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Abstract

Magmatic intrusions and fluidized injected sands represent the two main types of sheet intrusions in the Earth’s crust. In this
paper we show that both intrusion types often display a saucer-like geometry, as revealed by 3D seismic imaging and field
observations. Saucer-shaped intrusions are fairly common in sedimentary basins, as for example offshore in the Norwegian and
North Sea basins and onshore in the Karoo Basin of South Africa. The formation of the saucer geometry is controlled by the low-
viscosity of the injected fluid and by the interaction between a growing shallow hydraulic fracture and overburden deformations.
Statistics gathered from observations and modelling show a linear relationship between the depth of emplacement and the size of
the saucer-shaped intrusions. We anticipate future cross-disciplinary studies aiming to discover other occurrences of saucer-shaped
intrusions and to identify the physical processes controlling the development of this fundamental geometry.
© 2007 Elsevier B.V. All rights reserved.

Keywords: saucer-shaped sill; magmatic intrusion; injected sand; Karoo, North Sea

1. Introduction

Sheet-like intrusions represent the principal pathways
to transport magma and fluidized sediments through the
upper crust. The intrusions have traditionally been studied
through geological field investigations. Nowadays, high-
resolution seismic imaging allows geoscientists to vi-
sualize the detailed three-dimensional (3D) geometries of
deeply buried intrusions. These large-scale sheet-like in-
trusions, sometimes described as lopoliths (Blatt et al.,
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2005), can develop spectacular saucer-like morphologies
(Fig. 1). A saucer-shaped intrusion is divided into three
distinct portions (Chevallier and Woodford, 1999):

® a sub-horizontal inner sill forming the base,

e a steeply dipping inclined sheet cross-cutting the
stratification, and

® a sub-horizontal outer sill.

Magmatic intrusions and injected sands represent the
best natural examples of saucer-shaped intrusions. Saucer-
shaped magmatic intrusions are intimately related to volu-
minous magmatism in undeformed sedimentary basins.
These intrusions may act as water reservoirs and barriers
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Fig. 1. (A) World-wide distribution of known and interpreted saucer-shaped sills and sand intrusions. (B) 3D representation of saucer-shaped Gamma
field sand injectite (Huuse et al., 2004) and Golden Valley sill (Karoo) with (C) corresponding terminology.
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[e.g. in the arid Karoo Basin, South Africa, Chevallier and
Woodford, 1999], affect hydrocarbon maturation and
migration pathways, and represent promising targets for
oil exploration (e.g. Parana Basin of Brazil (Schutter,
2003) and Neuquén Basin in Argentina (Rossello et al.,
2002)). Similarly, injected sands are present in clastic
sedimentary basins and may form hydrocarbon reservoirs
or high-porosity fluid migration pathways (Dixon et al.,
1995; Lonergan et al., 2000a; Aiello, 2005).

Despite their world-wide distribution, the emplace-
ment mechanisms and geological implications of saucer-
shaped intrusions are not fully understood. The aims of
this paper are (1) to show that emplacement mechanisms
of saucer-shaped intrusions are controlled by the same
physical parameters, and (2) encourage the mapping of
saucer geometries in nature.

Our aims are valid both for the direct industrial ap-
plications and space exploration programs. This paper
describes classical examples of saucer-shaped intrusions,
reviews analogue and numerical models and gives in-
sights on common mechanisms that control the final
saucer morphology.

2. Occurrences and characterization of saucer-shaped
magmatic intrusions

The best examples of saucer-shaped magmatic intru-
sions, commonly described as “saucer-shaped sills”,
occur in sedimentary basins intruded by large amounts
of magma (Fig. 1). Detailed seismic analysis (Fig. 2)
allowed the identification of saucer-shaped sills offshore
Mid-Norway in the Vering and Mere basins (Malthe-
Serenssen et al., 2004; Planke et al., 2005; Hansen and
Cartwright, 20006), offshore Scotland in the Rockall

Trough (Thomson and Hutton, 2004), in the Faroe-
Shetland Basin (Smallwood and Maresh, 2002; Hansen
et al.,, 2004), offshore Senegal (Rocchi et al., 2007,
Hansen et al., in press), and on the NW Australian shelf
(Symond et al., 1998). 3D seismic data in the North and
Norwegian Seas shows the presence of magma channels
suggesting a radial upward and outward magma flow
(Thomson and Hutton, 2004; Hansen and Cartwright,
2006). Seismic interpretations also show that the
sediments overlying individual saucers form a character-
istic dome structure (Hansen and Cartwright, 20006).

