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[1] Magmatic activity tends to concentrate at plate margins. At divergent margins,
extensional tectonics provide steep conduits for magma to reach the surface. At rapidly
convergent margins, such as the Andes, one might imagine that horizontal

compression prevents the rise of magma. Nevertheless, volcanoes are also common. In
order to study the mechanisms by which magma rises in a compressional context, we
resorted to laboratory experiments, in which a brittle crust was shortened, while magma
was intruding. Our model materials were (1) cohesive fine-grained silica powder,
representing brittle crust, and (2) molten low-viscosity vegetable oil, representing magma.
In general, horizontal shortening and injection were coeval but independent processes.
Thrust faults accommodated the shortening, while overpressured oil formed

hydraulic fractures. In those experiments where there was no shortening, injection resulted
in a saucer-shaped intrusive body. In the other experiments, where there was

shortening, oil formed a basal sill, before rising along thrust faults. Once in place, the sill
lubricated the base of the model, so that arcuate thrusts formed at the leading edge of a
plateau. Uplift of the plateau promoted further intrusion of oil at depth. In general, the
pattern of deformation and intrusion depended on the kinematic ratio R between rates of
shortening and injection. The lengths of the basal sill and plateau increased with
decreasing R. On the basis of these results, we have reexamined two natural examples of
magmatic complexes, which were emplaced in compressional tectonic settings, Tromen

volcano in Argentina and the Boulder Batholith of Montana.
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1. Introduction

[2] Magmatic activity tends to concentrate at plate mar-
gins. Volcanism is especially common in areas of exten-
sional tectonics, and notably so at divergent margins. In
such settings, magma intrudes the brittle crust by hydraulic
fracturing. It forms subvertical dikes, which are perpendi-
cular to the least principal stress [Hubbert and Willis, 1957,
Sibson, 2003]. These may or may not reach the surface [/da,
1999; Gudmundsson, 2002]. Good examples of such dikes
are to be found in the Icelandic rift system [Gudmundsson,
1984; Helgason and Zentilli, 1985].

[3] In compressional settings, it is widely assumed that
magma cannot rise so easily [e.g., Watanabe et al., 1999].
The arguments for this are mainly theoretical. If the least
principal stress is vertical, hydraulic fractures will be
horizontal [Hubbert and Willis, 1957; Sibson, 2003] and
therefore will not lead directly to the surface. Moreover, the
magmatic pressure required to propagate a tabular body will
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be higher in compression than it is in extension [Sibson,
2003]. On this basis, many authors have claimed that
volcanic activity should be rare if not absent in compres-
sional settings [Glazner, 1991; Hamilton, 1995].

[4] However, field evidence seems to contradict this
premise. In the early twentieth century, Eugéne Wegmann
argued that granitic magma rises along thrust faults [Schaer,
1995]. More recently, several examples have been described
of orogenic plutons, for which emplacement has been
synchronous with horizontal shortening (see review in
Hutton [1997]; also Kalakay et al. [2001]; Lageson et al.
[2001]; Musumeci et al. [2005]).

[s] At the surface, active volcanoes are common at
rapidly convergent margins, which are under horizontal
compression. A good example is the Andean margin of
South America [Schdfer and Dannapfel, 1994], which is
actively shortening, according to Global Positioning System
(GPS) measurements (Figure la [Norabuena et al., 1998;
Kendrick et al., 2001]). Recently, it has become apparent
that some Andean volcanoes lie along major thrust faults.
Good examples are Guagua Pinchincha in Ecuador
[Legrand et al., 2002], Taapaca in Chile [Clavero et al.,
2004], Socompa in Chile [van Wyk de Vries et al., 2001],
El Reventador in Ecuador [7ibaldi, 2005], and Tromen in
Argentina (Figure 1b [Kozlowski et al., 1996; Marques and
Cobbold, 2002; Galland et al., 2007]). On El Reventador
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(a) Topographic and structural map of Central Andes. Topographic data are from GTOPO30

database (http://edc.usgs.gov/products/elevation/gtopo30/gtopo30.html). Map locates volcanoes (white
triangles), major thrusts, GPS stations (white circles), and corresponding velocity vectors between
January 1993 and March 2001 (arrows [after Kendrick et al., 2001]). Data show that Andean margin is
shortening. (b) Structural map of Tromen volcano, Neuquén basin, Argentina. Notice arcuate thrusts and
folds around Tromen. Both shortening and volcanism are active today. Inset (left) locates both maps [after

Galland et al., 2007].

and Tromen, there is good evidence that volcanism and
shortening have been coeval [Tibaldi, 2005; Galland et al.,
2007].

