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Triaxial stress and failure modes in hydrothermal mineral systems

T. G. Blenkinsop

School of Earth and Environmental Sciences, Cardiff University, Cardiff, UK

ABSTRACT
Rock mechanics experiments show that the magnitude of the intermediate principal stress signifi-
cantly affects rock failure. Since triaxial stress states (no principal stress is zero) are ubiquitous in
the crust, and polyaxial axial states (all three principal stresses are different) are general, the
magnitude of the intermediate principal stress should have an important effect on hydrothermal
mineralisation. For example, extensional veins or dykes in vein-hosted gold or porphyry deposits
may have multiple orientations when the intermediate and least principal stresses have similar
magnitudes, or single orientations when the intermediate and maximum principal stresses are
similar. The Griffith-Murrell triaxial fracture criterion with a tensile cutoff can be used to illustrate
the effects of the intermediate principal stress on failure. At the lowest values of mean stress, the
criterion suggests that only extensional failure can occur. At low–intermediate values of mean
stress, either extensional or shear failure may occur: extensional failure is favoured when the inter-
mediate and maximum principal stresses have similar magnitudes. At higher mean stresses, shear
failure will occur at lower values of pore fluid pressure and differential stress when the magnitudes
of the intermediate and minimum principal stresses are similar.

KEY POINTS

1. The intermediate principal stress has significant effects on rock strength, which should be con-
sidered for understanding failure in hydrothermal mineralising systems, because stress states
in the Earth are generally triaxial and polyaxial.

2. The magnitude of intermediate principal stress relative to those of the other principal stresses
affects the range of orientations of extensional fractures, for example in stockworks and
sheeted veins.

3. At low values of mean stress, only extensional failure occurs. At low to intermediate values of
mean stress, extension is favoured over shear failure when the magnitudes of intermediate
and maximum principal stresses are similar.

4. At high values of mean stress, shear failure will occur at lower values of pore fluid pressure
and differential stress when the magnitudes of the intermediate and minimum principal
stresses are similar.
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Introduction

Many hydrothermal mineral deposits are controlled by faults
and veins (e.g. Cox, 2020; Miller & Wilson, 2004; Poulsen,
1996; Rhys et al., 2020; Robert et al., 1995; Sibson, 1987;
Sibson et al., 1988; Tripp & Vearncombe, 2004). It is there-
fore important to know the conditions that lead to failure
on faults and veins for understanding ore genesis and min-
eral exploration. Typical approaches have used Coulomb,
Griffith or combined Coulomb Griffith failure criteria in
which only the values and the orientations of the maximum
and minimum principal stresses play a role (Jaeger & Cook,
1979, ch. 4). Failure mode diagrams are an invaluable aid to

understanding mechanics of mineralisation, and typically
employ such failure criteria (Cox, 2010; Sibson, 1998).

However, it has been well known since at least the 1960s
that the magnitude of the intermediate principal stress has a
significant effect on failure (Handin et al., 1967; Mogi, 1967,
1971; Murrell, 1963). A considerable body of recent and active
research is concerned with failure criteria that take into account
the magnitudes of all three principal stresses (e.g. Colmenares
& Zoback, 2002; Hackston & Rutter, 2016; Haimson, 2006;
Haimson & Rudnicki, 2010; Ma & Haimson, 2013; Rahimi &
Nygaard, 2015). These criteria are based on analysing the
results of ‘true’ triaxial tests in which the magnitudes of the
principal stresses are varied independently to achieve triaxial,
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polyaxial stress states. In triaxial stress states, no principal stress
is zero; in polyaxial stress, all three principal stresses are differ-
ent ðr1 6¼ r2 6¼ r3) (e.g.Means, 1976, p. 59).

