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Abstract Dikes along rift zones propagate laterally downslope for tens of kilometers, often becoming
arrested before topographic reliefs. We use analogue and numerical models to test the conditions
controlling the lateral propagation and arrest of dikes, exploring the presence of a slope in connection
with buoyancy and rigidity layering. A gentle downslope assists lateral propagation when combined with
an effective barrier to magma ascent, e.g., gelatin stiffness contrasts, while antibuoyancy alone may be
insufficient to prevent upward propagation. We also observe that experimental dikes become arrested when
reaching a plain before opposite reliefs. Our numerical models show that below the plain the stress field
induced by topography hinders further dike propagation. We suggest that lateral dike propagation requires
an efficient barrier (rigidity) to upward propagation, assisting antibuoyancy, and a lateral pressure gradient
perpendicular to the least compressive stress axis, while dike arrest may be induced by external reliefs.

1. Introduction

Recent diking events suggest that topography plays a role in both driving and arresting lateral dike propaga-
tion. For example, the 2014 Bardarbunga (Iceland) dike propagated for tens of kilometers downslope before
arresting below a plain in front of the Askja volcanic edifice [Sigmundsson et al., 2015]. At the volcanic edifice
scale, feeder dikes have also propagated downslope and arrested before opposite reliefs, as on Somma-
Vesuvio, Italy [Acocella et al., 2006]. The lateral propagation of magma has been commonly attributed to
density contrasts with the host rock, with the magma reaching the level of neutral buoyancy [Lister, 1990,
1991; Lister and Kerr, 1991; Ryan, 1994; Rubin, 1995, and references therein; Taisne and Jaupart, 2009]. A lateral
stress gradient, of tectonic [Dahm et al., 2010], rheological [Grandin et al., 2012], or topographic [e.g., Fialko
and Rubin, 1999; Buck et al., 2006] origin, may be also necessary to drive dikes laterally. Since many dikes ori-
ginate frommagma chambers below volcanic edifices, the role played by topographic stresses in driving dike
propagation and facilitating arrest may often dominate [Fiske and Jackson, 1972; Pinel and Jaupart, 2000,
2004, 2005; Watanabe et al., 2002; Acocella and Tibaldi, 2005; Acocella et al., 2006; Kervyn et al., 2009;
Roman and Jaupart, 2014; Maccaferri et al., 2016].

Other factors may discourage magma ascent, indirectly favoring lateral dike propagation. These include dike-
induced graben faulting [Xu et al., 2016] and layering [Gudmundsson, 2002, 2011; Maccaferri et al., 2011], or a
stiffer upper layer [Rivalta et al., 2005; Kavanagh et al., 2006; Ritter et al., 2013]. A weak upper layer may also
arrest dike ascent, as not storing much stress [Gudmundsson, 2003]. These studies considered only the role of
a single feature in lateral dike propagation. Here we use experiments to investigate the joint role of topogra-
phy, layering, and density on lateral dike propagation and arrest; we present a representative selection of our
data set of 20 experiments (Table S1 in the supporting information). We complement these with numerical
models describing quantitatively the stress field affecting the experiments.

2. Experimental Setup and Scaling

We injected dyed water in a 33 × 58 × 38.5 cm3 plexiglass box filled with pig-skin gelatin [Di Giuseppe et al.,
2009] as magma and upper crust analogues, respectively (Figure 1a). In each experiment we imposed a layer-
ing using two concentrations of gelatin and/or adding NaCl (2.5–4 wt % and 0–10 wt %, respectively) [Brizzi
et al., 2016]. Similarly, we added NaCl to increase water density (ρf = 1053.6 kg m�3), so that ρf is comprised
between the density of the upper (ρu) and lower (ρl) layers (i.e., ρl > ρf > ρu), ρu/ρf being constant. We then
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poured the upper layer’s solution gently on top of the bottom one while this was still liquid, so the two
layers mixed partially and we obtained, after cooling, an ~4 cm thick, nonsharp interface with a
concentration gradient. We refer to density layering when the two layers have the same rigidity but
different densities (Eu/El~1, where Eu and El are the rigidity of the upper and lower layer, respectively) and
to rigidity layering when Eu/El > 1, regardless of their densities (Table S1). We fixed the thickness ratio
between the upper and lower layer as between 0.7 and 0.8. The temperatures of the gelatin and water
were 9 and 20°C, respectively.