The largest and best known exposed saucers occur in
the Karoo Basin of South Africa, and spectacular outcrops
are also observed in Nevada (Keating et al., 2002) and
on Svalbard. In South Africa, voluminous amounts of
magma were injected into undeformed Permo-Carboni-
ferous sediments about 183 Ma ago (Svensen et al. 2007).
Differential erosion under arid conditions has created
outstanding exposures of doleritic intrusions. Hence the
Karoo Basin represents our reference site to study large-
scale saucer-shaped intrusions. Extensive planar sills with
local transgressive segments occur at the deepest level in
the Karoo stratigraphy. Closer to the paleosurface the sills
develop striking saucer morphologies, with diameters up
to 60 km. Individual saucers are interconnected to form
sill complexes. The dip of the inclined sheets ranges from
20° to 45° (Chevallier and Woodford, 1999), climbing
100-400 m above the sub-horizontal inner sill. Geo-
logical mapping clearly shows that the inclined sheets
systematically cross-cut the horizontally layered strata
demonstrating that the saucer morphology is a primary
feature rather than related to late-stage sinking/sagging.
The sub-horizontal outer sill corresponds to a series of
tongue-like offshoots connected to the inclined sheets.

\

20

Fig. 2. Visualizations of a saucer-shaped sill interpreted from 3D seismic data in the Mere Basin offshore Mid-Norway. Depths are measured in meters

and seconds (two-way travel time).
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The few studies focussing on the processes leading to
the formation of saucer-shaped intrusions are generally
based on analyses of the intrusion geometry, and the spatial
relationship between individual intrusions and potential
feeder-dykes (Francis, 1982; Chevallier and Woodford,
1999; Malthe-Sarenssen et al., 2004). New research shows
that magma flowed radially upward to form the saucer-
shaped Golden Valley Sill. The magma flow directions are
based on flow indicators such as ropy-flow structures (Liss
et al., 2002) and magma channels (Thomson and Hutton,
2004), as well as magnetic fabric measurements. The
current emplacement models of saucer-shaped sills are
controlled by parameters such as density contrast between
injected fluid and country rocks (Anderson, 1951; Lister,
1990), the tectonic stress field (Hubbert and Willis, 1957;
Lister, 1990; Sibson, 2003), the overburden thickness
(Mudge, 1968), mechanical properties of the country-
rocks (Mudge, 1968; Gretener, 1969; Lister, 1990), and
ultimately by the presence of mechanical heterogene-
ities such as bedding and fractures in the country-rocks
(Leaman, 1975; Francis, 1982; Liss, 2003; Kavanagh et al.,
2006).

3. Occurrences and characterization of
injected sands

Injected sands, also referred to in the literature as
sand intrusions and injectites, form spectacular outcrops
in many sedimentary basins (e.g. California, Southern
France, Greenland (Thompson et al., 1999; Surlyk and
Noe-Nygaard, 2001; Boehm and Moore, 2002; Jonk et al.,
2003; Aiello, 2005; )). Saucer-shaped sand intrusions
have also been identified in seismic data from offshore
petroleum provinces, e.g. the North Sea, the west African
basins, and offshore Mid-Norway (Hurst and Buller,
1984; Lonergan et al., 2000a; Moller et al., 2001; Duranti
et al., 2002; Davies, 2003; Hurst et al., 2003b). Analysis
of 3D seismic surveys shows the presence of saucer-
shaped sand intrusions above Paleocene reservoirs of the
northern North Sea (Fig. 1). Seismic profiles show that the
saucer-shaped sand intrusions crosscut the horizontal
sedimentary strata and create local doming of the over-
burden sediments (e.g. Lonergan et al., 2000a; Molyneux
et al., 2002; Hurst et al., 2003a; Huuse and Mikelson,
2004).

The best known saucer-shaped sand intrusions are
located in the North Sea basins. Some authors (e.g.
Molyneux et al., 2002; Huuse and Mikelson, 2004; Huuse
etal., 2004, 2005) described injected sands as ““V-shapes”,
implying that the injections were generated from a narrow
source point representing the apex of conical features.
However the term “V-shape” originated from enhanced

vertical exaggeration of seismic profiles, which, once
rescaled to 1:1 revealed a saucer-like morphology. The
sub-horizontal inner sill forms the base of the saucer. The
inclined sheets, referred in the literature as “wings”,
usually dip inward with a 20-40° angle (Lonergan et al.,
2000b; Duranti et al., 2002, or estimated 45—60° before
compaction; MacLeod et al., 1999; Jolly and Lonergan,
2002). These saucer-shaped sand intrusions have dia-
meters ranging from some hundred meters up to a few
kilometers and reach heights of up to 300 m (Lonergan
et al., 2000a; Huuse and Mikelson, 2004; Huuse et al.,
2005). The sub-horizontal outer sills of many injected
sands in the North Sea basins terminate along regional
unconformities (Hurst et al., 2003b; Duranti and Hurst,
2004; Huuse et al., 2004, 2005; Shoulders et al., 2007).

