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[1] Sills could potentially form as a result of dykes modifying their trajectory in response
to remote tectonic compression. Here, we use analogue experiments to investigate how a
buoyant vertical dyke adjusts its trajectory to a compressive remote stress to form a sill,
and over which vertical distance this sill formation does occur. Our investigation is
restricted to an intrusion propagating through a homogeneous solid, which enables us to
identify the characteristic length-scale over which a dyke responds to remote stress
compression, independently of the presence of crustal layers. The experiments involve the
injection of air in a gelatine solid that experiences lateral deviatoric compression. The
response of the buoyant air crack to the compressive stress in not instantaneous but
operates over some distance. An important observation is that some cracks reach the
surface despite the compressive environment. Dyke-to-sill rotation occurs only for large
compressive stress or small effective buoyancy. Dimensional analysis shows that the
length-scale over which this rotation takes place increases exponentially with the ratio of
crack effective buoyancy to horizontal compressive stress. Up-scaled to geological
conditions, our analysis indicates that a dyke-to-sill transition in response to tectonic
compression in homogeneous rocks cannot occur over less than two hundred meters and
would need several kilometers in most cases. This is typically greater than the average
thickness of lithological units, which supports the idea that crustal heterogeneities play an
important role in determining the fate of dykes and in controlling where sills could form.

Citation: Menand, T., K. A. Daniels, and P. Benghiat (2010), Dyke propagation and sill formation in a compressive tectonic
environment, J. Geophys. Res., 115, B08201, doi:10.1029/2009JB006791.

1. Introduction

[2] The transport of magma from its source regions up to
the Earth’s surface occurs essentially via vertical or sub-
vertical dykes, which ultimately feed volcanoes. However,
not all dykes lead to eruptions. In fact, the vast majority of
dykes stall en route and remain trapped in the crust. Ratios
of intrusive to extrusive magma volumes have been esti-
mated to be of the order of 10: 1 [Crisp, 1984; Shaw, 1985]
whilst Gudmundsson et al. [1999] have calculated that the
actual proportion of dykes reaching the surface in Iceland
and Tenerife, Canary Islands, is only a few %. In many
cases, those dykes which did not make it to the surface are
associated with the formation or feeding of sub-horizontal
sills [e.g., Gudmundsson et al., 1999; Burchardt, 2008].
Sills could therefore be envisaged as either arresting the
advance of dykes or, conversely, forming as a result of
dykes being prevented from propagating further.
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[3] There is a renewed interest in the formation of sills
because they are increasingly recognized as being the
building blocks of larger magma chambers and their frozen
equivalent that are laccoliths, plutons and other larger bath-
oliths [Gudmundsson, 1990; Menand, 2008]. Indeed, there is
mounting geological, geophysical and geochronological
evidence that plutons grow by the amalgamation of indi-
vidual intrusive igneous sheets [Bedard et al., 1988; John,
1988; Hutton, 1992; John and Blundy, 1993; Vigneresse
and Bouchez, 1997; Wiebe and Collins, 1998; Coleman et
al., 2004; Glazner et al., 2004; Horsman et al., 2005,
2008; Morgan et al., 2005, 2008; Belcher and Kisters, 2006;
de Saint-Blanquat et al., 2006; Pasquare and Tibaldi, 2007].
Consequently, sills are also being recognized as potential
sites of magma differentiation [Annen and Sparks, 2002;
Annen et al., 2006; Michaut and Jaupart, 2006].

[4] Sills form when their feeder dyke stops propagating
mainly vertically and instead intrude concordantly along a
lithological plane of weakness. However, the vast majority
of magmatic intrusions are discordant, and so the mere
presence of lithological discontinuities or planes of weak-
ness is not a sufficient condition for the formation of sills.
This observation is also corroborated by analogue experi-
ments [Kavanagh et al., 2006].
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[5s] One of the early model for sill formation proposed that
sills tend to form when dykes become neutrally buoyant and
lose their vertical driving force. Sills were therefore thought
to form preferentially at levels of neutral buoyancy [Gilbert,
1877; Corry, 1988], that is at stratigraphic horizons where
magma density equals that of the host rocks. However, this
is contradicted by field and seismic data, which show many
sills intruding successively different stratigraphic levels,
likely characterized by different density [Johnson and
Pollard, 1973; Cartwright and Hansen, 2006; Thomson,
2007]. This suggests that levels of neutral buoyancy do
not provide a complete explanation for the mechanism and
level of sill emplacement. In fact, as illustrated by the lab-
oratory experiments of Lister and Kerr [1991], magma
accumulation at levels of neutral buoyancy is more likely to
involve lateral dyke propagation rather than sill formation
because the latter case requires an additional rotation of the
intrusion or the presence of a lithological plane of weakness
that could be intruded. If a plane of weakness is present,
levels of neutral buoyancy could assist sill formation, but
Taisne and Jaupart [2009] showed that sill intrusion would
still require very specific conditions with low-density
stratigraphic layers that are at least 700-meter thick, and
2-kilometer thick on average. Other mechanisms that have
been proposed for the formation of sills include the pres-
ence of layered rocks with rigidity contrast [Fridleifsson,
1977; Hyndman and Alt, 1987; Gudmundsson and Brenner,
2001; Holness and Humphreys, 2003; Rivalta et al., 2005;
Kavanagh et al., 2006; Burchardt, 2008], rheology contrast
between adjacent layers of elastic and ductile rocks [Mudge,
1968; Fridleifsson, 1977; Antonellini and Cambray, 1992;
Watanabe et al., 1999], as well as the presence of weak layer
contacts [e.g., Gudmundsson, 2003].