[6] As long as magma remains molten, it should be very
much weaker than its country rock [Rubin, 1993]. We may
therefore expect a weak body of magma to influence the
pattern of tectonic deformation, as what happens around salt
bodies in areas of compression [Ballard et al., 1987; Merle
and Vendeville, 1995; Couzens-Schultz et al., 2003; Smit et
al., 2003]. For rift systems, it has been suggested that
extensional deformation may concentrate around magma

reservoirs [Corti et al., 2003]. In orogenic belts, magma
may accumulate at the brittle-ductile transition [ Watanabe et
al., 1999], and so control deformation in the brittle crust
[Simancas et al., 2004; Tornos and Casquet, 2005].

[7] In an earlier short publication [Galland et al., 2003],
we described the basis of an experimental technique for
modeling the possible interactions between tectonic defor-
mation and magmatic intrusion. We also described three
preliminary experiments. In a more recent paper [Galland et
al., 2006], we described the experimental technique more
fully, concentrating on scaling and the properties of model
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Table 1. Model Ratios of Density, Length, Stress, Magma
Velocity, and Magma Viscosity [After Galland et al., 2006]"

p* L* o* v* n*
Upperbound 075 107*  75x10° 100" 75x10°
Lower bound 0.3 10° 4x10°° 10° 4x10"

*Values are upper bounds (top row) and lower bounds (bottom row).

materials. We also briefly described three experiments,
comparing them with geological examples from the North
Sea, Iceland, and Montana, in various tectonic settings.

[8] In the current manuscript, we describe for the first
time more than 20 experiments that are relevant to a
compressional setting, analyzing them in detail, and discus-
sing the physical processes that operated. We also compare
the experimental results briefly with two natural examples.
Our general objective is twofold, (1) to study the mecha-
nisms of magmatic emplacement in a shortening brittle crust
and (2) to understand how intrusions modify the pattern of
tectonic deformation.

2. Experimental Procedure

[v] Each model was representative of processes at a basin
scale, so that 1 cm in the experiment represented 100 m to
1 km in nature (Table 1). The scaling of the other param-
eters and the suitability of the model materials have been
described in detail by Galland et al. [2006]. Briefly, we
used a fine-grained powder of crystalline silica (SI-CRYS-
TAL) to represent the brittle crust and a low-viscosity
vegetable oil to represent magma (Table 2). The grain size
of the silica powder was ~15 pum. It failed according to a
Mohr-Coulomb criterion, its cohesion and angle of internal
friction being ~300 Pa and ~40°, respectively [Galland et
al., 2006]. The vegetable oil is produced by Unilever and
sold in France under the trademark Végétaline. It is com-
monly used for cooking. It is solid at room temperature but
melts to low-viscosity oil at ~31°C. At 50°C, we measured
a viscosity of 2 x 10 Pa s (Table 2).

[t0] Our apparatus was an improved version of earlier
ones [Galland et al., 2003; Galland, 2005; Galland et al.,
2006]. The models lay in a rectangular box, 60-cm long,
40-cm wide, and 20-cm deep (Figure 2). The model crust
consisted of three successive layers of compacted SI-
CRYSTAL powder. Between them, thinner layers of blue
sand formed horizontal markers. The multilayer was com-
pacted using a compressed-air vibrator. The total thickness
of the multilayer was then ~5.5 cm.

[11] During the experiments, a moving piston caused
horizontal shortening within the silica powder (Figure 2),
while a pump injected oil at a steady rate through a hole at
the base of the box. In nature, magmatic activity commonly
follows upon orogenesis. Therefore in the experiments, we
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allowed some shortening to accumulate before starting the
injection. A calibrated pressure gauge recorded the oil
pressure within the injection pipe, at a distance of 27 c¢cm
from the base of the model. Over this distance, the estimated
pressure drop because of viscous drag was a negligible 6—
37 Pa, depending on the rate of injection [Galland, 2005].
The depth of the corresponding column of oil, between the
base of the model and the injection point, was D = 15 +
1 cm. Thus, for an oil density of about 1 g cm™>, the pressure
at the base of the model was smaller by 1500 + 100 Pa than in
the pressure gauge. The estimated error range comes from the
fact that the depth D was not accurately recorded. However,
the pressure variation during any one experiment was inde-
pendent of this error. Each experiment lasted for a few
minutes (up to a maximum of 22 minutes), after which the
oil froze within about half an hour. The model was then cut
into longitudinal cross-sections, and the internal structures
were photographed.

