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Large sand intrusions often exhibit conical morphologies analogous to magmatic intrusions such as saucer-

shaped or cup-shaped sills. Whereas some physical processes may be similar, we show with scaled experi-

ments that the formation of conical sand intrusions may be favoured by the pore-pressure gradients prevailing

in the host rock before sand injection. Our experiments involve injecting air into a permeable and cohesive an-

alogue material to produce hydraulic fractures while controlling the pore pressure field. We control the state

of overpressure in the overburden by applying homogeneous basal pore pressure, and then adding a second

local pore pressure field by injecting air via a central injector to initiate hydraulic fractures near the injection

point. In experiments involving small vertical effective stresses (small overburden, or high pore fluid overpres-

sure), the fracturing pressure (λfract) is supralithostatic and two dipping fractures are initiated at the injection

point forming a conical structure. From theoretical considerations, we predict that high values of λfract are due

to strong cohesion or high pore fluid overpressure distributed in the overburden. Such conditions are favoured

by the pore pressure/stress coupling induced by both pore pressure fields. The dips of cones can be accounted

for elastic-stress rotation occurring around the source. Contrary to magmatic chamber models, the aqueous

fluid overpressure developed in a parent sandbody (and prevailing before the formation of injectites) may dif-

fuse into the surrounding overburden, thus favouring stress rotation and the formation of inclined sheets far

from the parent source. For experiments involving higher vertical effective stresses (thick overburden or

low pore fluid overpressure), the fracturing pressure is lower than the lithostatic stress, and a single fracture

is opened in mode I which then grows vertically. At a critical depth, the fracture separates into two dilatant

branches forming a flat cone. Wemake use of a P.I.V. (Particle Imaging Velocimetry) technique to analyse plas-

tic deformation, showing that these inclined fractures are opened in mixed modes. Close to the surface, they

change into steep shear bands where fluids can infiltrate. The final morphology of the fracture network is

very similar to the common tripartite architecture of various injection complexes, indicating that different

mechanisms may be involved in the formation of dykes. Feeder dykes under the sill zones may open as tensile

fractures, while overlying dykes may be guided by the deformation induced by the growth of sills. These de-

formation conditions may also favour the formation of fluid escape structures and pockmarks.

1. Introduction

Seismic and outcrop studies have led to the recognition of shallow-

level sandstone and magmatic intrusions in sedimentary basins that

have similar cone-, saucer- and cup-shaped geometries (sandstone:

Cartwright, 2007, 2010; Davies, 2003; Huuse and Mickelson, 2004;

Surlyk et al., 2007; Vigorito and Hurst, 2010; Vigorito et al., 2008;

magmatic: Goulty and Schofield, 2008; Polteau et al., 2008; Thompson

and Schofield, 2008). Until recently, sandstone intrusions were not

generally considered as having any economic significance. But the

wider availability of 3D seismic and high-resolution well logging data

has led to the increasing identification of sandstone intrusions acting

as reservoirs or fluid migration pathways (Hurst and Cartwright,

2007; Hurst et al., 2003; Jenkins, 1930) in a number of petroliferous

sedimentary basins, thus highlighting the need to improve our under-

standing of their genesis (De Boer et al., 2007; Duranti et al., 2002;

Huuse and Mickelson, 2004; Huuse et al., 2005; Schwartz et al., 2003).

The similar geometries observed in magmatic and sand intrusions

imply that emplacement mechanisms are likely controlled by com-

mon physical parameters (Cartwright et al., 2008; Polteau et al.,

2008). For example, saucer-shaped intrusions in magmatic and sand-

stone settings exhibit similar geometries (Hansen and Cartwright,

2006a, b; Malthe-Sorenssen et al., 2004; Polteau et al., 2008; Thomson

and Hutton, 2004): a subhorizontal sill at the base, a steeply dipping
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inclined sheet cross-cutting the stratification, and a sub-horizontal

outer-sill. This shape seems to arise from the interaction between the

horizontally propagating shallow hydraulic fracture filled with low-

viscosity fluid and deformation in the overburden (Fig. 1a) (Galland

et al., 2009; Goulty and Schofield, 2008; Malthe-Sorenssen et al.,

2004; Pollard and Johnson, 1973). The horizontal inflating fracture

propagates until it reaches a critical length. Beyond this value, the de-

formed free surface induces the development of an asymmetrical stress

field and a non-zero value for the mode II stress intensity factor, thus

favouring the upward deflection of the sill tips and the formation of in-

clined margins. This model, first described by Pollard and Johnson

(1973), has been supported by more recent formulations (Fialko

et al., 2001) and the formation of artificial hydraulic fractures

(Murdoch, 2002; Murdoch and Slack, 2002), as well as the develop-

ment of numerical models (Malthe-Sorenssen et al., 2004) and ana-

logue models (Galland et al., 2009). The ratio between inner sill

diameter and emplacement depth (W/D) varies from 1.5 in experi-

mental studies (Galland et al., 2009) to 4–5 (Polteau et al., 2008) for

the emplacement of sills in stratified basins. Indeed, low-strength

layers may favour horizontal propagation of sills and higherW/D ratios.