The aim of this study is to consider some effects of the
intermediate principal stress on failure modes in hydrother-
mal mineral systems. Because of the nature of stress in the
Earth, this requires an assessment of the effects of triaxial
and polyaxial stress states. This study focusses on initial fail-
ure of intact rock and does not explicitly consider reactiva-
tion, although this is common in mineral systems. The next
section considers stress states in the crust, which leads to
sections that illustrate several ways in which the effects of
the intermediate principal stress may be important.

Tri- and polyaxial states of stress in the crust

The three principal stresses are taken as r1� r2� r3 with
compression positive. The state of stress everywhere in the
Earth is triaxial because there are effectively no free surfa-
ces below the Earth’s surface. The stress ratio ; ¼
ðr2�r3Þ=ðr1�r3Þ characterises the relative values of the
principal stresses. ; values of 0 ðr2¼ r3Þ and 1 ðr1¼ r2Þ
are thus axial; intermediate values are polyaxial (Figure 1a–
c). The distribution of ; values in the crust has been inves-
tigated using paleostress data by Lisle et al. (2006) with the
conclusion that there is a spectrum of ; values, skewed

towards low stress ratios, with averages of 0.39 in the raw
data, and 0.29 in data normalised against a uniform distribution
of stress tensors. In this study, 1092 values of ; from the 2016
world stress map (quality A to C only) have been analysed
(Figure 1d) (Heidbach et al., 2018). The average ; value of
these in situ stresses is 0.43, and they are also skewed towards
lower values, although by less than the paleostress results.
Normalisation by a uniform distribution of stress tensors (Sato
& Yamaji, 2006) shows an even stronger tendency for low ; val-
ues (Figure 1e). The standard deviation of 0.22 for the in situ
data shows that there is a broad spread of values of ; in the
crust today, the large majority of which are polyaxial. This vari-
ability has important consequences when considering failure
criteria. In summary, the state of stress in the Earth is always tri-
axial and generally polyaxial, and appropriate failure criteria are
needed for these conditions.

Failure modes

A conventional view of failure modes is depicted in Figure 2,
along with their typical appearance on a Mohr diagram with
a Griffith failure envelope (e.g. Wojtal et al., 2022). Three fail-
ure modes are identified: extensional failure, shear failure
and an intermediate extensional shear or hybrid failure. The
existence of the extensional shear mode of failure has been
questioned (Engelder, 1999). Experiments demonstrate that

Figure 1. (a–c) States of stress on a Mohr diagram showing the variation between (a) ; ¼ 0, (b) ; ¼ 0:46 and (c) ; ¼ 1: (d) Histogram of stress ratio (Phi)
for 1092 values of ; from the World Stress map (A–C quality). (e) These values expressed as multiples of a uniform distribution of stress tensors. These results
show that the state of stress in the Earth is generally polyaxial.
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fractures will not propagate in their own plane when they
are loaded by combined mode 1 and mode 3 stress condi-
tions (Erdogan & Sih, 1963; Lawn & Wilshaw, 1975). Instead,
fractures propagate from the crack in the theoretical direc-
tion of greatest tensile stress around the crack tip to become
extension fractures.

Field evidence has been cited in support of exten-
sional shear behaviour. The Hidden Valley normal fault,
Canyon Lake Gorge, Texas, described in great detail by

Ferrill et al. (2012) consists of alternating segments with
lower and higher dips. The segments with lower dips
show evidence for slip (slickenlines), while the steeper
segments have evidence for extension and dilation in
the form of calcite crystals with euhedral terminations.
This extension, however, could be viewed as kinematic-
ally controlled by shear on the adjacent lower dip surfa-
ces. Since the fault was repeatedly reactivated, its
appearance does not inform about fracture propagation.
Field evidence from faults and veins generally docu-
ments a finite state of deformation, rather than initial
fracture propagation modes in intact rock.