[6] Additionally, it has been observed that magmatic in-
trusions tend to orient themselves perpendicular to the least
compressive stress. As a result they modify their propaga-
tion trajectories in response to spatial changes in, or rotation
of, the surrounding stresses [Odé, 1957; Muller and Pollard,
1977; Dahm, 2000; Mériaux and Lister, 2002]. Therefore,
an initially vertical dyke would be expected to turn into a
horizontal sill if it were to become subjected to a horizontal
compressive stress field where the least compressive stress
is vertical [e.g., Gretener, 1969; Gudmundsson and Phillip,
2006]. However, theoretical studies have shown that the
dynamics and direction of propagation of dykes depend on
their buoyancy as well as the external deviatoric stress field
including the stresses induced by the dykes themselves at
their tip [e.g., Lister and Kerr, 1991; Dahm, 2000; Meériaux
and Lister, 2002]. Also, the difference in density between
rocks and magma is not the only source of buoyancy for
dykes; vertical gradients of the normal external deviatoric
stress contribute also to the effective buoyancy of the
intrusions [Takada, 1989]. Therefore, whether propagating
buoyant dykes could reach the Earth’s surface or instead stall
in the crust and lead to magma accumulation depends on the
relative importance of their effective buoyancy and the
ambient deviatoric stress [Watanabe et al., 1999; Dahm,
2000; Pinel and Jaupart, 2000, 2004]. The numerical work
of Dahm [2000] and analogue experiments of Watanabe
et al. [2002], for instance, show that dykes can stop their
propagation and form sills, despite being buoyant, if they
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experience relatively large stress gradients. Conversely,
dykes could reach the surface even when experiencing a
compressive stress field provided their effective buoyancy is
large enough. As an example, Kiihn and Dahm [2004, 2008]
adapted and applied the model of Dahm [2000] to dyke
propagation at mid-ocean ridges and showed how the rela-
tive strength of magma pressure and gradient of deviatoric
stress could focus dykes as sheeted-dyke complex or instead
lead to the formation of sill-like magma chambers.

[7] One key question that remains unanswered, however,
is the length-scale over which a dyke-to-sill rotation occurs
since this will determine whether a dyke can reach the
surface or stalls as a sill instead. Both crustal heterogenities
and adequate stress field can lead to sill formation, but they
involve separate length-scales.

[8] Gradients in or rotation of a stress field could be
induced by various mechanisms and could thus occur over
different length-scales. These mechanisms can, however, be
sorted into two broad categories. A modification in stress
field could occur because of remote, i.e. non localized,
change or rotation. Magma initially originates from the
mantle and propagates toward the surface through dykes, so
the minimum compressive stress is likely to be horizontal in
the lower crust. Yet crustal compressive and horizontal
stress fields with a vertical minimum compressive stress,
which would thus favor sill formation, do also exist. Stress
rotation can also operate at the length-scale of a volcanic
edifice, either in response to magma intrusion within the
edifice[Roman et al., 2004, 2006] or as an effect of the load
of the edifice itself [Watanabe et al., 2002; Pinel and
Jaupart, 2004].

[9] The second type of mechanism that could induce
stress rotation is more localized, and involves the presence
of heterogeneous rock layers. For instance, a rheology
contrast between a ductile rock layer and an adjacent elastic
and brittle strata underneath might stop feeder dykes and
promote sill formation into the ductile layer because the
ductile zone would, at least partially, relax the pre-existing
deviatoric stress favorable to dyke injection in the elastic
layer [Parsons et al., 1992; Watanabe et al., 1999]. Alterna-
tively, stress redistribution could also occur in layered elastic
rocks with different mechanical properties. Adequate contrasts
in Young’s modulus and toughness between adjacent layers
would lead to heterogeneous stress distribution with some
layers concentrating horizontally compressive stress more than
others [Gretener, 1969; Gudmundsson, 1986; Gudmundsson
and Phillip, 2006]. Previously emplaced intrusions would
also modify the ambient stress field. Such intrusion-induced
stress anistropy would affect the crust over distances pro-
portional to the intrusion thickness [ Westergaard, 1939], until
it is relaxed by the crust.

[10] The key difference between these two broadly defined
mechanisms for stress rotation is the presence, or absence,
of crustal heterogeneous layered rocks; in one case stress
anisotropy is induced by the presence of crustal heteroge-
neities (strata of different properties or previous intrusions),
whereas in the other case stress rotation occurs remotely and
whether heterogeneous rock strata are present or not. Here,
we investigate (1) how a buoyant vertical dyke responds
and adjusts its trajectory to a compressive remote stress to
form a sill, and (2) over which vertical distance this sill
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formation occurs. We restrict our investigation to the case
of an intrusion propagating through a homogeneous elastic
solid. This does not mean that crustal heterogeneities are
considered unimportant for the growth and orientation of
intrusions, or that our analysis only applies to homogeneous
crustal regions. Rather, considering the case of a homoge-
neous crust enables us to identify the characteristic length-
scale over which a dyke would respond to a remote stress
rotation, independently of the potential presence of crustal
layers and their properties. This will in turn enable us to
quantify if and under which conditions crustal hetero-
geneities need to be taken into account when dealing with
dyke propagation under anisotropic stress conditions. For
the same reason, we limit ourselves to the case of a single
intrusion, and do not investigate the effect previously
formed sills could have on the propagation of subsequent
intrusions. Although the state of stress in the Earth’s crust
can be complex, we also simplified our analysis to a uni-
form compressive deviatoric stress. Indeed, tectonic stresses
have been shown to play an important role on the propa-
gation of dykes only when their variations occur over the
length scale of the dykes [Lister and Kerr, 1991; Dahm,
2000], and vertical stress gradients can be incorporated
into the effective buoyancy force that drives the intrusion
[Takada, 1989; Lister and Kerr, 1991]. Finally, we neglect
any potential interaction between the intrusion and the free
surface, which is a reasonable assumption provided the
intrusion depth is greater than half the height of the intru-
sion [Rivalta and Dahm, 2006]. In section 2 we describe
laboratory analogue experiments investigating the propaga-
tion of a buoyant crack in a compressive environment, and in
section 3 we analyze our experimental data using dimensional
analysis. In section 4 we apply our results to geological
conditions, discuss their implications and the limitations of
our work, before concluding in section 5.