While flat based bowl-shaped sandstone intrusions in sedimentary ba-

sins exhibit similarmorphologies tomagmatic intrusions, Cartwright et

al. (2008) measured lower W/D ratios ranging only between 0.7 and

1.1. These low ratios are not only due to post-emplacement compac-

tion, but also indicate the more pronounced tendency of clastic sills

to develop inclined sheets. Conical sandstone intrusions with well-

defined apices are very common in basins such as the North Sea and

Faroes–Shetland basins (Cartwright et al., 2008; Huuse and Mickelson,

2004; Shoulders and Cartwright, 2004; Shoulders et al., 2007). As

regards saucer-shaped intrusion, the formation of cones is associated

with an uplift of the free surface and the formation of a forced

fold (Fig. 1b) (Cartwright et al., 2008; Galland et al., 2009; Hansen

and Cartwright, 2006b; Malthe-Sorenssen et al., 2004; Pollard and

Holzhausen, 1979). The mechanical explanation for saucer-shaped

magmatic sills cannot be applied to this class of intrusions. Neverthe-

less, their morphological analogy with certain magmatic cone sheets

led Cartwright et al. (2008) to conclude that similar emplacement

mechanisms were involved in their formation. Magmatic cones are

inward-dipping sheet intrusions that are emplaced above a central

magmatic complex. The inclination of the sheets, assumed to open in

mode I, is attributed to the stress distribution around themagma cham-

ber, which is modelled as a nucleus of strain (Anderson, 1936; Mogi,

1958) or as a fluid-filled cavity (Gudmundson, 2006; Gudmundsson,

1990). In such models, the stress trajectories are largely governed by

the shape of the contact between themagma chamber and the overbur-

den. Following this idea, Cartwright et al. (2008) proposed that the for-

mation of small cupola-shaped laccoliths of sand at the top of a feeder

dyke may provide the required stress conditions for the formation of

conical intrusions (Fig. 1d). An alternative explanation was inferred

from analogue experiments simulating magmatic intrusions, where

conical sheets were also observed in cases of dykes approaching the

surface (Galland et al., 2009; Mathieu et al., 2008). Following

several authors (Koide and Bhattacharji, 1975; Mastin and Pollard,

1988; Pollard, 1973) who predicted extension at the tip of an enlarging

dyke, Mathieu et al. (2008) proposed that magmatic fluids of low vis-

cosity are channelled by faults that develop at the tip of a vertical

dyke, thus forming a cone (Fig. 1c).

Recent detailed observations on the Panoche Giant Complex, the

best exposed known outcrop representing an analogue of regionally de-

veloped sand intrusions (Vigorito and Hurst, 2010; Vigorito et al.,

2008), have yielded a detailed description of the complex features of

sand injectites. Vigorito and Hurst (2010) defined a tripartite architec-

ture of the injection complex, with an intrusive sill zone occurring in

a restricted stratigraphic interval, vertically bounded by two zones of

high-angle dykes. The sill zone is characterized by subhorizontal sills

and large low angle dykes (b30°) cross-cutting up to 230 m of host

strata. The low-angle dykes in this zone have random strike distribu-

tions and could be regarded as structures equivalent to giant cones or

bowl-shaped intrusions defined from seismic data. The clastic dykes ob-

served above and below the sill zone have well defined strike direc-

tions. Such dykes may be important pathways for fluid migration, but

they are difficult to identify on seismic profiles because of their steep-

ness. This tripartite architecture has been also recognized in other injec-

tite complexes (e.g. north coast of Santa Cruz (USA), New Madrid

(USA)).

Although there may be numerous similarities between magmatic

hydraulic fracturing processes and hydrofracturing involved in sand

injection, some physical aspects are substantially different as

Fig. 1. a–b: Similar morphologies are observed in magmatic saucer-shaped intrusions (a) after Hansen and Cartwright(2006b) and in V-shaped sand intrusions (b) after Cartwright

et al.(2008)). c–d: Distinct hypotheses for formation of conical structures. c: According to Mathieu et al. (2008), a low-viscosity fluid percolates in conjugate faults developing at the

tip of a vertical feeder dyke. d: According to Cartwright et al. (2008), a small laccolith of sand forms at the top of a feeder dyke. The cupola-shape provides the required σ1 rotation

allowing the development of inclined sheets.
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suggested by Rodrigues et al. (2009). For igneous intrusions, magma

can migrate no more than a short distance through sedimentary

pores and the fluid pressure remains confined within the intrusive

body. By contrast, fluids responsible for the formation of sand injectites

are aqueous and can percolate through the pores over a greater dis-

tance, thus modifying the effective stress field in the vicinity of the

structure. Indeed, according to the principle of effective stresses, the

pore fluid reduces the stresses and, consequently, also diminishes the

apparent strength of the overburden. Moreover, the seepage forces in-

duced by the non-vertical pore fluid overpressure gradient may lead to

rotation of the stress tensor (Mourgues and Cobbold, 2003), possibly

favouring the formation of inclined hydrofractures and cones.

To understand the effects of pore fluid overpressure on the forma-

tion of vertical conduits and conical structures, we conducted new

analogue hydrofracturing experiments. By comparing our results

with analytical and numerical predictions, we show that a pore pres-

sure field around a parent sandbody or distributed in the overburden

favours the formation of inclined sheets. Finally, the use of P.I.V. (Par-

ticle Imaging Velocimetry) allows us to image the deformation occurring

during cone growth, thus providing some mechanical explanations for

the formation of tripartite architectures in injectite complexes

2. Experimental set-up and scaling

The formation of sandstone intrusions requires several successive

processes: pressure build-up in a parent sandbody, hydrofracturing

of the overburden, and then fluidized flow of sand/fluid mixture

into the fracture. The aim of our physical experiments was not to

model injectites following the approach of Rodrigues et al. (2009),

but to improve our understanding of the role of pore pressure in

shallow hydraulic fracturing and the formation of conical structures.

Consequently, we conducted hydraulic fracturing experiments using

constrained pore pressure fields without attempting to model the

fluidization and sand injection processes.