[12] In nature, crustal thickening may be due to tectonic
shortening or magmatic intrusion [Haschke and Giinther,
2003]. In our experiments, the piston velocity v, and the
injection rate O were independent variables. A dimension-
less kinematic ratio R expresses their relative rates:

vp/Lo
=20 1

A (1)

[13] Here Ly and V7, are the initial length and volume of
the model, respectively. Thus the value of R reflected the
relative rates of shortening versus injection.

3. Experimental Results

[14] In all, we did 22 experiments (Table 4). Here we
briefly describe the experimental strategy and results, focus-
ing on the main conclusions. The parameters and detailed
results of all the experiments are in Appendix A.

[15] We first consider three basic experiments, one with
injection only (experiment T1, R = 0), one with shortening
only (experiment T2, R = o0), and one with injection after
shortening (experiment T3; Table 4). Then we describe
experiments of variable duration, for which shortening and
injection were simultaneous and R was constant (Series C).
These experiments provided insights into the main stages of
development of internal structures. Finally, we describe the
main set of experiments (Series A), for which R varied
systematically, from one experiment to the next.

[16] In experiment T1 (R = 0), intrusion resulted in an
almost axially symmetric body, several millimeters thick.
This consisted of a basal sill, branching upward and outward
into an oblique cone sheet (Figure 3). The overlying silica
powder was uplifted, forming a dome at the free surface.
The oil erupted at the edge of the dome. Such features are
typical of cone sheets, as observed in the field [e.g., Moreau

Table 2. Mechanical Properties of Model Materials Used in This Study [After Galland et al., 2006]

Density (p), Cohesion (C), Tensile Strength (7)), Angle of Viscosity (1),
Material Behavior g cm™? Pa Pa Internal Friction (¢)) Pas
Silica powder Coulomb failure ~1.3 ~300 ~100 ~38 -
Vegetable oil Newtonian fluid ~0.9 - - — 2 x 1072 (at 50°C)
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Figure 2. Schematic diagram of experimental apparatus.
Mobile piston deforms silica powder. Internal deformation
is accommodated by faults that offset horizontal markers
within silica powder. During deformation, oil (dark grey) is
injected at constant flow rate by pump. Modified after
Galland et al. [2006].
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et al., 1995; Ancochea et al., 2003] and on seismic profiles
[e.g., Hansen and Cartwright, 2006a, 2006b]. In experiment
T2 (R = o), the shortening resulted in thrust faults, which
had straight traces at the free surface (Figure 4). The thrust
wedge was similar to those described for models made of
quartz sand [Davis et al., 1983; Malavieille, 1984]. In
experiment T3, the oil intruded an already developed thrust
wedge. The intrusive body was strongly asymmetric. It
consisted of a basal sill, branching laterally and upwards,
along thrusts, as an oblique dike (Figure 5).

[17] In Series C, shortening and injection were contem-
poraneous, and the kinematic ratio had a constant value of
R =~ 22 (Table 4; Figure 6). In a first stage of shortening
only, planar thrusts (RT1 and RT2) formed against the
piston. After 5.3% shortening, injection started. The result-
ing sill spread along the interface between the silica powder
and the basal plate. After a time ¢ = f5o1, an arcuate thrust
(AT) initiated at the leading edge of the basal sill. The sill
stopped spreading and started thickening. The block of
silica powder between thrusts RT2 and AT did not deform
internally but instead slipped on the basal sill and rose,
forming a plateau.

Open fracture

Basal sill K_/
e

Inclined cone sheet

|
N

‘L
)/

I BN =
10cm

e |

T Injection point

b 12000

-—— Gauge saturation Exp.T1

10000
©
. 8000 b
S~
a
£ e g e
2 End of injection
w
g
o 4000 |

2000

1 1 1 L 1 1 L
0 50 100 150 200 250 300 350 400
Time t/s
Figure 3.