We shaped the gelatin surface using a mold with gently inward dipping flanks (2.4° and 3.7°) separated by a
8 cm wide horizontal plain (Figure 1a). This configuration allows investigating the role of two opposite slopes
on dike propagation. It roughly simulates the 2-D along-strike topography of the 2014 Bardarbunga intrusion
(Figure 1c), considered representative of a dike propagating laterally downslope. We avoided any local stress
due to the central volcano [see Corbi et al., 2015 and 2016 instead]. Hereafter we refer to “topography”

Figure 1. (a) Experimental setup. The reference system in the top right refers to the box sides. Inset in the bottom right
shows the values of the young modulus (E), density (ρ), and thickness (Th) of the upper (Eu, ρu, and Thu) and lower layers
(El, ρl, and Thl) in the representative experiments. (b) Calculations of S, X, and T (see inset on the left) in each experiment.
The dashed black and red lines indicate the slopes and the plain, respectively. The orange arrow indicates the injection
point. (c) Topography profile along approximate pathway of Bardarbunga dike (elevation:distance = 1:2). The black line in
map view indicates the surface projection of the dike.
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models indicating experiments having this profile. In experiment 5 (Table S1), we increased to 7° the dip of
the slope, without any opposite slope. We injected dyed water from the box side using a peristaltic pump
(Figure 1a) with constant influx rate of 0.079 mL/s. We held the needle tip on the x-z plane (Figures 1a, 1b,
and 2a–2d), aiming to impose the initial dike strike parallel to the same plane.

We monitored the dike propagation in side and top view at 0.1 frames per second, measuring the final dike
length and horizontal distance between the eruption and injection points (S and X, respectively; Figure 1b).

Below are the calculations to scale our models. The difference in density between gelatin and water in the
models is ~20 kg m�3. As for nature, we take the density difference between basaltic dikes and host rock
as ~20 kg m�3, with ρsolid = 2800 kg m�3; thus, Δρ* is 1 (where asterisk refers to the ratio of the parameter
values measured at the laboratory and natural scale). The fracture toughness (Kc) of the gelatin is calculated
from Kavanagh et al. [2013]:

Kc ¼ 1:4±0:1ð Þ√E (1)

where the Young’s modulus, E, is 3.5 kPa for pig-skin gelatin [Ritter, 2012] and Kc = 83 Pa m1/2. Kc of natural
rocks spans from 106 to 109 Pa m1/2, based on laboratory studies or field estimates, respectively [Scholz,
2010; Olson and Schultz, 2011; Rivalta et al., 2015, and references therein]. We assume that Kc in nature is
~109 Pa m1/2, which is appropriate for tens of kilometer-long dikes [Rivalta et al., 2015]; therefore,
Kc

* = 8.3 × 10�8. The dimensionless scaling ratios between model and nature for the propagation velocity
(V*), rigidity (E*), and buoyancy length (Lb

*) are as follows [Kavanagh et al., 2013]:

Lb
� ¼ Kc

�=Δρ�ð Þ2=3 ¼ 1:9�10�5 (2)

V� ¼ Δρ�ð Þ1=6 Kc
�1=3 ρ�solid

�1=2 ¼ 7:2�10�3 (3)

E� ¼ Δρ� Lb� L=Ψð Þ� ¼ 1:9�10�7 (4)

where Ψ is the dike thickness.

Therefore, the height of our dikes corresponds to ~5.8 and ~7.6 km in nature, similar to the Bardarbunga dike
or the main dike of the Dabbahu (Afar, Ethiopia) sequence. The thickness of the experimental dikes (≤1 mm)
corresponds to a few meters in nature [Rivalta et al., 2015, equation (4)].

We additionally define the time scaling factor as

t� ¼ L�=V� (5)

Observed velocities of laterally propagating dikes in Iceland and Afar are ~7–112 km per day [Wright et al.,
2012; Ágústsdóttir et al., 2016], thus on the upper side of our experimental ones (~6 km per day; section 3.1).