2.1. Scaling: solid materials and pore fluid

Hydraulic fracturing was previously studied with various fractur-

ing fluids and solid materials (Galland et al., 2009; Hubbert and

Willis, 1957; Kavanagh et al., 2006; Mastin and Pollard, 1988;

Menand, 2008; Murdoch, 1992; Takada, 1990). Many experiments

were carried out with elastic gelatine fractured by water to simulate

the propagation of magmatic dykes and sills or to validate the predic-

tions of fracture shape and growth in elastic media (Galland et al.,

2009; Kavanagh et al., 2006; Menand, 2008; Takada, 1990). Gelatine

is an impermeable material that fails under tension, but it is too cohe-

sive to allow plastic shearing. To overcome this difficulty, several au-

thors have used granular cohesive materials to simulate magmatic

fracturing (Chang, 2004; Galland et al., 2009; Mathieu et al., 2008).

Galland et al. (2009) injected vegetable oil into cohesive silica pow-

der to simulate sills and saucer-shaped sill emplacement, while

Mathieu et al. (2008) injected low-viscosity honey into ignimbrite

powder. Hydraulic fracturing around a borehole was simulated by

injecting joint compound into silica powder and dry clays (Chang,

2004). All these experiments and materials are well suited to simu-

late external hydraulic fracturing processes (Price and Cosgrove,

1990) where the fluid does not percolate into the overburden without

fracturing (magmatic processes, fractures around boreholes). Never-

theless, this approach cannot be used to simulate hydraulic fractures

induced by water in water-saturated sediments because, under such

conditions, the aqueous fracturing fluid already fills all available

pores in the overburden. This pore fluid may modify the effective

stresses in the solid framework and modify the fracturing process.

Cobbold and Castro first used models with pore fluids in a sandbox,

and demonstrated that the injection of air can simulate (Cobbold

and Castro, 1999) the mechanical effect of pore fluid overpressure

(pore pressure higher than the hydrostatic pressure). Mourgues and

Cobbold (2003, 2006a,b) and Mourgues et al. (2009) experimentally

investigated the consequences of pore fluid overpressure on the forma-

tion of listric faults (Mourgues and Cobbold, 2003), on the develop-

ment of accretionary wedges (Mourgues and Cobbold, 2006b) and on

the triggering of gravitational instabilities in sedimentary deltas

(Mourgues and Cobbold, 2006a; Mourgues et al., 2009). Since all

these experiments used non-cohesive sand, similar types of model can-

not be used to simulate tensile failure and hydraulic fracture. Recently,

Rodrigues et al.(2009) combined the technique of air injection devel-

oped by Mourgues and Cobbold (2006b) and various cohesive and

non-cohesive materials to simulate the formation of clastic intrusions.

They used microballs to simulate the intruding sandy material and sil-

ica powder for the cohesive sealing formation. A similar approach was

followed by Gressier et al. (2010), who injected silicone into diatomite

powder subjected to vertical air pore-pressure gradients to study the

effect of pore-overpressure on the dyke-to-sill transition depth.

As the aim of our experimental study was to understand how the

pore pressure field influences the formation of conical fractures, we

chose to use diatomite powder to simulate the brittle sedimentary

cover. In contrast, diatomite has a non-negligible permeability vary-

ing between 1 and 15 darcy, depending on compaction. In our exper-

iments, the measured permeability of the powder was 6 darcy for a

density of 300 kg/m3. This value is high enough to ensure reliable

control of the pore-pressure field in the model. Like silica powder, di-

atomite powder is sufficiently cohesive to allow tensile failure. The

yield stress was measured by Mourgues et al. (2011) with shear

tests. For small effective stresses, a powder of 300 kg/m3 of density

exhibited a Griffith's envelope with a measured tensile strength of

80 Pa. This value was confirmed by horizontal hydraulic fracturing

tests (Mourgues et al., 2011).

The scaling procedure, based on the standard similarity conditions

(Hubbert, 1937; Ramberg, 1981), defines dimensionless numbers

that characterize the kinematics and kinetics of the simulated pro-

cesses. Using these numbers, we define the scaling ratios (Table 1).

From the equilibrium equation of effective stresses and pore pressure

(Mourgues and Cobbold, 2003), we derive two dimensionless num-

bers:

π1 ¼ σo= ρogoLoð Þ ð1Þ

π2 ¼ Po= ρogoLoð Þ ð2Þ

Table 1

Experimental variables and their values in experiments compared with standard natu-

ral values. The effective density of host rock is corrected from the buoyancy force.

Nature (r) Experiment (m) ratio

Lo Length (m) 500 0.15 0.0003

go Gravity (ms−2) 9.81 9.81 1

ρo Effective density of host

rock

(kg/m3)

1250 300 0.24

σo Gravitational stresses (Pa) 6,131,250 441.45 0.000072

po Pore fluid overpressure

(λ=1) (Pa)

6,131,250 441.45 0.000072

ϕ Angle of internal friction 30 30 1

To Tensile strength (Pa) 1.10E+06 80 7.27E−05

v Poisson's ratio 0.2–0.4 0.35 1

Eo Young modulus (Pa) 1.00E+08 1.00E+06 1.00E−02

ko Permeability of country

rock (m−2)

1.00E−18 8.00E−12 8.00E+06

ηo Fluid viscosity (Pa.s) 1.00E−03 1.80E−05 1.80E−02

χo Specific storage (Pa−1) 1.20E−08 9.20E−06 7.67E+02

to Diffusion time on Lo (s) 3.00E+12 4.60E−01 1.53E−13

Re Reynolds number 1000–>100,000 10–>200

3



where σo, Po, ρo, go, Lo are, respectively, stress, pore fluid overpressure,

the effective density ((1−ϕp)(ρs−ρw)) corrected from buoyancy ef-

fect, the acceleration due to gravity and the characteristic length of

the system (ϕp is the porosity). These dimensionless numbers express

the ratio between surface and gravity forces (Ramberg, 1981). They

must have similar values in nature and experiments, so we obtain:

γσ ¼
σm

σ r

¼
Lm
Lr

ρm

ρr

gm
gr

¼
Pm

Pr

¼ γP ð3Þ

where γ is the scaling ratio. Subscript m refers to values in the exper-

iment and r to values in nature. From Eq. (3), we can see that scaling

ratios for stresses and pore fluid overpressure are similar. If we con-

sider a 15-cm thick model made of diatomite as representing a mean

depth of 500 m for the formation of conical intrusions (Cartwright et

al., 2008; Polteau et al., 2008; Shoulders and Cartwright, 2004), the

stress ratio is 7.2∗10−5 (Table 1). Pore-fluid pressure in the model

and in the field can be characterized by the dimensionless ratio

(Davis et al., 1983):

λ
�
¼ Pov=ρgz ð4Þ

where Pov is the fluid overpressure (non-hydrostatic part of the pore-

fluid pressure) and ρ the effective density (corrected from buoyancy).