2. Experimental Method

[11] The behavior of a buoyant dyke in a compressive
stress field was investigated by injecting air into a solid of
gelatine that was compressed laterally. The solid gelatine
was used as an analogue for elastic crustal rocks, and air
acted as an analogue for buoyant magma. (Since we are
interested in the mechanics and not the dynamics of dyke
propagation and sill formation, inviscid air could be used as a
magma analogue.) These materials enable us to scale down
and investigate at the laboratory scale the elastic and brittle
response of magmatic intrusions and elastic rocks to buoy-
ancy and tectonic forces at the geological scale [Menand and
Tait, 2002].

[12] The experiments involved varying the amount of
injected air, which determined the buoyancy of the crack at
the start of its propagation, and the amplitude of the com-
pressive stress applied to the gelatine solid. The experiments
were initially carried out in a square-based 40 cm % 40 cm x
30 cm acrylic tank, with equally spaced injection points in
its base that allowed several successive experiments to be
carried out with a single gelatine solid. Additional experi-
ments were later on carried out with higher buoyancy and
lower compressive stress in a taller (30 cm x 30 cm % 50 cm)
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acrylic reservoir so that dyke-sill transition could be inves-
tigated over larger vertical distances.

2.1.

[13] High-clarity, 260 bloom, acid, pigskin-derived gela-
tine in granular form was supplied by Gelita UK Ltd. The
gelatine was prepared by dissolving the powder in distilled
water. Once complete dissolution of the powder was
achieved, the solution was poured into the experimental
tank, and left to cool and solidify overnight. To accelerate
the solidification process, all experiments were prepared and
then performed in a cold room kept at 7°C. A thin layer of
oil poured on top of the gelatine solution inhibited water
evaporation during the cooling process [Menand and Tait,
2002]. The rigidity of the gelatine was controlled by vary-
ing the mass concentration of gelatine (between 2 wt% and
4 wt% in our experiments), and characterized by measuring
the gelatine Young’s modulus £ following the method of
Menand and Tait [2002]. (Knowledge of the gelatine
Young’s modulus enables also to calculate its fracture
toughness K. via the relationship K. = \/27,E, where the
surface energy of the gelatine v, ~ 1 J m > [Menand and
Tait, 2002].)

Preparation of the Gelatine Solid

2.2. Lateral Compressive Stress

[14] After solidification, the gelatine solid was in a
hydrostatic state of stress (section Al) [see also Takada,
1990]. A lateral deviatoric compressive stress was applied
to the gelatine solid by inserting plastic sheets between the
solid gelatine and the lateral walls of the tank. These plastic
sheets had the same dimensions as the tank walls and cov-
ered them entirely to ensure a uniform and homogeneous
lateral compressive stress. To facilitate the insertion of these
sheets without tearing the gelatine, copper plates were in-
serted in the tank, against opposite walls, before the gelatine
was let to solidify. Once the gelatine was set, hot water was
circulated through the copper plates to initiate a slight
melting of the gelatine so that it no longer adhered to the
copper plates. Plastic sheets could then be easily inserted
between the gelatine solid and the copper plates. Several
plastic sheets could be successively inserted, thus inducing
higher compressive stress.

[15] The insertion of the plastic sheets in the plane yOz
compressed the gelatine solid in the x direction by an
amount equal to the total thickness of the plastic sheets u.
This compression also induced a vertical uplift of the upper
free surface of the gelatine solid because the tank walls
prevented the gelatine to deform in the y direction. With a
knowledge of the gelatine Young’s modulus £ and Pois-
son’s ratio v (0.5 for gelatine [Crisp, 1952; Richards and
Mark, 1966]), the compressive stress field generated by
the insertion of the plastic sheets can be calculated (see
Appendix A)

4FEu
Oy = —— o, =

L7

2FEu

— . =0, 1

30 7 m
where L is the initial lateral extent of the gelatine solid. The
compressive stress field is therefore uniform with the max-
imum compressive stress 0, = o, the intermediate principal
stress 0, = 0,, and the least compressive stress o3 = o,
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Figure 1. Numerical computation of the compressive stress field within the prism of gelatine solid using
the finite element software COMSOL Multiphysics (see sections A2 and A3). The compressive stress

field appears uniform with principal stresses o = o, =

0.99844 ) = 5, = 0.498E and 03 = 0, =310 1=

410", This compressive stress field is independent of the size of the gelatine solid.

which is thus always vertical (Figure 1). Experimental dykes
were therefore expected to rotate about a horizontal axis and
to ultimately form horizontal sills. The Young’s modulus of
the gelatine solid was measured just prior to carrying out an
experiment following the method of Menand and Tait
[2002].