(a) Longitudinal cross sections of experiment T1 (R = 0). Upper section is photograph, lower

section is line drawing. Cross sections are central, through injection point. Silica powder has not been
shortened. Saucer-shaped intrusive body of oil (dark grey) consists of thin basal sill and peripheral
inclined dike. Fraction of oil that percolated a few millimeters through silica powder is not represented.
Intruding oil jacked up silica powder, resulting in smooth dome and open cracks at surface. (b) Plot of oil
pressure versus time in experiment T1. Initial pressure peak decreased hyperbolically. Toward end of

experiment, pressure increased slightly.
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Piston

Inital state t=0s

Cross section
{Fig.4b)

=-25 % Final stage t=900s
Figure 4. (a) Top views of experiment T2 (R = co) at four
stages of development (time ¢ in seconds). Piston moved
from left to right. Right-verging thrusts had almost straight
traces. First thrust formed against piston (left). Later ones
formed sequentially (toward right). (b) Cross sections of
experiment T2. Upper section is photograph, lower section
is line drawing. Surface slope of thrust wedge is ~17°.
Interpreted traces of fore-thrusts (dashed lines) are from
offsets of horizontal markers (blue or black lines). Fore-
thrusts are regularly spaced. Back thrusts have formed
against piston.
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[18] Series A consisted of three subseries. In each of
them, one parameter was fixed whereas the other one varied
(Figure 7). The developing structures were similar to those
of Series C. We measured the lengths of the plateau (L,) and
the basal sill (Z;), the volume of oil injected when the
arcuate thrust formed (7)), and the surface area of the
plateau (S,). In general, the plateau length L, increased
together with the injection rate O and decreased with the
piston velocity v, (Figure 8). We obtained similar correla-
tions for parameters Li, Vo, and S, (Table 5). The three-
dimensional shapes of internal structures were reconstructed
by interpolating between serial cross sections (Figure 9).
The internal fractures were different, from bottom to top of
the model. At the bottom, the fractures were thrust faults
(Figures 6 and 7), as one might expect, if the greatest stress
were horizontal and the least stress were vertical. In
contrast, at the top, the fractures were vertical open cracks,
as one might expect in a cohesive material, such as silica
powder, if the least stress were horizontal and tensile
(Figure 10). Some of the open cracks were parallel to the
thrust faults and might have resulted from outer-arc stretch-
ing above ramp anticlines. Other open cracks were almost
parallel to the overall shortening direction. They concen-
trated in uplifted zones, against the piston and on top of the
plateau (Figure 10). We infer that they resulted from an
interaction between the regional compressive stress and
topographic highs [Johnson, 1970].

[19] The variation in oil pressure was similar in most of
the experiments (Figures 3, 5 and 11). From an initial peak
at ~11,000 Pa, the pressure decreased hyperbolically. Such
a variation has been observed before, in experiments on
fluid injection into soil [Murdoch, 1993, 2002]. However,
when arcuate thrusts formed in our experiments, pressure
drops were larger and they marked the formation of each
thrust (black bars, Figure 11). We infer that there was
some mechanical interaction between oil emplacement and
arcuate thrusting.

4. Interpretation and Discussion

4.1. Timescales and Length Scales for Magmatic and
Tectonic Processes

[20] In the experiments of series C and A, shortening and
injection at the external boundaries were steady and simul-
taneous. In contrast, successive faults developed episodi-
cally. Was intrusion also an intermittent process? Were the
experimental timescales geologically realistic?

[21] In nature, the timescale for the emplacement of a
single dike, several meters thick, is of the order of days
[e.g., Sigurdsson, 1987]. Resulting volcanic eruptions can
last for several years. For the emplacement of a laccolith or
a pluton, the timescale is of months [Minakami et al., 1951]
to tens of thousands of years [Fialko and Simons, 2001]. In
contrast, the timescale for the emplacement of a large
batholith or volcano may be 1 Ma or even 10 Ma [Kalakay
et al, 2001; Haederle and Atherton, 2002]. Such large
objects are usually multiple and composite, having resulted
from many smaller and shorter magmatic episodes [Petford,
1996]. A notable example is the Coastal Batholith of Peru
[Haederle and Atherton, 2002]. Laccolithic complexes also
tend to be composite. The timescale for the emplacement of
such complexes is probably about 1 Ma, each pulse being
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Figure 5. (a) Longitudinal cross sections of experiment T3 (injection after shortening). Upper section is
photograph, lower section is line drawing. Sections are central, through injection point. Thrust wedge
resembles that of experiment T2 (Figure 4). Percolation aureole (dark grey) is well developed. Intrusive
body consists of thin basal sill and oblique dike along back thrust. Oil has not reached surface. (b) Plot of
oil pressure versus time in experiment T3. After initial peak, pressure decreased hyperbolically.
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Figure 6. Longitudinal cross sections (left) and corresponding top views (right) for experiments of
Series C. Experiments had different durations (in seconds) but same kinematic ratio (R = 22; Table 4).
(a) Initial stage, before deformation and injection. (b) Experiment C1, after shortening of e = —5.3% (at
t = 180 s) and no injection. Two straight thrusts (RT1 and RT2) formed. Injection started at this stage.
(c) Experiment C2, at e = —9.6% (¢ = 320 s). Oil formed thin basal sill. New thrust (AT; ¢ = fo1) was
arcuate and nucleated at leading tip of sill. Plateau initiated between thrusts RT2 and AT. Quantities
Vo and S, denote volume of oil injected and surface of plateau at ¢ = 74t. (d) Experiment C3, at e =
—15.6% (¢ = 520 s). Deformation concentrated along newest thrust, AT. Below plateau, basal sill
lengthened and thickened. (e) Experiment C4, at e = —21.6% (¢ = 720 s). Deformation transferred onto
new arcuate thrust, AT’. Plateau uplifted further. Basal sill thickened but did not lengthen. Quantities Z;
and L, denote lengths of basal sill and plateau, respectively.