The scaling of the fracturing pore-pressure requires a correct scaling

of the brittle behaviour of sediments. The failure envelope is deter-

mined by theMohr–Coulomb criterion for shear failure and by the Grif-

fith criterion for extensional failure (Jaeger and Cook, 1969). The first

dimensionless number corresponds to the angle of internal friction ϕ:

π3 ¼ ϕ ð5Þ

ϕ is estimated as 31° for diatomite powder, which is within the range

of values for sediments. The second dimensionless number is the

ratio between tensile strength T (or cohesion (C=2T according to Grif-

fith's law)) and gravitational forces:

π4 ¼ To= ρogoLoð Þ: ð6Þ

From π4 and Eq. (4), we infer that γT=γσ. Assuming a stress ratio

of 7.2∗10−5, a tensile strength of 80 Pa in the diatomite simulates a

tensile strength of around 1.1 MPa at 500 m depth in nature, which

is a reasonable value for sediments such as shale or weakly consoli-

dated mudstone (Horsrud et al., 1998; Lothe et al., 2004).

Before failure, the elastic response of the overburden controls the

coupling between effective stresses and pore-pressure variations

(Mourgues et al., 2011; Rozhko et al., 2007). Consequently, elastic be-

haviour has to be taken into account when estimating fracture pres-

sure. Poisson's ratio ν is the first dimensionless parameter.

π5 ¼ v ð7Þ

Since ν is the main elastic parameter controlling the failure pressure

and pore pressure/stress coupling in a sedimentary basin (Mourgues et

al., 2011), it must be appropriately scaled. In the diatomite powder,

Poisson's ratio is estimated at 0.35, which is not far from typical values

in weakly consolidated sediments (Lothe et al., 2004). According to the

equations of linear elasticity (Jaeger and Cook, 1969), a second dimen-

sionless number is obtained from the ratio between the stress and

Young's modulus E defining elastic deformation:

π6 ¼ σo=Eo: ð8Þ

We can easily deduce that γE=γσ. Assuming Young's moduli range

between 108 and 109 Pa for clay-rich sediments, the stress ratio leads

to values of between 7200 and 72,000 Pa for the analogue material.

For the diatomite powder, E is estimated at 106 Pa. Therefore, elastic

deformation is not properly scaled and is consequently smaller than re-

quired by Eq. (8).

Our study aims to simulate the effect of pore-fluid overpressure

on the formation of conical hydrofractures. Before failure, the pore-

pressure field and the fluid migration through porous rocks are de-

scribed by Darcy's law:

q ¼ −k=η∇Pov ð9Þ

where q is the Darcy velocity, η the fluid viscosity and k the intrinsic

permeability of the medium. From Eq. (9), we define a new dimen-

sionless number:

π6 ¼ koPo= ηoLoqo
� �

ð10Þ

and a scaling ratio for the fluid flow in the overburden:

γq ¼ γkγPγh
−1

γL
−1

: ð11Þ

For practical reasons, we use air as the pore fluid and derive a scal-

ing ratio γq≈108. By using this ratio and suitable boundary condi-

tions for the fluid flow, we are able to obtain the required pore

pressure field, seepage forces and effective stress field within the

model. Any change of the pore fluid pressure is propagated in the

overburden according to the diffusivity equation:

dP=dt ¼ k= ηSð Þ∇
2
Pov ð12Þ

where S is the specific storage, and t the time. The pore pressure dif-

fusion time is:

to ¼ ηoSoLo
2
=ko: ð13Þ

The diffusion time of air pressure in a 15 cm thick model is esti-

mated at 0.4 s, and the fluid flow rapidly attains a steady state. With

such a short diffusion time, we can ensure time control of the pore-

pressure field prior to the initiation of hydraulic failure. In nature,

this reference time corresponds to 100,000 years, which is less than

the time typically required for a sandbody to be buried to 500 m. During

this period, a similar steady-state pressure field may develop in the

overburden surrounding a sandbody which is pressurized, for example,

by lateral pressure transfer. In our experiments, the diffusion time is

similar to the propagation time of the fractures through the model

(0.5 s). Hence, during fracture growth, the pore-pressure field evolves

dynamically and it becomes difficult to estimate its time-variation cor-

rectly. Sand injectites may build up very quickly and lead to changes in

dynamic pore-pressure. As soon as a fracture opens, a Couette-type

flow regime begins. In nature, the flow involves fluidized material,

whereas our experiments only involve air. The flow regime is predicted

by the Reynolds number Re, which is the ratio between inertial and vis-

cous forces:

Re ¼ ρf loUo=ηo ð14Þ

where ρf is the fluid density, lo is the intrusion thickness andUo the fluid

velocity in the fracture. In our experiments, we calculate Re numbers

ranging from 10 to 100, which are indicative of laminar flow. In natural

sand injection, fluidized flows may vary from laminar to turbulent

(Duranti, 2007) depending on the viscosity of the fluidized material.

Rodrigues et al. (2009) stressed the difficulty of properly scaling high

Re numbers during sand injection experiments.