Our understandings of the sand intrusion morphol-
ogy and emplacement models are not well-constrained
and strongly depend on the resolution of the seismic
data. The evolution of the geometry of a sand injection
into a saucer has not yet been studied. The possibility
that saucer-like morphologies developed following pre-
existing fractures has been ruled out based on the ob-
servation that V-shaped injectites and polygonal-faults
have mostly non-overlapping dip populations (Huuse
and Mikelson, 2004; Huuse et al., 2005; Shoulders et al.,
2007). New observations from reservoirs (e.g. Hamsun
24/9-7, North Sea) reveal that the whole sand-body was
injected to form the saucer-shaped intrusions. Recent
seismic data from the Gamma Field in the North Sea
(Huuse et al., 2004) show interconnected and super-
posed saucer-shaped sand intrusions (Figs. 1B, 3D). The
main triggering factors for injected sands are considered
to be earthquake-induced liquefaction or large pore fluid
pressure increase caused by the addition of hydro-
carbon-rich fluids (Lonergan et al., 2000a; Jolly and
Lonergan, 2002; Mazzini et al., 2003; Huuse et al.,
2005; Duranti and Mazzini, 2005).

4. Emplacement processes of
saucer-shaped intrusions

The main observations common to saucer-shaped mag-
matic and sand intrusions are:

® The saucer morphology occurs in undeformed sedi-
mentary basins.

® The inclined sheets cross-cut sub-horizontal sedi-
mentary strata.

® The overlying strata are lifted to form dome-like
structures.

® Saucer-shaped intrusions are interconnected and
superposed to form sill (or sand) complexes.
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Fig. 3. A) Francis (1982); B) Chevallier and Woodford (1999), and C) Malthe-Serenssen et al. (2004) models of magma emplacement. The numbers
show the progression of the intruding magma. The individual models are characterised by different feeders and magma flow directions.

The recurrence of saucer-shaped intrusions in sedi-
mentary basins suggests that the formation of these fea-
tures is controlled by similar physical processes.

One set of models is based on field observations and
theoretical considerations. The models assume that saucer-
shaped intrusions are dyke-fed and that the downward
and upward magma flow is largely controlled by the level
of neutral buoyancy. Bradley (1965) first proposed the
concept of “compensation level” that corresponds to
depths where the magma pressure equals the lithostatic
pressure. Bradley’s model implies that the sill geometry
represents a mirror image of the topography, which in
turn controls the lithostatic pressure. Francis (1982) and
Goultry (2005) developed this concept further, suggest-
ing that the magma can exceed the compensation level
(Fig. 3A). Once the compensation level exceeded, the
magma can subsequently flow a) gravitationally down-
ward to the inner sill via the inclined sheets due to magma/
host-rock density differences; and b) upward to the op-
posite outer sill via the inclined sheets due to hydrostatic
equilibrium requirements. Chevallier and Woodford
(1999) explain the formation of the inner sill by a de-

scending magma flow controlled by the country-rocks
downward fracturation due to the overburden uplift
(Fig. 3B) (Chevallier and Woodford, 1999).

Another set of models are based on field observa-
tions, numerical and analogue modelling. These models
consider a point source feeding the saucer-shaped in-
trusions with upward magma flow. In these models, the
interaction with the free surface is more important than
the level of neutral buoyancy.

Pollard and Johnson (1973) carried out experiments
on the emplacement of flat-lying laccoliths by injecting
low-viscosity grease into gelatine. Besides laccoliths,
Pollard and Johnson obtained a saucer-shaped intrusion
during their experiments. Pollard and Holzhausen (1979)
and Fialko (2001) explained this result theoretically as
due to interactions between an initially horizontal fluid-
filled crack that propagates into an elastic media near a
deformable free surface. These authors consider a low-
viscosity fluid that propagates by hydraulic fracturing
parallel to the maximum principal stress (o). Doming of
the overburden develops with increased growth and
inflation of the sill and generates an asymmetric stress
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field at the sill tips causing o to rotate. Consequently the
propagation direction of the fracture is deflected to form
inclined sheets.