much shorter than that [Corry, 1988]. In all these examples, posite volcano is therefore in the same range as that of
the timescale of a magmatic complex is much longer than tectonic processes. On this basis, our experiments simulate
that of an individual dike or sill. The timescale for the the emplacement of a whole magmatic complex, rather than
emplacement of an igneous province or for a large com- individual pulses.
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Figure 7. Longitudinal cross sections for Series A on plot of injection rate Q versus piston velocity
(vp> Table 4). For Series Al and A2, injection rate was fixed (Q = 15.7 or 47 mL min~", respectively),
whereas piston velocity differed. For Series A3, piston velocity was fixed (v, = 1.13 cm min~ "), whereas
injection rate differed. Ratio O/v, was constant along straight black lines.

[22] Tectonic deformation in the brittle crust is typically
episodic and seismic at the scale of individual faults.
However, at a larger scale, it is steadier. Thus in experi-
ments, it may be reasonable to impose steady velocities at
external boundaries [see e.g., Huiqi et al., 1992; Storti et al.,
1997].

[23] In volcanic areas, such as Japan [Fujita et al., 2004],
Sicily [Barberi et al., 2000], Alaska [Roman et al., 2004],
and Ecuador [Legrand et al., 2002], there is some evidence
that episodes of deformation are contemporaneous with
crises in magmatic activity. We do not know if this
happened in our experiments, because we were not able to
observe the structures as they developed. However, we
suspect that it was the case.

[24] The thickness of the intrusive body in the experi-
ments is typically of the order of 1 cm. As we were
modeling processes at a basin scale, the length ratio
between model and nature was between 10° and 10~*
[Galland et al., 2006]. Therefore the thickness of equiva-
lent bodies in nature was between 100 m and 1 km, which
is typical of a magmatic complex. As in our experiments,
so in nature, such bodies may greatly influence the stress
state of their host [Vigneresse et al., 1999; Gonzdlez and
Aragon, 2000].

[25] In summary, we believe that our assumption of
steady velocities and rates of intrusion were reasonable first
approximations to what happens at a large scale in nature.

4.2. Mechanisms of Oil Emplacement

[26] In nature, the shape of an intrusive body reflects its
emplacement mechanism [e.g., Rubin, 1993; Moyen et al.,
2001]. Sheet-like intrusive bodies, such as dikes and sills,
appear to result from hydraulic fracturing [Hubbert and

Willis, 1957; Lister and Kerr, 1991; Clemens and Mawer,
1992; Rubin, 1995b].

[27] In experiment T1 (injection only), the intrusive body
was a thin saucer-shaped sill. Its aspect ratio of thickness to
length (w/L;) was about 10~ (Figure 3a). In experiments of
Series C, the basal sill initially had an aspect ratio of the
same order of magnitude (Figure 5a). Such aspect ratios are
characteristic of dikes and sills in nature [Rubin, 1993,
1995a] and are typical of hydraulic fracturing.