2.2. Apparatus

The experimental apparatus consisted of a modified Hele–Shaw

cell, 1 m long and 70 cm high and 2.5 cm thick. To limit the silo effect
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(Mourgues and Cobbold, 2003), which can limit the vertical stress,

the walls were made of low-friction glass and the models were no

thicker than 30 cm. A Janssen model (Janssen, 1895) was used to

evaluate the vertical stress. Hydraulic fractures were initiated by

injecting air through a central injector (Fig. 2), which was 2 mm

wide. This localized injection of air created a non-homogeneous pres-

sure field around the injector. A basal pore pressure (λb) was applied

at the base of the model by means of a reservoir of compressed air.

This second injection of air was laterally homogeneous and allowed

us to modify the mean vertical effective stress.

2.3. Experimental set-up

All experiments followed the same procedure: i) powder was put

into the apparatus; ii) air pressure in the central injector was in-

creased slowly to reach the required basal pore pressure value λb;

iii) slow increase of air flow at the injector until formation of a frac-

ture. The failure pressure λb was then recorded.

The increase of pore pressure was slow enough such that it ap-

proximated to a steady state. Once a fracture formed, it grew quickly

towards the top of the model in approximately 0.5 s. All experiments

were filmed with a high speed CEMOS camera (100 fps).

Three series of experiments were carried out (Fig. 3), using model

thicknesses of 14, 20 and 26 cm, with the central injection point lo-

cated at depths of 9.5, 15 and 20 cm in models A, B and C, respective-

ly. In each series, we conducted several experiments with various

basal pore pressures λb varying between 0 and 1 (Fig. 3).

3. Experimental results

In series A, 15 experiments were carried out. Some of these exper-

iments are shown in Fig. 3. In the experiments involving a very high

basal distributed pore pressure (λb=1) (Fig. 3A5), tensile fractures

opened horizontally from the injector. In all the other experiments

(exp. A1–A4), two hydraulic fractures initiated at the central injector

forming a V-shaped structure. We consider that the 2D features are

analogues of 3D conical fractures. Indeed, Mathieu et al. (2008) con-

ducted experiments that could be compared to ours. These authors

injected viscous fluid into silica powder and obtained 3D conical in-

trusions. They also conducted “half-box” experiments in which the

feeder tube was placed along the glass wall of the box. While these in-

trusions formed partly in 3D, it was also possible to observe their

growth in cross-section (2D). Our experiments are in agreement

with Mathieu et al. (2008) observations along the glass wall, and

we assume that our 2D “V” shapes are analogues of 3D cones. Fig. 3

clearly shows that the cones flatten with increasing basal pore

pressure λb. For λb=0, the cone is very narrow (exp. A1), limited

by two vertical fractures. In the vicinity of the central injector and

close to the surface, these fractures flatten out to form a tulip-

shaped cone. In experiments A2 and A3, cones are more regular,

while in experiment A4, they become bowl-shaped. For all experi-

ments of series A, we measured the fracturing pressure λfract. All the

fractures are initiated at supra-lithostatic pore pressure (λfract>1).

The measured values clearly show that the pressure required for frac-

turing the medium (λfract) is higher when the basal distributed fluid

pressure λb is increased.

In series B, similar results are obtained. Cones are formed that be-

come flattened at higher values of λb. Nevertheless, for experiment

B1, a single fracture forms at the injector and propagates vertically.

At a critical depth, this vertical fracture terminates and divides into

two flat wings which form a V-shape. In all experiments of series B,

the formation of cones corresponds to an uplift of the surface and

the opening of tensile fractures at the top of the models.

In series C, the results of experiments C1 (λb=0) and C2

(λb=0.3) are similar to experiment B1, with a vertical fracture divid-

ing into two flat wings. The depth of initiation of the V-shaped struc-

ture is greater in experiment C2 (14.8 cm for λb=0.3) than in

experiments C1 and B1 (11.2 cm and 9.1 cm, respectively, for

λb=0). In experiments C3 and C4, the cone is initiated at the central

injector and is steeper than observed in experiments of the previous

series conducted with the same λb. In experiment C4, the cone is flat-

ter than in experiment C3, and many horizontal fractures are opened,

probably caused by a high value of λb (λb=0.9).

4. Discussion

4.1. Fracture pressure

The experiments of series A clearly show that the pore pressure

required to initiate hydrofractures increases with λb. Similar results

were obtained and discussed in a previous article by Mourgues et al.

(2011). In the present study, we demonstrate that the failure pressure

can be predicted by analytical solutions derived from Rozhko et al.

(2007). The failure pressure at the centre of a localized source of

pore pressure diffusing into a surrounding overburden is given by:

λfract ¼ kþ T= ρeff gz
� �

þ λb βσ−βτ−kð Þ= βσ−βτð Þ ð15Þ

where k=ν/(1−ν)

βσ ¼ 1−0:5α 1−2vð Þ= 1−vð Þ½ � 1−1= 2 ln 4z=wð Þð Þ½ � ð16Þ

βt ¼ 0:25α 1−2vð Þ= 1−vð Þ½ � 1= ln 4z=wð Þð Þ½ � ð17Þ

where w is the width of the source of pore pressure, z its depth and α

the Biot coefficient. This analytical solution takes into account the

coupling between pore-pressure and stresses caused by two different

pore pressure fields (Fig. 4). The injection of air at the base of the

model (λb) provides a laterally uniform pore-pressure field within

the model that is responsible for a strong coupling between pore-

pressure and stresses (Fig. 4a). As λb increases, the Mohr circle repre-

senting effective stresses shifts to the left and decreases in size

according to an elastic envelope. When λb=1, the Mohr circle re-

duces to a point centred at the origin. When λb exceeds 1, the stresses

become tensile and the minimum principal stress becomes vertical,

thus producing horizontal fractures (Cobbold and Rodrigues, 2007;