Few experiments have been undertaken to investigate fail-
ure in the rather specific stress conditions suggested for
extensional shear (e.g. McCormick et al., 2021; Ramsey &
Chester, 2004). McCormick and Rutter (2022) have shown that
a continuous, parabolic failure envelope may exist between
compressional shear failure and failure with a component of
tension. Their microstructural data show that failure with ten-
sile least principal stress occurs by linkage of extension frac-
tures, not by propagation of extensional shear fractures.
There is good reason, therefore, to doubt whether extensional
shear exists as a distinct failure mechanism for fracture propa-
gation, or that it requires a distinct failure criterion, as antici-
pated by Engelder (1999). This conclusion does not contradict
commonplace observations of veins with finite components
of extension and shear.

Figure 2. Conventional view of failure nodes, from left to right: Extension
fracture, Extensional-shear and Shear. A schematic Griffith failure envelope
on the Mohr diagram shows stress states corresponding to each failure mode
in the appropriate colour. White arrows show extensional displacements. The
orientation of r1 in the diagram does not convey a particular geographic
orientation.

Figure 3. (a) Equal area, lower hemisphere stereoplots of dilation tendency on poles to planes for a horizontal NS r1 and a horizontal, EW r2. Three different
values of ; are shown. Dilation tendency values from 0 to 1 are given by the colour bar. For ;¼0, the dilation tendency plot suggests that a girdle distribu-
tion of extension veins or dykes should occur, with failure planes intersecting in r1. For ;¼1, there is a single cluster of poles to high dilation tendency planes,
suggesting parallel failure planes. (b) Possible stockwork geometry suggested by the dilation tendency plot with ;¼0. (c) Possible sheeted vein complex geom-
etry suggested by ;¼1.
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Triaxial stress and extension veins and dykes

Any fracture or dyke will dilate if the effective normal stress
across the fracture/dyke is less than 0 (Delaney et al., 1986;
Jolly & Sanderson, 1997). The normalised dilation tendency
on a surface is a useful measure of the propensity to dilate,
defined as (e.g. Ferrill et al., 1999, 2020; Moeck et al., 2009):

T 0D ¼ 1– rn–r3ð Þ= r1– r3ð Þ ¼ r1– rnð Þ= r1– r3ð Þ
where rn is the normal stress on the surface. T’D varies
from 0 to 1 for fractures with normal stresses of r1 and r3,
respectively. The dilation tendency depends only on the
orientation of the fault/fracture and the stress ratio.
Patterns of dilation tendency are shown for three values of
stress ratio in Figure 3a.

When ; ¼ 0, there is a spread of poles to planes with
high dilation tendencies in a girdle perpendicular to r1

(Figure 3a). This could be manifested in the crust as exten-
sional veins or dykes with multiple orientations intersecting
in a common direction (r1Þ (Figure 3b), as described by
Miller and Wilson (2004) at the Stawell gold deposit,
Victoria, or veins with multiple orientations associated
with porphyries (Harris & Holcombe, 2014). At high values
of ;, poles to planes with high dilation tendencies are
concentrated around the least principal stress direction
(Figure 3a). Single vein orientations, such as in sheeted
vein complexes in epithermal and magmatic ore deposits,
are predicted (Figure 3c). Examples of single orientation
arrays of mineralised veins are given in Haynes and Titley
(1980) and Ridley and Menger (2000): the latter also point
out that conjugate vein orientations may characterise some
stockworks. Interpretation of stress from vein patterns may
be complicated by evolving stress fields (Skarmeta, 2021),
requiring that veining events are separated into a paragen-
etic sequence.

Griffith-Murrell failure criterion and
representation of triaxial failure conditions

This study focuses on one of the earliest and simplest tri-
axial criteria to explore the possible effects of triaxial stress
on hydrothermal mineralisation, and therefore does not
attempt to compare the numerous available different crite-
ria. Murrell extended the Griffith criterion to account for tri-
axial stresses, leading to a simple formulation for a triaxial
shear failure criterion (Murrell, 1963):

r2 � r3ð Þ2 þ r3 � r1ð Þ2 þ r1 � r2ð Þ2

¼ 24T r1 þ r2 þ r3ð Þ
The Griffith-Murrell criterion was not considered in some

of the definitive studies of triaxial failure criteria (e.g.
Colmenares & Zoback, 2005; Haimson, 2006; Kim & Lade,
1984). Yet, like the Griffith (biaxial) criterion, it has a simple
mathematical expression that depends only on one param-
eter, the tensile strength of the rock (T, here considered
positive), and it is based on the well-known Griffith theory

for cracks. The later development of a triaxial failure theory
from crack propagation by Murrell and Digby (1970a,
1970b) did not predict the observed dependence of
strength on the intermediate principal stress, and is not
considered here.