We now compare the ratio r between the vertical pressure gradient (buoyancy) and the horizontal pressure
gradient (loading) in the model and nature:

r natureð Þ ¼ Δρ Lð Þ= ρ Δhð Þ ¼ 0:46 (6)

where L = 45 km and Δh = 700 m, as in the Bardarbunga case;

r modelð Þ ¼ Δρ Lð Þ= ρ Δhð Þ ¼ 0:52 (7)

where L = 32 cm and Δh = 1.3 cm. Since the ratios are similar, the two gradients play a similar relative role in
experiments and nature.

To scale additional pressure contributions, we needmore parameters, as follows: volumetric flux into the dike
(Q) is 7.9 × 10�8 m3 s�1 in the models and 286 m3 s�1 for Bardarbunga [Gudmundsson et al., 2016]; thus,
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Q* = 2.76 × 10�10. Shear modulus (μ) is 1.17 × 103 Pa in the models and 0.3 × 1011 Pa for basalts [Turcotte and
Schubert, 2002]; thus, μ* = 3.89 × 10�8. Fluid viscosity (η) is 1.2 × 10�3 Pa s in the models and 10 Pa s for
basalts; thus, η* = 1.2 × 10�4. Poisson’s ratio (ν) is 0.5 for pig-skin gelatin and 0.25 in nature; thus,
(1 � ν)* = 0.67. We now calculate the

1. topographic (loading) pressure scale ratio:

pL
� ¼ ρ�g�Δh�ð Þ ¼ 0:6�10�5 (8)

where ρ* = 1000 kg m�3/2800 kg m�3 = 0.36 and Δh* = 1.3 × 10�2 m/700 m = 1.9 × 10�5

2. fracture pressure scale ratio [Rivalta et al., 2015, equation (28)]:

pf
� ¼ Δρ�g�Kc

�2� �1=3 ¼ 1:9�10�5 (9)

3. viscous pressure scale ratio [Rivalta et al., 2015, equation (25)]:

pv
� ¼ μ�3Q�η�Δρ�2

� �
= 1� νð Þ�3

� �1=6
¼ 1:1�10�6 (10)

For the range of parameters considered, while the viscous pressure drop is slightly higher in nature than
experiments, we find that pL

* and pf
* are similar: this ensures, together with equations (6) and (7), that the

loading gradient and fracturing play a similar proportional role in nature and experiments.

We assume that (1) there is no phase change (vesiculation or solidification) in the magma; this assumption is
not excessively restrictive for the mafic lateral dike intrusions that we aim to study. (2) Steady magma inflow
into the dike; in reality, inflow decreased with time changing the ratio between fracture and viscous pressure.
A possible limitation is the finite size of the box and of the gelatin layers, as addressed with additional numer-
ical models. (3) We neglect any effect of regional extension or of preexisting tectonic discontinuities.

3. Results
3.1. Experiments

We first describe two experiments with flat topography (experiments 1 and 2, respectively; Figures 2a and 2b)
and then compare these with two experiments representative of the general influence of topography on
dike propagation with density and rigidity layering (experiments 3 and 4 respectively; Figures 2c and 2d
and Table S1). We describe the shape of the dike in each experiment (breadth/height (B/H)) to evaluate
any change due to the imposed factors.

In experiment 1 (density layering; Figure 2a), the dike propagated vertically penetrating the upper medium
and elongating laterally close to the surface prior to erupting after 300 s (1.3 days in nature). This resulted
in final aspect ratio (B/H) and length (S) of 0.84 and 8.55 cm, respectively. The mean lateral and vertical pro-
pagation velocities were 0.48 and 0.61 mm/s, respectively.

In experiment 2 (rigidity layering; Figure 2b), the dike propagated laterally at the interface with the stiff upper
layer, erupting after 1320 s (~6 days in nature). The final aspect ratio and length were 1.45 and 21.3 cm,
respectively. The mean lateral and vertical propagation velocities were 0.28 and 0.24 mm/s, respectively.

In experiment 3 (topography and density layering; Figure 2c), the dike propagated vertically, showing a
similar shape to experiment 1 and erupting after 330 s (~1.5 days in nature). The final aspect ratio and length
were 0.90 and 9.1 cm, respectively. The mean lateral and vertical propagation velocities were 0.46 and
0.56 mm/s, respectively.