Mourgues et al., 2011) in the case where:

λb ¼ 1þ T= ρgzð Þ: ð18Þ

The stress inversion for λb>1 is probably responsible for the

opening of horizontal fractures in experiment A5 (λb=1). The second

overpressured reservoir (λb)

10 cm

airair airair

air

diatomite

central injector

laterally-homogeneous injection

Fig. 2. Experimental Hele–Shaw cell (1 m long, 70 cm high and 2.5 cm thick). A reser-

voir of compressed air provides a basal constant pore pressure (λb). The fractures are

initiated by injecting air through a 2-mm-wide central injector.
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injection of air at the central injector creates another pore pressure

field that is superimposed on λb. The stress coupling caused by this

injection is weaker than the previous injection, and the decrease in

size of the Mohr circle is slower when pressure increases (Fig. 4b),

so there is no stress inversion. As previously demonstrated by Mour-

gues et al. (2011), Fig. 4c shows a good correlation between the fail-

ure pressure predicted by Eq. (15) and the measurements of series

A, where the silo effect was only moderate. As a consequence of

pore pressure/stress coupling, the fluid pressure required to initiate

hydraulic fracturing is higher than we might classically expect from

relation σ3+T with no stress coupling (Mourgues et al., 2011).

4.2. Pore pressure field and conical hydrofractures

In our experiments, vertical fractures only open in the thickest

models (series B and C) with no basal pore fluid overpressure

(λb=0). In all the other models, two fractures open and form a V-

shaped structure (cone). In Fig. 4d, the experimental results are plot-

ted as a function of λb and lithostatic stress at the injector, together

with the failure pressure predicted by Eq. (15) and the mean dip of

the fractures. The dip is not always easy to evaluate because factures

are sometimes curved. Hence, a mean dip is taken from measure-

ments on the first 5 cm of fractures above the injector. Fig. 4d clearly

shows that vertical fractures only appear for failure pressure (λfract)

less than 1 (exp. B1, C1, C2). At λfract>1, a cone is formed. We observe

that the flattening of the cone may be correlated with the increase of

λfract. When the fracture dips are plotted as a function of the fractur-

ing pressure normalized to the vertical effective stress, Pfract/σv′=λfract/

(1−λb) (Fig. 5), we can see that the cones flatten with increasing λfract/

(1−λb) ratio.We then compare these resultswith numerical calculations

of σ1 trajectories that assume an elastic rheology and a steady-state pore-

fluid pressure field. We plot the minimum dip (maximum deviation) of

σ1 at two different depths (normalized to the thickness) above the injec-

tor; the strong correlation with fracture dip demonstrates that the angle

of the cone sides is controlled by stress rotation in the vicinity of the pres-

sure source. This observation agrees with Anderson's calculation of

stress rotation around a magma chamber and the formation of cone

sheets (Anderson, 1936; Gudmundson, 2006). Contrary to Anderson's

model or more modern analyses (Anderson, 1936; Gudmundson,

2006), which assume thatmagmatic pressure is confinedwithin a cham-

ber, the fluid overpressure in our experiment – or in a natural sand

reservoir – diffuses into the surrounding overburden and creates a non-

homogeneous pore pressure field. This non-hydrostatic pore-pressure

field is responsible for stress rotation distant from the source (Fig. 6). As-

suming that the permeability of the overburden is zero and that diffusion

of pore-pressure does not occur, we can calculate the σ1 orientation

around a confined cylindrical pore pressure source (Fig. 6a). Calculations

are performed here for an elastic rheology. As in Anderson'smodel, stress

rotation occurs only in the vicinity of the pressurized chamber. When

permeability is non-zero, a pore-pressure fluid-flow propagates around

the cylindrical reservoir. The pressures are calculated for steady-state

fluid flow. This pore-pressure field is responsible for additional forces

(seepage forces) applied to the porous medium, which lead to stress ro-

tation (Mourgues and Cobbold, 2003). A more pronounced stress rota-

tion is observed far from the reservoir in the permeable case than in

the case where the overburden is impermeable (Fig. 6a). This phenome-

non may be a significant factor influencing the formation of non-vertical

hydrofractures and conical intrusions in sedimentary basins. The reader

should bear in mind that seepage forces depend only on the pore-

pressure field and not on the pore-fluid velocity (Mourgues and Cobbold,

2003). For the same pressure field, the seepage forces are the same in

high- and low-permeability strata. A significant difference may arise be-

cause of the pressure diffusion time (Eq. (15)); in low-permeability strata

(around 10−19 m2 darcy), the pressure front will diffuse 250 m in less

than 250,000 years. If a sand body is initially overpressured for a long

period (during its burial) before a triggering event, the geometry of

the intrusion will be significantly modified by the pore-pressure field.

This contrasts with models of magmatic chambers in which the

Fig. 3. Summary of experiments. The depth of the central injector is increased from 9.5 cm (row A), to 15 cm (row B) and 21 cm (row C). The pore fluid overpressure λb increases

from left to right. λfract refers to the pore pressure required to initiate failure above the injector. For experiments involving a small basal fluid pressure and a thick cover (B1, C1 and

C2), a fracture grows vertically before evolving into a V-shaped structure. In all other experiments (A1–A5, B2–B4, C3–C4), a V-shaped structure is initiated directly above the in-

jector. We observe that all the wings flatten with increasing basal pore pressure λb.
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magmatic pressure remains confined within the reservoir (i.e. the

magma chamber). Nevertheless, this phenomenon may also

occur when magma intrudes sedimentary sequences. Certain authors

(Jamtveit et al., 2004) have calculated the pore-fluid overpressure gen-

erated byheating ofwater around amagmatic intrusion. Under extreme

conditions, if the pore-fluid overpressure is sufficiently high, hydrother-

mal vents will form (Svensen et al., 2004; Svensen et al., 2007). Howev-

er, if the conditions required for hydrothermal venting are not reached,

we can assume that the pore overpressure may influence the vertical

propagation of the dykes by modifying the stress field around the

intrusion.