Representing triaxial failure criteria is more challenging
than biaxial criteria such as the Griffith or Coulomb criteria.
A three-axis stress diagram with the principal stresses along
the directions of a right-handed coordinate framework is
helpful (Figure 4a). In such a figure, the line r1 ¼ r2 ¼ r3

is the hydrostatic axis (hydrostat), and the plane perpen-
dicular to it is variously known as the deviatoric plane, the
octahedral plane, the p plane or a Nadai diagram (e.g.
Colmenares & Zoback, 2002; Lisle et al., 2006). In this plane,

Figure 4. (a) Right-handed coordinate reference frame to plot the three prin-
cipal stresses. The line r1 ¼ r2 ¼ r3 is the hydrostat, and the plane per-
pendicular to it (shaded red) is the deviatoric or octahedral plane, the p
plane or a Nadai diagram. On this plane, the value of the mean stress is
constant. (b) View looking down the hydrostat to the p plane, which is
coloured by the value of ; in 15� increments. The Griffith-Murrell failure
criterion intersects the p plane in a circle.
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values of the mean stress MS ¼ 1
3 r1 þ r2 þ r3½ � are con-

stant. It is conventional in such diagrams to relax the con-
dition that r1 � r2 � r3 so that the diagram has a 3-fold
rotational symmetry. In the p plane, circumferential pos-
ition is a function of ; and radial distance depends on
octahedral shear stress (Figure 4b). Figure 5 shows various
views of the Griffith-Murrell failure surface on a three-axis
stress plot for arbitrary values of T¼ 5MPa and a maximum
principal stress of 300MPa.

Tensile strength

Tensile strength is a critical parameter in the Griffith-
Murrell criterion. Tensile strength can be estimated by dir-
ect tension tests and indirect tests such as the Brazilian
test (ASTM, 2016). It can also be estimated from the uncon-
fined (uniaxial) compressive stress according to empirical

relationships proposed by Hoek and Brown (1980) and sev-
eral modifications (e.g. Cai, 2010; Hoek, 2007; Zhang & Zhu,
2007). However, the estimation of tensile strength is notori-
ously prone to artefacts created by preparation of labora-
tory specimens, and by test methods themselves (Koelen
et al., 2021). Table 1 shows some values of T for different
rocks according to various methods and sources. The use
of a tensile strength parameter in a failure criterion is
therefore a two-edged sword. In one respect having a sin-
gle parameter simplifies the criterion and allows simple fit-
ting of experimental data. On the other hand, the choice
of which tensile strength to use can be difficult, with esti-
mates varying by over an order of magnitude for a single
rock (Table 1).

To illustrate how experimental data can be fitted to
obtain a tensile strength, the Griffith-Murrell criterion is
expressed in terms of the stress invariants I1 and J 2 and

Figure 5. (a–c) Shape of the Griffith-Murrell failure surface viewed from three directions (T¼ 5MPa). The surface is plotted with the three principal stresses as
axes. The white plane is the p plane. The surface is coloured by mean stress in (a) to (d). (d) to (f): Views along the hydrostat towards the origin. (d) Colours
represent differential stress, r1 � r3: (e) Colours represent ;:

Table 1. Tensile strength for Solnhofen Limestone, Coconino Sandstone and Granodiorite.