2.3. Experiments and Data Measurements

[16] For each experiment, once the gelatine solid was set
and its Young’s modulus measured, a small amount of air
was injected with a syringe at the base of the gelatine to
initiate a crack parallel to the walls of the tank on which
the compression is applied. Air was then withdrawn from
that tiny crack, and plastic sheets were inserted to apply the
desired compressive stress. The experiment was then carried
out by injecting into the pre-existing crack a volume of air,
the amount of which was chosen before the start of the
experiment. The progression of the air-filled crack was then
recorded on video. From the video record (see Movies S1-S3
in auxiliary material), the height of the crack when it started
propagating was measured to calculate its buoyancy (referred
to as initial height and initial buoyancy, respectively) as
well as the vertical distance the crack propagated before
turning into a sill in response to the lateral compressive stress.
We note that since the applied compressive stress field is

uniform, the effective buoyancy of the crack at the start of
each experiment is simply its initial buoyancy.'

3. Experimental Results

3.1.

[17] In all experiments, it was observed that as air was
being injected, the crack propagated radially with a penny-
shaped geometry in a vertical to sub-vertical plane, including
downward movement towards the base of the tank. This
condition lasted only a few seconds before the crack stret-
ched out vertically upward. This transition occurred once all
of the air had been injected and buoyancy had taken over as
the driving force from the pressure induced by injection.
From this point, the crack propagated smoothly vertically
upward, and with no further influx of air the crack extended
and detached from the needle point source, propagating
upwards whilst closing fully at its lower tip.

[18] An important observation was that sill did not always
formed despite the presence of a horizontal compressive
stress field. When a small compressive stress was applied, or
when a large amount of air was injected into the gelatine
solid, the air crack propagated up to the upper free surface of
the gelatine with its trajectory barely deviating from the
vertical (Movie S1 in auxiliary material).

Observations

'Auxiliary materials are available in the HTML. doi:10.1029/
2009JB006791.
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Table 1. Experimental Data Associated With Sill Formation®
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Experiment ho (cm) d (cm) E (Pa) o, (Pa) 11, 11, Observations
4 44 9.4 1713 95.6 2.1+03 4.6+0.7 -
6 5.1 12.5 1713 95.6 25+03 52+0.7 -
7 4.1 7.0 4736 268.8 1.7+02 1.5+0.2 -
8 5.4 10.0 4736 268.8 1.8+0.2 2.0+03 -
12 4.6 154 3877 55.6 33+04 82+1.2 -
13 3.7 5.8 3877 389.0 1.6 £0.3 09+0.2 -
17 2.8 53 3734 56.9 1.9+04 48+ 1.0 -
18 52 7.4 3734 56.9 1.4+£0.2 89+15 -
23 5.5 43.1 3100 29.0 7.8 £ 1.5 18.7 £33 rotation, wall hit
24 4.1 22.6 3100 29.0 5.6+2.0 13.7 £2.7 rotation
34 4.4 42.6 2645 24.6 9.6 +2.0 17.6 £33 rotation, wall hit
35 4.0 35.2 2306 21.6 89+22 18.1 £3.6 rotation, wall hit
36 44 43.8 2306 21.6 10.0 £ 2.1 199 +£3.38 rotation, wall hit
44 3.0 50 1564 14.6 16.9 + 3.8 199 £ 4.5 Rotation, surface hit
45 2.7 26.6 1564 14.6 99+33 182 +44 wall hit

I, is normalized traveled distance d/h,, and 11, is stress ratio (Apghg)/o,. Observations: rotation indicates rotation around a vertical axis; wall or
surface hit occurred before the crack could form a horizontal sill. The uncertainty on the dimensionless ratios IT; and II, takes each observation into

account (see text).

[19] Only when a large compressive stress was applied or
when the crack had a small volume, did the crack rotate
toward the horizontal to form a sill (Movie S2 in auxiliary
material). Experiments which lead to sill formation are
summarized in Table 1. Sill formation always followed the
same pattern. Initially, the crack started to propagate verti-
cally driven by the air buoyancy (Figure 2a). The crack then
experienced the horizontal compressive stress that was
applied to the gelatine solid, and the crack changed its
direction of propagation (Figure 2b). In those experiments
where the compressive stress was relatively large, the crack
ultimately formed a sill, having turned 90° and stopped its
propagation (Figure 2c).

[20] In experiments involving intermediate compressive
stress and air amount, the crack deviated and rotated its
trajectory towards one of the walls, but the compressive
stress was not large enough for a sill to form. Instead the
crack was observed to propagate to either the free surface of
the gelatine or the wall of the tank at an angle before it could
really form a sill (Movie S3 in auxiliary material).

[21] These experimental observations are in accord with
the results of previous numerical and analogue studies [e.g.,
Dahm, 2000; Watanabe et al., 2002], and show that the
response of buoyant crack propagating in a horizontal
compressive environment is not instantaneous but instead
occurs over some distance. If this distance is greater than the
vertical extend of the solid the buoyant crack is intruding
then the crack will reach the solid surface even though it is
in a compressive environment.