In experiment 4 (topography and rigidity layering; Figure 2d), the dike propagated laterally at the interface
between the upper and lower layer, stopping below the plain and erupting after 1960 s (~9 days in nature).
The final shape was elliptical (B/H = 2.28), though “inflated” toward the plain, 33.8 cm long. The mean lateral
and vertical propagation velocities were 0.24 and 0.17 mm/s, respectively. Moreover, as the dike approached
the plain before erupting, it bent toward the y axis, reaching an angle α = 70° between the slope direction and
the dike strike (Figure S1c in the supporting information).
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In experiment 5 (enhanced topography and rigidity layering), we increased the downslope dip (from 2.4°
to 7°) and plain (from 0° to 4°), letting the upslope become flat (from 3.7° to 0°; Figures S1a and S1b). The dike,
after the injection below the slope on the right (Figure S1a), propagated laterally bending toward the y axis,
reaching α = 20° (Figure S1b).

We find that rigidity layering, particularly when combined to a slope, leads to longer dikes: higher rigidity
ratios, Eu/El, result in higher S/T (Figure 3a) with maximum S/T (ratio between dike length and injection depth)
obtained in experiment 4, with high rigidity contrast and load gradient (Figure 3a). Experiments 1 and 3 (only
density layering) have similar S/T (0.86 and 0.91, respectively), while experiments 2 and 4, with density and
rigidity layering, show a much higher S/T (3.38 and 2.14, respectively). The S/X ratio appears more uniform,

Figure 2. Experiments with flat topography, (a) density (experiment 1) and (b) rigidity layering (experiment 2). Experiments
with topography, (c) density (experiment 3) and (d) rigidity layering (experiment 4). The dashed white and purple lines
indicate the surface and the center of the interface, respectively. The dotted purple lines indicate the limits of the interface.
The orange arrows indicate the injection points. The colored lines indicate the dike edge contour every 120 s.
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although experiments 1 and 3 show a
smaller difference (ΔS/X = 0.12) with
respect to experiments 2 and 4 (ΔS/
X = 0.47). Experiments 1 and 3 show
low S/T values with respect to experi-
ments 2 and 4 (equal to 0.86, 0.91,
2.14, and 3.38, respectively; Figure 3
a), indicating that density layering
has minor influence on dike shape.

3.2. Numerical Models

To better understand dike propaga-
tion and arrest, we evaluate the stress
pattern within the gelatin. We gener-
ate a finite element model with
COMSOL Multiphysics®. We assume
2-D plane strain, on the x-z plane.
We set zero displacement both for
the lateral and bottom boundaries;
the surface, shaped as in the experi-
ments, is stress-free. The properties
of the subdomains are density
ρ = 1000 kg m�3, Young’s modulus

E = 3500 Pa, and Poisson’s ratio ν = 0.4999. Gravity mimics the laboratory conditions, so that the stresses
include the gelatin load [e.g., Corbi et al., 2016].

The model shows that the minimum compressive stress σ3 is subhorizontal beneath the slopes and rotates
progressively to subvertical beneath the plain (Figure 4a). Such a configuration where σ3 is lying on the x-z
plane favors in general dike strikes along the y axis (perpendicular to the figure plane), explaining the
bending toward the y axis observed in experiment 4 (Figure S1c). This effect is enhanced if the slope dip is
increased (experiment 5; Figure S1b). The dike in experiment 4 did not reorient, probably because
(σ2 � σ3)/σ2 was very small, indicating that σ2 is similar to σ3 (Figure 4b). Such stress configuration is not par-
ticularly affected by the rigidity layering (Figure S2).

Since σ1 and σ3 lie on the propagation plane, the stress normal to the dike plane is σ2, plotted in
Figure 4c. The gradient of σ2 is ~170 Pa m�1. Revising the ratio of buoyancy to loading gradient esti-
mated in equation (7), we obtain 1.1. The lateral gradient in our experiments may be too low to correctly
simulate the 2014 Bardarbunga dike. However, we observe that the propagating tip of our dikes becomes
arrested where σ2 is minimum before increasing again (Figure 4c). This observation highlights that a nonzero
driving gradient is essential for lateral propagation. Since σ2 is large below the “mountain” and decreases
downslope, it compresses the dike tail and squeezes its front toward the plain, further promoting lateral pro-
pagation. Conversely, below the upslope, the increase of σ2 compresses the dike tip, arresting the dike where
σ2 is minimum (Figure 4c).