Rock type UCS HBT HT BT OtherT This studyT Reference

Solnhofen 415.03 59.29 51.98 21.18 40.95 1, 2
Solnhofen 253.11 36.16 31.64 4.13 1
Solnhofen 240 34.29 30 3
Coconino 118.01 7.87 6.21 6.38 12.19 4
Granodiorite 161.8 6.47 5.39 25.73 5

UCS is the uniaxial compressive strength. HBT is the tensile strength from the Hoek–Brown criterion (Hoek & Brown, 1980), HT is the tensile strength from
the Hoek criterion (Hoek, 2007), BT is the tensile strength from a Brazilian test, Other T is the tensile strength from the reference given. This studyT is the
tensile strength derived by regression as explained in the text. References: 1, Kim & Lade (1984); 2, Handin et al. (1967); 3, Koelen et al. (2021); 4, Ko
(2008); 5, Lee & Haimson (2011).
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the mean stress (e.g. Colmenares & Zoback, 2002; Jaeger,
1957; Jaeger & Cook, 1979):

I1 ¼ r1 þ r2 þ r3ð Þ
MS ¼ 1

3
r1 þ r2 þ r3ð Þ ¼ 1

3
I1ð Þ

J 2 ¼ 1
6

r1 � r2ð Þ2 þ r2 � r3ð Þ2 þ r1 � r3ð Þ2
h i

The Griffith–Murrell criterion is:

r2 � r3ð Þ2 þ r3 � r1ð Þ2 þ r1 � r2ð Þ2

¼ 24T r1 þ r2 þ r3ð Þ
6J 2 ¼ 24TI1

J 2 ¼ 4TI1 ¼ 12TMS

Therefore, the Griffith-Murrell criterion predicts linear
relations between J 2 and I1 or MS, which can be used to
find an appropriate value for T by regression from triaxial
experimental data (Figure 6). The tensile strengths from
regression for three examples are listed in Table 1.

Figure 7 shows the Griffith-Murrell failure surfaces and
the experimental data for the three examples in Table 1.
While there is a generally adequate fit, the failure surfaces

tend to show larger stresses than the experimental data at
low mean stresses, and vice versa at high mean stresses.
This reflects the imperfect fit of the linear regressions in
Figure 6.

Figure 6. Plots of the stress invariants J 2 against mean stress MS for (a)
Solnhofen limestone, (b) Coconino sandstone, and (c) Granodiorite (data
sources in Table 1). All regression lines forced through the origin.

Figure 7. Stress at failure (spheres) compared with Griffith-Murrell failure sur-
faces derived from fitting the data for the tensile strength from Figure 6. (a)
Solnhofen limestone, (b) Coconino sandstone and (c) Granodiorite. Surfaces
and spheres are coloured by mean stress. Data sources given in the referen-
ces to Table 1.
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Triaxial stress and failure mode diagrams

The Griffith-Murrell failure criterion can be employed to con-
struct a failure mode diagram, which shows that lower values
of ; generally require lower differential stresses and pore
fluid factors for failure (Blenkinsop et al., 2020). Differential
stress and pore fluid factor (pore fluid pressure/vertical stress)
reach maximum values in the range 0.6 � ; � 1. These rela-
tionships are apparent on the three-axis plot of differential
stress, pore fluid factor and ; in Figure 8.

Adding triaxial tensile failure to the Griffith-
Murrell criterion

The Griffith-Murrell failure criterion includes points with
stresses very much less than the tensile strength of rocks,
which would cause rocks to fail in tension. The relation
between the minimum stress on the Griffith-Murrell failure
envelope (rf) and the tensile strength T is nearly linear in
the range �1 >–T > �50MPa, with rf � 3 T. In order to
avoid these unrealistic tensile stresses, a tensile cutoff can
be introduced (e.g. Lan et al., 2019; Paul, 1961) by limiting
the values of any principal stress to greater or equal to the
tensile strength:

r1,r2,r3 � �T

Figure 9 illustrates this criterion applied to the Griffith-
Murrell plot with T¼ 5MPa. The failure surface is truncated
by the tensile cutoff along three mutually perpendicular
planes parallel to the principal stress planes.