3.2. Data Analysis

[22] The distance traveled by the crack before it fully
formed a sill was found to be determined by a balance
between its initial buoyancy, which drove the crack
upwards, and the applied horizontal compressive stress that
opposed this buoyancy and promoted the formation of the
sill: relatively higher buoyancies were observed to favor
further propagation distances whereas relatively stronger
lateral compressive stress promoted faster crack rotation into
sills. In order to quantify this better, experiments were
repeated with different amounts of air injected in the gela-
tine and different compressive stresses applied. In each

experiment, the initial height 4, of the crack and the vertical
distance d traveled by the crack before its arrest as a sill
were measured. Based on our observations, we defined and
measured /o as the height the crack had when it detached
from the needle, which also corresponded to its maximum
vertical extension. Experimental data are summarized in
Table 1.

[23] Dimensional analysis was used to relate the vertical
distance traveled by the crack before it formed a sill to the
other parameters. The initial buoyancy of the crack drives it
vertically and opposes the effect of the applied horizontal
compressive stress. The problem only depends on four
parameters characterized by two independent dimensions:
the initial height of the crack 4, the vertical distance d
traveled by the crack, the initial buoyancy of the crack
Apghy (g is the gravitational acceleration, and Ap is the
density difference between the gelatine and the air), and the
applied compressive deviatoric stress o,. Dimensional
analysis yields the two dimensionless groups
d _ Apgho

=—, I
/’l()’ 2 Oy

)
such that II; = f(II,) where f is an unknown function that
needs to be determined [Barenblatt, 1996].

[24] When plotting, for all experiments that produced a
sill, the final distance traveled by the crack normalized by its
initial height IT; as a function of the stress ratio II,, all the
experimental data indeed follow a single curve (Figure 3).
Careful analysis of the data suggests a linear relationship
between Ln(IT;) and II, (Figure 4). Using the method of
least squares [Bevington and Robinson, 2003], we find the
linear fit

Ln(IT;) = (0.36 £ 0.07) + (0.10 & 0.01)IL, 3)

with a correlation coefficient R = 0.8964. This equation
can be re-expressed as the following exponential relation-
ship between the vertical travel distance d and the other
parameters:

Apgh
d = (14 0.1)hgexp | (0.10 £ 0.01) =252 (4)

Ox
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As expected, when the stress ratio tends to zero
(corresponding to negligible initial buoyancy or extremely
high remote compressive stress) the crack rotates and turns
into a sill over a distance comparable to its initial height.
Conversely, when the stress ratio tends to infinity (thus
corresponding to negligible remote compressive stress or
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Figure 3. Experimental results. The final distance d trav-
eled by the crack normalized by its initial height 4 is plotted
as a function of the stress ratio (Apghg)/o,. As predicted by
dimensional analysis, all data follow a single curve (the
solid curve is equation (4)). Each point corresponds to one
experiment.

extremely high initial buoyancy) the crack needs to propa-
gate over an infinite distance in order to rotate and form a
sill; in effect, sill formation is prevented by the buoyancy of
the crack.

3.3. Evaluation of the Quality of the Data

[25] Some experimental limitations mean that some of our
data have rather large uncertainties. This only affected those
experiments carried out in the taller tank (normalized distance
II; > 5 and stress ratio II, > 20). We evaluate the possible
causes and discuss the implications this would have on the
relationship that has just been determined (equation (4)).

[26] As noted previously, in some experiments, the crack
propagated towards a tank wall or the free surface of the
gelatine before it could form a sill. However, when the crack
hit the wall or the surface at a small angle, typically less than
~ 30° relative to the horizontal, the vertical distance traveled
by the crack before it hit the wall or the surface was mea-
sured and included to the data set in Table 1. These data,
therefore, correspond to under-estimations of the vertical
distance the crack would have traveled had the tank been

Figure 2. Three successive photographs of an experiment
that lead to the formation of a sill. (a) When all the air
has been injected into the gelatine solid, the crack stretched
vertically and started to detach itself from the needle point
source, propagating at a speed of typically a few mm/s.
(b) As the crack propagated vertically, driven by the air
buoyancy, it felt the applied compressive deviatoric stress
and as a consequence started to adjust its trajectory by rotat-
ing to the left. (c) Ultimately, the crack rotated to the hori-
zontal and came to a halt as an experimental sill.
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Figure 4. Plotting the natural logarithm of the vertical trav-
eled distance as a function of the stress ratio reveals a linear
relationship: Ln(Il;) = (0.36 = 0.07) + (0.10 + 0.012)1'[2
(equation (3)). Correlation coefficient of the fit R® =
0.8964. Each point corresponds to one experiment.

much larger. These under-estimated distances were never-
theless included into the overall data set because they cor-
responded to some of the highest values of both normalized
distance II, and stress ratio II, of the whole set. From our
observations of crack trajectories in experiments where the
crack truly stopped and formed a sill, we estimate the under-
estimations to be less than 5-10 cm, and these latter values
were incorporated into the data uncertainties. We note that
our data set is therefore likely to be skewed toward these
higher values, but also that data uncertainties, at least partly,
take this skewness into account.

[27] Other experiments showed some rotation of the crack
around a vertical axis towards or away from the observer.
This could reflect the stress field being non-uniform as a
result of the gelatine adhering to the tank walls where no
deformation was imposed on the gelatine solid (the walls
closest and furthest away from the observer). Potentially
restricted movement along both these walls would have
induced a non-slip boundary condition, which would thus
have affected the stress field, causing some rotation of the
cracks around a vertical axis. In this case, our stress calcu-
lations would therefore overestimate compressive stress and
thus skew data towards lower stress ratio II,. This potential
effect of non-uniform stress field is difficult to quantify, but
by comparing the degree of crack rotation around a vertical
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axis relative to crack rotation around the horizontal axis
Oy towards plastic sheets, we estimated a maximum addi-
tional uncertainty on our stress calculations to be of the order
of 10 %.