Recent experimental and numerical simulations con-
sist of injecting a low-viscosity fluid at the level of neu-
tral buoyancy into an elastic medium (Malthe-Serenssen
et al., 2004; Bunger et al., 2005). Initially, the intrusion
develops into a sub-horizontal inner sill that will inflate
and deform the overburden. The orientation of the inner
sill is controlled by a symmetrical stress field at the sill tip
(Malthe-Sarenssen et al., 2004). When the inner sill
diameter exceeds the overburden thickness, the deforma-
tion and uplift of the overburden increase and cause the
stress field at the sill tips to become asymmetrical
(Malthe-Serenssen et al., 2004; Bunger et al., 2005).
Consequently the inner sill branches steeply upwards to

form inclined sheets due to the asymmetry of the stress
field. Once the level of neutral buoyancy is exceeded, the
ascent of the inclined sheets decreases due to internal
pressure reduction which, in turn, causes the stress field at
the sill tips to be symmetrical (Malthe-Serenssen et al.,
2004). The inclined sheets can then develop into sub-
horizontal outer sills as the intrusion propagates further
(Fig. 3C).

Additional experimental modelling simulates the sedi-
mentary rock behaviours by using a Mohr—Coulomb
material, which fails in shear mode. Galland (2005),
Galland et al. (20006), successfully reproduced saucer-like
morphologies and associated doming of the free surface.
In their experiments, peripheral shear-bands develop and
control the formation of steeply dipping inclined sheets
(40°-60°).
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Fig. 4. A) Bivariate plot showing the relationship between the sill basal widths (i.e. inner sill diameter) vs. their corresponding emplacement depths. Data is
from Table 1. The dimensionless values from the numerical model of Malthe-Serenssen et al. (2004) were divided by 5. B) Schematic representation of
maximum uncertainties in measuring the diameter of the inner sill and the depth of emplacement.w1, w2 and w3: erosional levels 1, 2 and 3. s1 is the top
Clarens paleosurface, s2: is the top of the Lesotho lava. Additional paleosurface(s) may be present between s1 and s2.
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5. Discussion
5.1. Depth/size relationship

The relationship between the size (inner sill diameter)
and the emplacement depth of the intrusions can be mea-
sured using seismic, outcrop and numerical data (Fig. 4,
Table 1). The reliability of the inner sill and emplacement
depth measurements are very good on seismic data. The
uncertainty of the emplacement depth is generally within
a few hundred meters, depending on the accuracy of the
time-depth curve and the seismic picking of the paleosur-
face (Planke et al., 2005). The emplacement depth of the
sand intrusions corresponds to the elevation difference
between the inner sill and outer sill because the outer sill is
interpreted as material erupted on the paleosurface (Hurst
etal., 2003b; Duranti and Hurst, 2004; Huuse et al., 2004,
2005; Shoulders et al., 2007). Core studies and petro-
graphic/geochemical analyses imply that most of the in-
jections occurred at shallow burial depth of few hundred
meters (Mazzini et al., 2003; Hurst et al., 2003b; Huuse
et al., 2004; Duranti and Mazzini, 2005).

The size and emplacement depth measurements of
exposed sand intrusions and saucer-shaped sills are more
uncertain. The poor reliability of sand intrusions mea-
surements reflects the general low outcrop quality that

Table 1
Inner sill diameter versus depth of emplacement for selected saucer-
shaped intrusions

67-A (Norwegian Sea) 1870 749 Hansen, 2004 S

67-B (Norwegian Sea) 1434 572 Hansen, 2004 S

38-41 (Norwegian Sea) 867 602 Hansen, 2004 S

38-40 (Norwegian Sea) 1057 601 Hansen, 2004 S

38-45 (Norwegian Sea) 310 387 Hansen, 2004 S

38-38 (Norwegian Sea) 280 386 Hansen, 2004 S

38-46 (Norwegian Sea) 254 294 Hansen, 2004 S

Tulipan (Norwegian Sea) 7000 1150 This study S

Qoqodala ring 8000 1200 This study (6]

(South Africa)
Golden Valley Sill 5500 1000 This study (0]
(South Africa)

Gamma (North Sea) 2750 500 Huuse, pers. comm. S

Hamsun (North Sea) 750 400 Hurst et al., 2003a,b S

Faroe-Shetland basin 250 250 Shoulders et al., 2007 S

Alba (North Sea) 1050 300 Duranti et al., 2002 S

numerical model 1982.5 400 Malthe-Serenssen N
et al., 2004

numerical model 3275 800 Malthe-Serenssen N
et al., 2004

numerical model 4555 1200 Malthe-Sgrenssen N
et al., 2004

numerical model 5430 1600 Malthe-Serenssen N
et al., 2004

S = seismic reflection data, O = outcrop, N = numerical modeling.