Figure 9c and d shows the intersections of the failure sur-
face and the tensile cutoff with the p plane, shown at an

intermediate value of mean stress. At the lowest values of
mean stress, only tensile failure occurs. For a limited range of
low to intermediate values of mean stress, the p plane is cut
by both the tensile cutoff and the failure surface. At values
of the mean stress greater than a threshold, tensile failure is
no longer possible. The Griffith failure criterion for tensile fail-
ure in two dimensions is likewise limited to low values of
mean stress (e.g. Jaeger & Cook, 1979, p.101).

The range of mean stresses for which both the tensile
cutoff and the Griffith-Murrell criterion intersect the p
plane is shown in more detail in Figure 10. The failure cri-
terion on the p plane is a combination of straight lines
and circular arcs. The straight edges are where the tensile
cutoff intersects the p plane, and the circular edges occur
where the Griffith-Murrell condition intersects the p plane.
The tensile cutoff along the straight edges occurs at high
values of ;, and conversely the curved edges where the
Griffith-Murrell criterion intersects the p plane are at low
values of ;: The latter edges are at greater distances from
the centre of the p plane (the hydrostat), indicating higher
octahedral shear stresses.

Discussion

Failure modes

The Griffith failure criterion is based on the physics of
extending the most favourably orientated cracks by tensile
failure (Griffith, 1924). Shear failure in rocks occurs by link-
age of such cracks (e.g. Rutter & Hadizadeh, 1991), and the
Griffith criterion, when applied to rocks, does not prescribe
a specific failure mode for any particular stress conditions.
McCormick and Rutter (2022) have shown that tensile crack-
ing and crack linkage are common to experiments with
both tensile and compressional stresses, in a continuum of
behaviour that does not involve extensional shear as a dis-
tinct fracture propagation mode. The implication for hydro-
thermal mineralisation is that ‘extensional shear’ does not
need to be distinguished on a failure mode diagram. The
Griffith-Murrell criterion has a continuous failure surface in
all stress conditions, in accordance with these findings.

Suitability of the Griffith-Murrell criterion for analysing
hydrothermal mineralisation

The Griffith-Murrell criterion is a reasonable fit to some
experimental data (Figures 6 and 7), but it is likely that the
relationship between J 2 and I1 or MS is nonlinear. This is
most evident for the Solnhofen limestone data (Figure 6)
because it has the greatest range of these variables. Other
triaxial failure criteria such as the modified Wiebols-Cook,
modified Lade, or triaxial Hoek–Brown may fit these and
other data better, and generally have nonlinear relation-
ships between the stress invariants (Colmenares & Zoback,
2002; Zhang & Zhu, 2007). In general, it may be preferable
to have multi-parameter failure criteria both because they

Figure 8. Pore fluid factor, differential stress and stress ratio surface predicted
by the Griffith-Murrell failure criterion for T¼ 5MPa at a depth of 10 km.
Differential stresses to the right of the origin are for a normal stress regime
(rv ¼ r1Þ and to the left, for reverse faulting conditions (rv ¼ r3Þ assuming
a vertical stress gradient of 27MPa/km (see Blenkinsop et al., 2020).
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fit the experimental data better, and because the parame-
ters can be related to the physics of failure via friction and
dilation angles. However, these criteria require true triaxial
experiments to determine the additional parameters for a
triaxial failure criterion.

A particular problem for applying true triaxial failure cri-
teria in detail to hydrothermal mineralisation is that many
rock types that host ores lack much rock mechanics data.
For lode gold deposits, for example, banded iron forma-
tion, meta-andesites and metadacites, pelites and schists
not only lack data but may be highly anisotropic and het-
erogeneous on a scale that is challenging for experiments.