[28] Tt is difficult to assess the implication of these
potential under-estimations of normalized distance II; and
over-estimations of stress ratio II, on the experimental
relationships (3) and (4). We note, however, that the potential
increase or decrease in the experimental constants is partly
accounted for by the data uncertainties.

4. Geological Implications and Limitations

4.1.

[29] Dimensional analysis was used to analyze our
experimental results, as detailed in section 3. Considering
reasonable ranges of natural parameters result in values of
the dimensionless ratios falling in the same range as the one
investigated in our experiments (Table 2). Thus, our analysis
also enables us to upscale our experimental results to
magmatic conditions since the experimental constants in
equation (4) are dimensionless.

[30] As a dyke propagates away from its source under
lithostatic conditions, the effective buoyancy of that dyke
increases. Menand and Tait [2002] have shown that once
the effective buoyancy of the dyke becomes comparable to
the source overpressure, it becomes the main driving force
and the dyke then propagates steadily. The height of the
buoyant dyke at that point, which we defined as its initial
height 4, in our experiments, is not really well constrained
but can be estimated, however, from the dyke overpressure,
which depends on the initial stress conditions in the source
region.

[31] Here, we assume that a buoyant dyke rises from a
source under lithostatic conditions and then, some distance
from the source, enters a region of the crust subjected to a
horizontal compressive deviatoric stress. We assume that
initially, as the dyke leaves its source, buoyancy is negli-
gible and that the magma overpressure, AP, in the source
drives the dyke away from the source region.

[32] It can be constrained by the tensile strength of sur-
rounding rocks, 7, so that

Upscaling to Magmatic Conditions

AP~ T,. (5)
The effective buoyancy becomes the main driving force of

the dyke when it becomes comparable to the source over-
pressure so that

AP = Apghy. (6)

At this point, the buoyant dyke has reached it initial buoyant
height s, and subsequently propagates in a steady-state

Table 2. Parameters and Dimensionless Ratios in Nature and Experiments®

ho (m) d (m) Ap (kg/m?) o, (Pa) T, (Pa) I I,
Experiment 0.02-0.06 0.05-0.5 1000 15-390 - 1-17 1-20
Nature 200-10* 100-10* 100-500 10°-10% 10°-107 0.01-50 0.01-100

“The experimental value for Ap neglects the density of air and thus corresponds to that of gelatine [Di Giuseppe et al., 2009]. Other experimental values
are taken from Table 1. Natural values for %, are estimated from equation (7). Other ranges of natural values are taken as representative of geological

conditions.
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[Menand and Tait, 2002] until it enters a region of the crust
that is subject to some deviatoric stress field. These two
different expressions for magma overpressure can be com-
bined to express the initial height of the dyke as a function
of the rock tensile strength and the density difference
between magma and rocks

T,

Ab : ™)

ho:

[33] Alternatively, we can define the magma overpressure
needed to initiate dyke propagation as that for which the
resistance to fracture, or fracture toughness K, of the source
rocks is exceeded (which depends on the dyke height /4, and
thus corresponds to a length-scale dependent tensile
strength)

K.
AP~ —% | 8
7 (8)
in which case the dyke becomes buoyancy-driven when its
initial height
K, 2/3
ho = (Apg> ' ®)

[34] We assume that the dyke propagates some distance
and becomes fully driven by buoyancy before entering a
region where a compressive deviatoric stress acts horizon-
tally. For the sake of simplicity, we also assume that this
deviatoric stress is uniform with value o,. Combining
equation (7) with our experimental expression (4) gives the
vertical distance the buoyant dyke would have to propagate
within the region under compression before turning into a
sill in response to the deviatoric stress a,

T T

Using equation (9) instead yields

(10)

K.\ (Apgk?)!

[35] Equations (10) and (11) are represented in Figure 5 as
a function of the compressive stress for a range of density
differences, 100-500 kg/m3 , two different tensile strengths,
1 and 10 MPa, and a corresponding range of fracture tough-
ness 10-1000 Pa m'"? (see equations (7) and (9)). Figure 5
shows that the dyke-to-sill transition takes place over some
non-negligible distance. Over the range of geological para-
meters considered here, Figure 5 shows that a dyke propa-
gating in homogeneous, elastic rocks would require a
minimum distance of two hundred meters, and in most cases
of the order of one to ten kilometers, to fully adjust to a
horizontal compressive stress field and turn into a sill.

[36] As expected, Figure 5 shows that dykes entering
regions that are subjected to higher compressive deviatoric
stresses would adjust more rapidly to those stresses and
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thus form sills over shorter vertical distances. However,
even for very high compressive stress, the dyke-to-sill
transition does not happen instantaneously but instead
occurs over a minimum distance of the order of the initial
buoyant height of the dyke (see equation (4)).

[37] Figure 5 also shows that a dyke propagating through
stiffer rocks would need to propagate over a greater distance
before forming a sill. This can be understood by recalling
that a dyke originating from a stiffer rock region would need
a higher source overpressure in order to overcome that rel-
atively higher rock resistance to fracture which in turn
would result in a higher subsequent driving effective
buoyancy. This higher effective buoyancy would then be
able to drive the dyke over a greater distance before it fully
rotates into a sill.

4.2.