4. Discussion and Conclusions

Our models suggest that lateral dike propagation is promoted by several factors: (1) vertical dike ascent
needs to be prevented; (2) the dike must be pushed laterally by a pressure gradient; and (3) for highest effi-
ciency, this pressure gradient should be maximum in the direction perpendicular to σ3. Below we discuss
these factors and their relevance for dike propagation in nature, recalling that in our experiments σ3 was
in the plane of the dike. Even though we cannot properly evaluate what would have changed if σ3 was
dike-perpendicular, available evidence from magmatic systems along divergent plate boundaries suggests
that this promotes further lateral propagation [Acocella, 2014].

Regarding point (1), in experiments 2 and 4 we prevented vertical dike ascent and obtained lateral propaga-
tion through rigidity layering. These experiments suggest that rigidity layering is more efficient than

Figure 3. Rigidity ratio (Eu/El) against the ratio between dike length and
depth of the injection point (S/T, blue) and the ratio between dike length
and the distance between the injection and eruption points (S/X, red).
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antibuoyancy in driving lateral dike propagation, as it acts as a barrier to ascent, while antibuoyancy
determines only the vertical equilibrium position of the dike [Rivalta et al., 2015]. However, models of dike
injection at the base of a box with soft layers above stiff ones suggest that vertical propagation is
promoted [Rivalta et al., 2005]. In volcanic areas, stiff layers often overlie softer layers, as soft scoria and/or
pyroclastic deposits may be capped by kilometer-thick stiffer lava piles, as in central Afar [Abbate et al.,
2015]. This decrease in rigidity with depth affecting dike propagation is exemplified by the 2004 eruption
at Asama (Japan), where part of the feeder dike propagated laterally below a stiffer zone [Aoki et al., 2009].
Thermal weakening of the upper crust, due to the presence of partial melt or to chemical reactions triggered
by heat advection, may also decrease the rigidity of the rock, so that this becomes more compliant at depth
[Heap et al., 2013]. These wide-scale rigidity inversions are geophysically detected below rifts, as Kilauea’s East
Rift Zone (Hawaii), Krafla (Iceland), and Afar [Brandsdottir et al., 1997; Haslinger et al., 2001; Desissa et al., 2013]
and, possibly, at Bardarbunga, with the vent located within a basin with alternating sediments and lavas.

Other processes may inhibit vertical dike propagation. Magma may be more antibuoyant in the shallowest
layers than what modeled here. Additionally, graben faulting may arrest an ascending dike by compressing
its upper tip, as suggested for the 2009 dike at Harrat Lunayyir (Saudi Arabia) [Xu et al., 2016]. These processes
may be more important than previously thought for lateral propagation.

Figure 4. Stresses in the gelatin experiments. (a) Direction of the principal stress components σ1 (black lines) and σ3
(gray lines). (b) The (σ2 � σ3)/σ2 variations due to the imposed topography. (c) The σ2 profile (red line). The blue line
indicates the topography profile; the dashed green and gray lines indicate the eruption point and the final position of the
dike tip in experiment 4, respectively.
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As for points (2) and (3), a lateral pressure gradient is necessary to drive dikes to larger distances. We imposed
a lateral gradient by shaping the topography of our gelatin similar to a volcanic slope, even though other fac-
tors may induce lateral stress gradients. Here we have shown that a lateral pressure gradient is not very effi-
cient in driving dike propagation if σ3 is not perpendicular to the dike. This was already demonstrated by
Dahm [2000], who compared with a numerical model dike trajectories for three cases: (a) pressure gradient
with σ1 = σ3, (b) pressure gradient aligned with σ3, and (c) pressure gradient perpendicular to σ3. In case
(c), where the two factors (pressure gradient and σ3) reinforced each other, the dike deviated toward the
maximum gradient direction over a short distance. In case (a), a larger distance was needed for the dike to
bend and align with the maximum gradient direction. In case (b), where the two factors played against each
other, the dike bent toward an intermediate direction.