These factors indicate that the simple Griffith-Murrell cri-
terion may be useful because it involves only one, readily
determined, parameter—the tensile strength. The fitted val-
ues given in Table 1 are quite high compared with several
other determinations of tensile strength for the same rocks.
This may be the influence of relatively high mean stress
experimental results on the regression. Measured values of

Figure 9. Griffith-Murrell failure surface with a tensile cutoff, for T¼ 5MPa. (a–d) Various views as labelled. Colours on the p plane indicate the value of ;:

Figure 10. p plane intersected by arcs of the Griffith-Murrell failure surface
and straight lines of a tensile cutoff. Colours indicate the labelled values of ;:
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tensile strength are generally dependent on the method of
testing or inference, but the Hoek–Brown estimates of ten-
sile strength using the uniaxial tensile strengths are the
closest to the values obtained from regression (Table 1). It
might be possible to make a more appropriate failure cri-
terion for particular mineralising conditions by using only
experimental data from the relevant stress ranges.

A tensile cutoff for triaxial failure criteria was advocated
by Lan et al. (2019) on the basis of experimental data from
nine different rocks, with tensile strengths ranging from a
few to several tens of MPa. Some of these data seem to
form a parabolic envelope in principal stress space, such as
predicted by the Griffith-Murrell failure criteria without a
tensile cutoff, while others do show a clear tensile cutoff. It
seems that a single criterion for failure in the tensile field
remains elusive.

An obvious limitation to fracture criterion such as the
Griffith-Murrell, Griffith and Coulomb is that they predict
unlimited increases in differential stress at failure as the
mean stress is increased. The concept of a cap to the fail-
ure criterion has recently been examined by Hobbs and
Ord (2022, in press) and could make a useful direction to
explore with respect to the Griffith-Murrell failure criterion
in future.

Conclusions

Triaxial stress states are ubiquitous in the Earth; they are
commonly polyaxial. Since the intermediate principal stress
has a significant effect on rock strength, it should be con-
sidered when considering failure that could lead to hydro-
thermal mineralisation. For example, variability in the value
of the intermediate principal stress relative to the other
principal stresses may have a profound influence on the
orientations of extensional veins or dykes in hydrothermal
systems. When the magnitudes of the least and intermedi-
ate principal stresses are similar, veins or dykes may have
multiple orientations intersecting in the direction of the
maximum principal stress: this may describe the situation
in some stockworks. When the magnitude of the intermedi-
ate principal stress is similar to the greatest principal stress,
veins/dykes are likely to have a single orientation perpen-
dicular to the least principal stress, as in sheeted vein
complexes.

It is appropriate to use a triaxial failure criterion to ana-
lyse fault and fracture-controlled mineralisation. Many
potential criteria are available, but the test data needed to
calibrate most of them are limited, and especially lacking
for common rocks that host hydrothermal mineral deposits.
The Griffith-Murrell criterion is a simple triaxial failure criter-
ion that depends only on tensile strength. Estimates of ten-
sile strength are widely available. This makes a reasonable
case for using the Griffith-Murrell criterion to explore the
effects of triaxial stress on hydrothermal mineralisation. The
criterion applied to rocks is agnostic about failure mode
and is thus compatible with recent experimental results

that suggest a continuous parabolic failure surface, without
the need for a distinct relationship for extensional shear
failure.

The Griffith-Murrell criterion, like other true triaxial crite-
ria, shows that at high mean stresses, failure will occur at
higher values of differential stress and higher pore fluid
pressures, as the value of the intermediate principal stress
becomes closer to the maximum principal stress. A tensile
strength cutoff can be added to the Griffith-Murrell criter-
ion to avoid unrealistic values of tensile stress. The tensile
cutoff implies that for a limited range of low–intermediate
values of mean stress, failure may occur either by extension
fracture or on the Griffith-Murrell failure surface. In these
circumstances extensional failure is favoured when the
maximum and intermediate principal stresses are close. At
very low values of mean stress, only extensional failure will
occur for any relative magnitudes of stress.
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