[38] Equations (10) and (11) represent the distance over
which a buoyant dyke would transform into a sill owing to
remote compressive deviatoric stress in homogeneous elastic
rocks. In the absence of crustal heterogeneities, a stress-
controlled dyke-to-sill transition would occur over a mini-
mum distance of two hundred meters, and presumably of
several kilometers in most cases (Figure 5).

[39] This contrasts with the fact that the crust involves a
large number of strata with different mechanical properties
that alternate rapidly. For instance, the Michigan basin
sedimentary strata exhibit vertical density variations over
distances ranging from few tens to several hundred of
meters [Hinze et al., 1978]. Likewise, composite volcanoes
and rift zones in Iceland are composed of layers with con-
trasting mechanical properties, mostly pyroclastic rocks, lava
flows and other igneous sheets, many of which are only a few
meters thick although some unit thicknesses can reach up to
100 m [Gudmundsson, 2003; Gudmundsson and Phillip,
2006].

[40] Our study shows that the characteristic length-scale
for stress-controlled sill formation is typically greater (and
in many instances much greater) than the average thickness
of lithological units. In accord with previous studies [e.g.,
Dahm, 2000; Watanabe et al., 2002], our experiments show
also that dykes would reach the surface even in a com-
pressive tectonic environment if the characteristic length-
scale for a dyke-to-sill transition is greater than the distance
that separates them from the surface. This contrasts with the
field observations that only a few percentage of dykes reach
the surface, and that not all the dykes that do not reach the
surface turns into sills [Gudmundsson et al., 1999].

[41] These findings reinforces the point made by previous
studies that crustal heterogeneities play an important role
in determining where in the crust sills form, even when
dykes are subject to horizontal compressive deviatoric
stress. Contrasts in mechanical and rheological properties
can indeed arrest the advance of dykes and lead to sill
emplacement [Mudge, 1968; Gudmundsson and Brenner,
2001; Gudmundsson, 2003; Kavanagh et al., 2006; Taisne
and Jaupart, 2009]. Moreover, the finding that stress-
controlled sill formation operates over distances that likely
encompass numerous crustal strata would also imply that a
stress control on sill formation involves almost certainly
some stress interactions with these rock strata [Gretener,
1969; Gudmundsson, 1986; Gudmundsson and Phillip,

Implications for the Formation of Sills
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Figure 5. Upscaling to magmatic conditions: the vertical distance a dyke has to propagate before turning
into a sill is represented as a function of the ambient horizontal compressive stress (equations (10) and
(11)). (a) The two curves correspond to two different rock tensile strengths, 7y = 1 MPa (solid curve) and
Ts; = 10 MPa (dashed curve), and the grey areas represent a range of density differences between 100 and
500 kg/m’. (b) The three curves correspond to three different fracture toughnesses, K, = 10 MPa m'?
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the grey areas represent a range of density differences between 100 and 500 kg/m”.
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2006]. These stress interactions must therefore be taken into
account when considering potential stress control on the
emplacement of sills and indeed on the mechanical behavior
of igneous sheets.

4.3. Limitation of Qur Analysis

[42] Our experiments and analysis have only considered
the case of buoyancy-driven cracks, when dykes could also
be driven by their source overpressure. Indeed, a dyke
overpressure is really the sum of that from its source and of
the dyke effective buoyancy, minus the loss due to viscous
pressure drop.

[43] Once the effective buoyancy is large enough and
becomes comparable to the source overpressure, it becomes
the main driving force of a steady-state propagation [Menand
and Tait, 2002]. We note, however, that as a buoyant dyke
modifies its trajectory in response to a horizontal compres-
sive stress, it would also experience a decrease in effective
buoyancy owing to a reduction in its vertical extent. Indeed,
propagation of buoyant dykes is controlled by the local
effective buoyancy balance that takes place at the dyke nose
region [Lister and Kerr, 1991]. In our experiments, the
air-filled cracks represent the dyke nose region. (The elastic
gelatine solid closes shut behind these cracks because of the
inviscid air, whereas if the cracks were filled by a viscous
fluid, as magma-filled dykes are, then the dykes would
develop a tail behind their nose region. Yet, in this latter case
the material left within the tail would not contribute to the
force budget that drives crack propagation; buoyancy crack
propagation is entirely and only controlled by local effective
buoyancy considerations [Lister and Kerr, 1991].) There-
fore, as a buoyant dyke starts adjusting its trajectory to a
horizontal compressive stress field and starts turning into a
sill, the vertical extent over which the effective buoyancy
balance operates decreases. Ultimately this vertical dimen-
sion is the thickness of the new sill formed by the complete
rotation of the dyke.

[44] The case we have not dealt with is that of dykes
entering compressive regions before they are fully driven by
buoyancy. In this case, source overpressure and potential
viscous pressure drop should be taken into account. If one
assumes that a dyke overpressure remains essentially con-
stant then, by definition, this dyke would continually
experience the same constant internal driving pressure, and
thus would be expected, perhaps paradoxically, to be able to
rise vertically further than a buoyancy-driven dyke (which
would instead experience a continuous reduction in effective
buoyancy). One would therefore expect, everything else
being equal, constant-pressure-driven dykes to adjust their
course to a horizontal compressive stress over greater ver-
tical distances when compared to buoyant dykes.