The pathway of the Bardarbunga dike resulted from a combination of tectonic and loading stresses
[Sigmundsson et al., 2015]. The final strike of the dike deviated from that perpendicular to the maximum tec-
tonic extension by 10°, as shown by deformation models and focal mechanisms of earthquakes [Ruch et al.,
2016; Ágústsdóttir et al., 2016]. Here we confirm that any inconsistency between the direction of the maxi-
mum topographic gradient and that perpendicular to σ3 leads to dike bending and shearing on the dike
plane. In nature, surface loads may have more complex 3-D distributions. Indeed, at stratovolcanoes, σ3 is
horizontal and circumferential around the volcanic cone; thus, as the dike propagates downslope, the bend-
ing observed in the experiments would not take place, unless other factors contribute to the stress field, such
as preexisting fractures [Le Corvec et al., 2013; Ruch et al., 2016] or regional tectonics [Sigmundsson et al.,
2015], both not modeled here.

As for the factors causing dike arrest below the plain in our experiments, we speculate that the lithostatic load
of the opposite slope acts as a “pressure barrier,” compressing the propagating tip and thus hindering dike
propagation, as suggested for Somma-Vesuvio [Acocella et al., 2006] or Miyakejima [Maccaferri et al., 2016].
This is also supported by the model of the σ2 profile with single slope compared to that of a double slope
(Figure S3): with two opposite slopes σ2 increases upslope, while with a single slope σ2 keeps decreasing.
Therefore, the dike would propagate farther without any upslope.

An important role may be also played by the stress induced in the gelatin by the specific distribution
of loads, which involves a subvertical σ3 beneath the plain and a subhorizontal σ3 moving toward the
slopes, as in Figure 4a and previous studies [e.g., Maccaferri et al., 2014]. This stress pattern causes the
experimental dike to bend sideways and stop, as the more it bends the smaller the topographic gradient
it experiences.

Our results help interpreting some features of recent lateral diking events (such as Bardarbunga in 2014). In
experiment 4, we observe dike arrest in a region of flat and low topography, similar to the southern flank of
Askja volcano, encountered by the 2014 Bardarbunga dike on its pathway. We note a discrepancy in the posi-
tion of the eruption point, which is before the plain in the models and inside the plain in Bardarbunga, and in
the final position of the dike tip, which is at ~10 km from the plain edge in Bardarbunga and 3.3 cm (corre-
sponding to ~2 km in nature) in experiment 4. Experiments 15 and 16 (replicating experiment 4, except for
the layer thicknesses; Table S1) also erupted before the plain (X = 15.1 cm and 20.1 cm, respectively), confirm-
ing reproducibility. However, the Bardarbunga dike intersected the surface in three more locations beside
the plain (where two major vents opened). In fact, three cauldrons formed on the Vatnajökull ice cap
[Sigmundsson et al., 2015]. The longest dike in our models (experiment 4 = 33.8 cm corresponding to
~18 km in nature) has the same order of magnitude of the dike segment that propagated laterally under
the ice cap at Bardarbunga (~30 km).

Concerning the 2005 Dabbahu diking episode, the southern portion arrested just before a region of minor
relief (height difference of 300 m compared to 400 and 300 m for Bardarbunga and Somma-Vesuvio, respec-
tively); conversely, the northern part of the dike propagated upslope erupting on the NE flank of the edifice
[Wright et al., 2006; Ebinger et al., 2010]. In this case, the effect on crustal stresses of a lateral thermal gradient
of the crust may have dominated over the effect of topography [Grandin et al., 2012] and allowed the dike
propagating upslope for some distance, possibly explaining the discrepancy with our models that suggest
a difficulty in propagating along an opposite slope. This confirms, as mentioned, that other processes in addi-
tion to topography may drive lateral propagation and arrest.
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In conclusion, lateral dike propagation downslope is particularly efficient when the topographic pressure
gradient is accompanied with crustal rigidity layering (i.e., stiffer layers above weak ones). Conversely, dikes
may arrest if an external relief produces an opposite topographic pressure gradient.
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