Formation of a cone and its flattening are favoured by high values

of parameter λfract/(1−λb) (Fig. 5). Because λfract increases with T and

with the decreasing z, a consolidated sedimentary cover may facili-

tate the formation of a cone near the surface. Moreover, the presence

of fluid overpressure already distributed in the sediment (for exam-

ple, due to compaction disequilibrium) may increase the depth at

which cones form, and may favour the development of flatter cones.

In the sand injectite analogue experiments carried out by Rodrigues

et al. (2009), the intruded sedimentary cover was highly overpressured

(Fig. 7 in Rodrigues et al., 2009), and only flat conical intrusions were

formed. Our present study supports their findings and is in agreement

with the results of Gressier et al. (2010) on magmatic intrusions. These

latter authors demonstrated analytically and experimentally that pore

fluid overpressure within strata increases the dyke-to-sill transition

depth.

4.3. Transition between vertical and inclined fractures

In experiments B1, C1 and C2, hydraulic fractures initially propa-

gate vertically before dividing into two branches that form a V-

shaped structure. The cones are initiated at depths of 9.1 cm and

11.2 cm for experiments B1 and C1, where λb=0. In experiment C2,

where the distributed fluid overpressure λb is 0.3, this depth reaches

14.8 cm. This result is in agreement with Fig. 5, which indicates that

the formation of inclined fractures is favoured by low effective stresses
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or high distributed fluid overpressures. Nevertheless, by plotting the

dips of cones B1, C1 and C2 (see Fig. 5), we observe that these cones

are flatter than those formed at the central injector. Moreover, the

dips are gentler than predicted by the elastic model of σ1 trajectories.

Two reasonsmay explain this difference. Firstly, σ1 orientation is calcu-

lated elastically (such as in gelatine), in contrast to the propagation of

hydraulic fractures in cohesive powders in which plastic deformation

prevails. Moreover, the fractures propagate in less than 0.5 s through

the model, which is close to the pressure diffusion time

(to=400 ms). Thus, we can assume that the steady-state approxima-

tion for fluid flow becomes invalid as soon as the fracture starts to

propagate. This may be also the case for clastic intrusions.

To improve our understanding of the transition between the ver-

tical feeder dyke and V-shaped structures near the free surface, we

measured the deformation in an experiment similar to C1. Particle

Imaging Velocimetry was used with a 5-pixels correlation window

(Adam et al., 2005), and some of the results are presented in Fig. 7.

All the particle displacements are larger than 75 μm, which is more

than the maximum displacement caused by elastic deformation

(≈5 μm), so we infer that the deformation recorded by PIV is attrib-

utable to plasticity. During the vertical growth of the fracture

(Fig. 7a), we clearly observe a cone of vertical upward displacements

just above the tip of the dyke. These vertical displacements are re-

sponsible for a small uplift of the surface, and accelerate as the frac-

ture rises (Fig. 7b). Two large shear bands limit the cone. The

symmetry of shear deformation at the tip indicates that the fracture

opens exclusively in pure tension mode. In Fig. 7b–c, we observe two

branches dipping at 40°, which are similar in appearance to

experimentally-produced analogues of magmatic intrusions (Mathieu

et al., 2008). These latter authors attributed the formation of such

structures to the presence of conjugate normal faults dipping towards

the intrusion. These normal faults and tension fractures are predicted

from elastic analytical solutions (Koide and Bhattacharji, 1975).

According to several authors (Donnadieu and Merle, 1998; Mastin

and Pollard, 1988; Mathieu et al., 2008; Weertman, 1980), the fractur-

ing fluid is channelled by normal faults at the tip of dyke, and infiltra-

tion results in the formation of two branches; our experiments do not

support such a phenomenon. As soon as the hydrofracture starts to

propagate vertically, large reverse shear bands are recorded rather

than normal faults. The inclined fracture does not follow the shear

bands that develop with a steeper angle (Fig. 7c), so we assume that in-

filtration of fluids into a dilating shear band is not the mechanism re-

sponsible for the formation of inclined sheets. To explain the

formation of conical intrusions, Cartwright et al. (2008) proposed the

formation of small cupola-shaped laccoliths of sand at the top of a feed-

er dyke, which provided the required stress conditions according to the

magma chamber model. In our experiments, no laccolith is formed be-

fore the growth of the V-shaped structure (Fig. 8). At the tip of the

opening inclined fracture, a small zone (1 to 2 cm long) of stronger

shear deformation is observed with the same dip as the fracture

(Fig. 7c–d). We attribute this shear deformation to a mixed mode (ten-

sion and shear) fracture growth. In a second stage (Fig. 7e–f), we observe

that shear deformation defining the cone of vertical displacement is local-

ized into two fine shear bands that accelerate the surface uplift. At this

Fig. 6. Comparison between stress rotations and shapes of mode-1 hydrofractures

around a cylindrical source of pore pressure (λ=1.2). We assume that the conditions

are steady state. In panel (a), the excess pore-pressure is confined within the cylinder.

The overburden is impermeable, stress rotations are localized close to the source and

fractures become rapidly vertical. In panel (b), the overburden is permeable and the

excess pore-pressure diffuses away from the source. Stress rotations occur far from

the source, leading to a large V-shaped fracture.
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Fig. 5. Observed fracture dips plotted as a function of normalized failure pressure. The

fractures flatten with increasing λfract/(1−λb). We compare these results with numer-

ical calculations of σ1 dips assuming an elastic rheology and a steady-state pore pres-

sure. The dashed lines represent the maximum σ1 dips calculated at height h/6 and

h/12 above the injector (h=depth of the central injector). The angle of the cone is con-

trolled by the stress rotation in the vicinity of the pressure source, in agreement with

Anderson's model (Anderson, 1936). In experiments B1, C1 and C2, where a vertical

fracture is initially formed, the cone is flatter than predicted from elastic rheology.