inhibited the recognition of the saucer morphology. In the
Karoo Basin, the magmatic inner sill diameter may be
over-estimated by up to ~ 1000 m and the emplacement
depth may be under-estimated by up to ~500 m de-
pending on the erosional levels (Fig. 4B). Additional
uncertainties for the emplacement depth correspond to
unknown number of intrusive events and hence positions
within the 1400 m thick Lesotho basalts of corresponding
paleosurfaces (Jourdan et al., 2007). Outcrops of
hundreds of craters of hydrothermal vent complexes
in the Clarens Formation are the only evidence for the
presence of a major syn-intrusive paleosurface and
suggest that the majority of the sills were emplaced
immediately before the Lesotho basalt eruption (Svensen
et al., 2006, 2007). Thus the reliability for the emplace-
ment depth of the Karoo saucer-shaped sills is a) within a
few hundred meters when a given sill can be directly
associated with a hydrothermal vent complex, b) within
~ 1500 m when the inner sill elevation is know and c) up
to ~2000 m when the inner sill is not exposed.

Fig. 4A suggests a linear relationship between the
emplacement depth and the inner sill diameter. This rela-
tionship is supported by numerical and analogue model-
ling showing that the spacing between the inclined sheets,
and thus the saucer dimensions, are depth dependant. In
particular, Malthe-Sgrenssen et al. (2004) show that the
diameter of the sub-horizontal inner sill is 4—5 times the
thickness of the overburden. A near-linear correlation is
also confirmed by experiments using Mohr—Coulomb
materials (Galland et al., 2007).

5.2. Saucer as a fundamental geometry

The emplacement models for the saucer-shaped mag-
matic intrusions reflect:

® The low-viscosity nature of the injected fluid.

® The tensile strength of the country rock allowing
hydraulic fracturing.

® The elastic interactions of the inflating sill intrusion
with the deforming free surface.

® The development of an asymmetrical stress field at
the sill tips.

None of these models accounts for magma temperature
and the models are therefore also suitable for modelling the
emplacement of saucer-shaped sand intrusions. The physi-
cal processes forming saucer-shaped sand and magma in-
trusions must therefore be similar because the controlling
parameters and resulting structures are identical.

Saucer-shaped intrusions form at shallow depths
(1-5 km) because the Earth’s surface represents the
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easiest boundary to deform. Based on theoretical con-
siderations, deep intrusions may develop an upside-
down saucer-like morphology: the intrusion will pre-
ferentially deform underlying poorly competent rocks
(e.g. salt deposits and shales) rather than lifting the
overburden. However upside-down saucer-shaped in-
trusions have not been described yet in the literature.

The governing physical processes responsible for the
development of saucer-like morphologies have a wide-
range of industrial applications. Economic implications
might become significant as the intrusions represent
pathways for the early or late stage migration of water
and/or hydrocarbon-rich fluids. In the mining industry
the danger of catastrophic roof-collapse in underground
excavations can be avoided by controlled roof-caving
that isolate blocks along a saucer-shaped fracture
(Jeffrey and Mills, 2000). The environmental remedia-
tion industry also uses artificially-generated sand-filled
saucer-shaped fractures in soils to increase recovery of
contaminants at spill-sites (Bunger, 2005; Bradner and
Murdoch, 2005).

Many of the large-scale saucer-shaped intrusions can
be identified as ring structures with satellite imagery. A
similar strategy can be applied for the search of saucer-
shaped intrusions in space-exploration programs by
using the Earth as analogue. Both Mars and Venus
represent the primary target because both planets have
experienced intense volcanism.

6. Conclusions

Saucer-shaped sills and injected sands are common in
sedimentary basins. Saucer-shaped intrusions are gener-
ated by the interaction of a low-viscosity fluid-filled
shallow hydraulic fracture and the overburden deforma-
tions, both of which control the symmetry of the stress
field at the sill tip. A correlation factor of 4—5 between the
inner sill diameter and the depth of emplacement exists
for both types of intrusions. Saucer-shaped intrusions
can develop in materials with totally different physical
properties (i.e. elastic and Mohr—Coulomb materials) and
therefore represent a fundamental geometry in natural
systems. Hydraulic fracturing forming saucer-shaped
structures is a multi-scale process, varying from 10’s of
kilometres for magmatic sills, kilometres for sand
intrusions, meters for mining roof-caving, and centimetres
in laboratory specimens.

This article envisages the beginning of new cross-
disciplinary collaborations for further research on the
identification and understanding of other occurrences
of saucer geometries developed by magmatic and sand
intrusions.
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