[45] However, dyke overpressure is likely not to remain
constant because magma withdrawal from the source into
the dyke and viscous pressure drop would continuously
reduce it whilst the effective buoyancy would continuously
increase it (before the dyke enters the compressive region).
The response of such a vertically-propagating pressure-
driven dyke to horizontal compressive stress cannot be
deduced from our buoyant experiments, and would require
addressing the dynamics of such a pressure-driven dyke.
Nevertheless, what our work suggests, in conjunction with
the observation that most dykes get arrested by crustal
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heterogeneities, is that these heterogeneities are likely to be
very important in affecting the trajectories of dykes and in
controlling where sills form.

5. Conclusions

[46] Using analogue experiments, the behavior of a
buoyant crack rising through a horizontal compressive de-
viatoric stress field in a homogeneous elastic solid has been
investigated and quantified. These experiments show that the
horizontal compressive stress opposes the vertical advance of
the buoyant crack, and forces the crack to modify its tra-
jectory into the horizontal plane.

[47] The experimental data show how the balance
between the driving effective buoyancy and the deviatoric
horizontal compressive stress determines the vertical dis-
tance over which the crack rotation takes place. Using
dimensional analysis, the characteristic length-scale for this
dyke-to-sill rotation is shown to increase exponentially with
the ratio of the initial crack effective buoyancy to horizontal
compressive stress. If this length-scale is larger than the
distance that separates the crack from the surface then the
crack reaches the surface even though it is subject to a
horizontal compressive deviatoric stress. Conversely, if this
length-scale is smaller then the crack stops its propagation
as a sill despite being buoyant.

[48] When upscaled to magmatic conditions and over a
range of typical values for tensile strength, fracture tough-
ness, density difference and deviatoric compressive stress,
our results suggest that a dyke propagating through homo-
geneous elastic rocks would need to propagate vertically
over a minimum distance of two hundred meters and more
likely of several kilometers in most cases before it could form
a sill in response to the horizontal compressive deviatoric
stress.

[49] The characteristic length-scale for stress-controlled
sill formation is typically greater than the average thickness
of lithological units, which thus supports the idea that
crustal heterogeneities play an important role in determining
the fate of dykes and in controlling where sills form, and
that a stress control on igneous sheets propagation and sill
formation most likely involves stress interactions with and
redistribution within rock strata.

Appendix A: State of Stress of the Gelatin Solid

[s0] Stresses o and strains € in an elastic solid can be
linearly related according to Hooke’s law, which in Carte-
sian coordinates is expressed as

1

&« = F [ax —v(oy + az)],
1

& =z [0y — v(oy +02)], (A1)
1

€ = E [(72 - V(O'x + O'y)]»

where E and v are the Young’s modulus and Poisson’s ratio
of the elastic solid, respectively [Timoshenko and Goodier,
1970].
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Al. Initial State of Stress

[51] Initially, the gelatine solid adheres to the tank walls
and so there is no horizontal strain, ¢, = ¢, = 0. Using
Hooke’s law (Al), we obtain the following relationship
between the three stress components:

0. (A2)

Given that gelatine has a Poisson’s ratio v = 0.5 [Crisp,
1952; Richards and Mark, 1966], o, = 0, = 0. and the
initial stress field is hydrostatic.

A2.

[52] Gelatine is compressed by imposing a horizontal
displacement u in the x direction, whilst the tank walls
prevent any deformation in the horizontal y direction. This
induces a horizontal deformation €, = 7 (L is the initial
lateral extend of the gelatine solid) and €, = 0. This reduces
Hooke’s law (A1) to

Compressive Stress Field

Ee, = oy —vo,—vo,
oy = vo,+vo;, (A3)
Ee. = o0.—vox — voy,
from which we obtain
EEXZ(H(II/)EIJ) 2v) - i,,)Efr (Ad)
Gelatine Poisson’s ratio v = 0.5, and it follows that
€ = —€;. (AS)

Combining this expression with the modified Hooke’s law
(A3) for a Poisson’s ratio of 0.5, we obtain

2
oy ==Eex + 0. (A6)

4
oy ==Fe + 0, 3

3
The vertical stress o, cannot be calculated analytically
because the modified Hooke’s law (A3) reduces to a system
of two equations with three unknowns in the limit of a
Poisson’s ratio v = 0.5. Finite element computations were
therefore carried out to evaluate o, (section A3). These
numerical calculations indicate that the vertical stress is nil,
and therefore, recalling that ¢, =¥, that the compressive stress
field within the prism of solid gelatine is

2Fu

gv (A7)

Ox=——, 0,= o, =0.
The compressive stress field is thus uniform with o, as the
maximum compressive stress, oy, the intermediate principal
stress, and o, the least compressive stress which is thus

always vertical.

A3.

[53] The finite element software COMSOL Multiphysics
was used to evaluate the three-dimensional stress field
within the elastic gelatin solid, and to test the validity of the
expressions for the compressive stresses (A6). The geometry

Numerical Validation
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was that of the gelatine prism, and the boundary conditions
were identical to those in the experiments: imposed dis-
placement u in the x direction, no displacement in the y
direction, no displacement at the base of the prism and a free
upper surface. A displacement # = 8§ mm and a Young’s
modulus £ = 2000 Pa were chosen as representative of the
experimental values, whereas the Poisson’s ratio » had value
0.499 since a value of 0.5 could not be handled numerically.
[s4] Figure 1 shows that the compressive stress field is
uniform, with the maximum compressive stress being o, and
the least compressive stress being o,. To test the validity
of the analytical expressions of the compressive stresses (A6),
the computed principal stress values have been normalized by
o, theoretical value %. Computed normalized values gives
o, =0.998, 0, = 0.498, and 0. in the range 3107141071,
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