The plastic deformation taking place during fracture growth and the dynamic evolution

of pore-pressure around the fracture may explain this behaviour.

Fig. 7 Different stages of fracture growth (case C1). Pictures are analysed by P.I.V. technique. Vertical displacements and shear deformations are calculated between two successive

pictures (frame rate: 100 fps). The correlation window is 5 pixels wide. During its vertical propagation (a–b), the fracture opens purely in tension. A cone of vertical upward dis-

placement is observed just above the tip of the dyke. This vertical displacement is responsible for a small uplift of the surface that accelerates as the fracture rises (b). In panels b–c–

d, we observe the formation of two inclined wings, dipping at about 40°. These fractures open in mixed modes because they do not follow the large shear bands that develop with a

steeper angle. In panel (e), the shear deformation is localized along narrow shear bands that channel the percolation of fluids towards the surface.
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stage, opening of the fracture seems to be hindered, and only two discon-

nected zones of high dilatancy are observed, indicating that fluid infil-

trates the shear bands without opening any hydraulic fractures.

4.4. Comparison with the tripartite architecture of the Panoche Giant

Injection Complex

The Panoche Giant Injection Complex (Hurst et al., 2011; Vigorito

and Hurst, 2010; Vigorito et al., 2008) is the largest and best exposed

analogue for regionally developed sand injectites, (San Joaquim valley

(California)). Recent detailed observations (Vigorito and Hurst, 2010)

suggest a common tripartite architecture of the injection complex,

which is recognized in three distinctive geographical sectors: the

lower dyke zone, the sill zone and the upper dyke zone (Fig. 9). The

lower dyke zone is identified in the parent unit belt (PUB), where

channel complexes form the parent units and probably also the pres-

sure cell (where the pore pressure attains values close to lithostatic)

required for sand injection. Sparse high-angle dykes, which are up

to 6 m wide and 600 m long, emanate from the basal unit of PUB.

The upper part of the PUB contains extensively deformed sandstones

which feed dykes, and both dykes and sills higher in the section. The

sill zone makes up a restricted stratigraphic interval in the intrusive

belt (IB). This zone is mainly characterized by sills and large

(8–12 m aperture) low-angle dykes (with random strike distribution)

that can cross-cut up to 230 m of host strata. The upper part of the in-

trusive belt is dominated by the upper dyke zone characterized by

high-angle and bifurcating dykes that become thinner and more

abundant upward. Locally, these dykes terminate belowwhat is inter-

preted as a sand extrudite. The basal contact of this extruded forma-

tion is reported to be irregular, being characterized by depressions

interpreted as paleo-pockmarks and local metre-scale sandstone

volcanoes.

Bearing in mind these observations, we can draw a parallel (Fig. 9)

with the results of experiments B1, C1 and C2. In all these experi-

ments, a tripartite architecture can also be clearly identified: i) a

basal vertical dyke, ii) a zone where flat inclined fractures are opened

and enlarged, which can be interpreted as equivalent to the sill zone

where randomly-oriented low-angle dykes are reported and iii) an

Fig. 8. Schematic diagram illustrating the formation mechanism of V-shaped fractures at the top of a feeder dyke as observed in our experiments. At first, a mode-1 fracture grows

vertically. During this stage, two large bands of plastic shear deformation define a cone with small vertical displacement. At a critical depth, the fracture separates into two branches,

which continue to open in tension but with an additional component of shear. In the final stage, the fluid percolates the two well developed shear bands to reach the surface.
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upper zone characterized by steep fractures that open following shear

deformation caused by the growth of the sills. In this upper zone,

shear bands initially develop before the injection of fluids. The result-

ing fractures are thinner than those opened in mode 1 in the basal

dyke zone. This is in agreement with the observations of the Panoche

complex, although no shear deformation is clearly identified. Vigorito

and Hurst (2010) also reported that the dykes in the upper zone be-

come more abundant upward. This may be due to the development

of tensile stresses and the opening of tension fractures in response

to the uplift of the free surface. The occurrence of paleo-pockmarks

in the extrudite is also consistent with the formation of tension frac-

tures. These fractures may favour the expulsion of fluids without

being connected to the sand injection complex. The irregularity ob-

served at the basal contact of the extruded formation may also be

compatible with the deformation of the surface induced by the em-

placement of sandstone intrusions at depth.

5. Conclusion

In this study, physical experiments of hydraulic fracturing are car-

ried out to determine the effects of pore-fluid overpressure and plas-

tic deformation on the formation of vertical and conical structures in

sedimentary basins. We demonstrate that the pore pressure field gen-

erated around an overpressured parent body may be responsible for a

pore-pressure/stress coupling that can favour high fracture pressure

and stress rotation leading to the formation of inclined sheet-like

fractures. Inclined fractures are initiated at the source when the re-

quired supralithostatic fracture pressure is attained in consolidated

sediments at shallow depth or in overburden subjected to high

pore-fluid overpressure. At lower fracture pressure, a tripartite

injection-architecture is obtained. Only a single fracture is found to

open in mode 1, which then grows vertically until a critical depth is

attained when it splits into two branches open in mixed modes. The

formation of inclined fractures leads to an uplift of the free surface,

along with the development of shear bands and tensile fractures

that provide conduits for fluids. The final morphology of the fracture

network is very similar to the common tripartite architecture of var-

ious injection complexes, indicating that different mechanisms are in-

volved in the formation of dykes under and above the sill zone. Such

results may be significant in the understanding of fluid migration

pathways through sandstone intrusion complexes.
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