, but during petrographic analysis coarse-grained siderite 
was minor. In BM33 the siderite detected by SIROQUANT must be mainly contained within the matrix 
as fine-grained particles, and not as well-developed crystals that would be readily identified in thin-
section. BM33 represents test 5 of SH106, which produced a conservative ơH magnitude of 1.35 MPa 

at 16.6 metres. The high H magnitudes recorded must therefore be influenced not simply by the 
presence of siderite, but by cross-cutting crystalline siderite (Figure 2a). 
 
It is important to note that the thin-sections from SH100 and SH101 did not contain the same high 
proportions of well-crystalline siderite as observed in samples from SH106, SH110, and SH112. Test 5 
in SH101 was described as experiencing „local concentration in the stress field‟ (GHD LongMac 2003, 
Parramatta Rail Link). Thin-sections (BM30 and BM31) showed some coarsely crystalline siderite, but 
only a limited amount. It is possible that the siderite influenced the stress value as well as the 
topography. SH101 did display a high degree of quartz overgrowth. SH100 displayed some quartz 
overgrowths in BM18, BM19, BM20 and BM20, but to a lesser degree, and it is likely that the original 
analysis of topographic influence is the most important factor. 
  
Coarsely-crystalline siderite, quartz overgrowths and a high proportion of silica in the rock matrix have 
been linked with high in-situ stress magnitudes (e.g. Epping to Chatswood Rail Link – SH110 test 7). 
During this study, no relationship between the depth of measurement and mineralogy was established. 
Similarly no distinctive pattern of horizontal variation was noted. This investigation was limited to 
samples collected from the SH series of boreholes from the Epping to Chatswood Rail Link. Far more 
extensive sampling and analysis of boreholes across the entire Sydney region would be required to 
determine whether a vertical or horizontal relationship exists. However, this study does show that 
detailed petrographic analysis, combined with XRD and Siroquant can be most useful in predicting 
areas of likely high in-situ stress magnitudes.   
 
5 CONCLUSION 
 
This paper has established that, as well as topography and faulting, mineralogy does have an impact 
on the in-situ stress magnitudes in the Sydney region. From this study, a greater understanding of the 
effect of mineralogy, especially coarsely-crystalline siderite and quartz overgrowths, on high in-situ 
stress magnitudes has been determined. The nature of the dominant stress orientation of NNE-NE 
(Enever et al. 1990) has not been examined. In order to identify the distribution of these high strength 
units a more intensive petrographic study of drill core samples from across the Sydney region will be 
required. 
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