[28] Although for large strains, granular materials tend to
yield according to a Coulomb criterion; for small strains, the
relationship between stress and strain is almost linear
[Mandl et al., 1977]. In our experiments, the oil intrusion
resulted in strains that were much smaller than the horizon-
tal shortening imposed by the piston. To account for small
strains and linear behavior, elastic models are the simplest
and the best known. They have been used to study hydraulic
fracturing in various media, including granular materials
[Murdoch, 1993, 2002]. According to the elastic theory
[e.g., Pollard, 1987], the aspect ratio of a hydraulic fracture
in an infinite homogeneous medium is given by:

w_ (Pooy) AP

L pfi-v)" M @

Here o, is the stress acting normally to the fracture, AP is
the fluid overpressure within the fracture, and p and v are
the shear modulus and Poisson’s ratio of the country rock.
For dikes in nature, equation (2) yields estimates of magma
overpressure between 1 and 10 MPa [Rubin and Pollard,
1987].

[29] In our experiments, variations in oil pressure provided
constraints on the emplacement mechanism of the intrusive
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Figure 8. Plots of plateau length (L,) versus piston
velocity (vp,) for Series (a) Al or (b) A2, and versus injection
flow rate (Q) for Series A3. Curves (grey) highlight trends.

body. Hyperbolic variations in fluid pressure have been
observed during experiments on fluid injection into soil
[Murdoch, 1993, 2002]. In those studies, a theoretical analy-
sis of pressure variation, on the basis of an elastic model,
fitted the data well. Here we use a simpler physical analysis,
also on the basis of an elastic model, to explain the observed
pressure drops. In our experiments, the total volume of
intruding oil was V' = Qt. For a circular horizontal sill of
uniform thickness, the volume is ¥ ~ wrL? / 4. According to
these expressions and to equation (2), the time elapsed is
proportional to the overpressure and to the cube of the
fracture length:

t oc APL} (3)

[30] A hydraulic fracture propagates when the stress around
the fracture tip exceeds the failure strength of the country rock
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[e.g., Pollard, 1987]. Various models based on fracture
mechanics have been used as criteria for fracture propagation
[e.g., Inglis, 1913; Griffith, 1921, 1924; Irwin, 1958]. In all of
them, the overpressure AP of an intruding fluid, as required to
propagate a fracture within an elastic medium, is inversely
proportional to the square root of its length, so that:

AP L2 (4)

From equations (3) and (4), the overpressure AP should
vary as follows:

AP 113 (5)
After an infinitely long time, no overpressure should be

necessary for further propagation. Instead, the fracture
should open if the fluid pressure exceeds the normal stress

Lateral ramp of AT

i o
u* part of AT

Sty

e,

Lateral ramp of AT

S

1y
part ofA‘Fh

By

s

Figure 9. Serial cross sections of experiment (a) Al1.2 and
(b) Al.l Datum (0 cm) was injection point. Distance
between cross sections was 5 cm. In both experiments,
distance between straight thrust RT and arcuate thrust AT
decreased from center to sides; intrusive body was almost
circular in plan view; and sill was almost as long as plateau.
In experiment Al.2, oil intruded and rose along lateral
ramps of AT; in Al.1, it did not.
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Figure 10. Fracture pattern of experiment A2.5. (a) Line
drawing of surface shows thrust traces and open cracks.
Some open cracks are parallel to thrust traces; others,
against piston and on top of uplifted plateau, are parallel to
shortening direction. Straight line locates central section.
(b) Central section of experiment A2.5, showing thrust
traces (dashed lines). Plateau above arcuate thrust has been
uplifted.

0y Therefore the fluid pressure required to propagate a
fracture becomes:

P=Ar""" 4o, (6)

[31] Here 4 is a constant, having dimensions of Pa s'.
According to equation (6), the longer the crack, the more
easily it propagates.

[32] In most of our experiments, the readings of residual
pressure were between 2000 and 2500 Pa (Figures 3 and 11).
Because the pressure measurements were made at an oil
depth of D = 15 £ 1 cm beneath the base of the model, the
residual pressure in the sill was between 400 and 1100 Pa.
That range covers an independent estimate of lithostatic
pressure, 715 Pa, which comes from taking a model thick-
ness of 5.5 cm and a density of silica powder of 1.3 g cm”.
Thus the pressure in the sill decreased to approximately
lithostatic values, as would be expected for a long fracture
(equation 6). However, the initial pressure was very much
higher, as would be expected for a short fracture.

[33] To the pressure variations in our experiments, we
fitted an inverse power law (hyperbolic function) of expo-
nent d (Table 3). The data range was between the initial
peak and the first episodic drop in pressure (see section 3;
Figure 11). For experiments A1.3, Al.4, and A3.4, the data
ranges were short and the fits were not good. For the other
experiments, the fits were acceptable and the estimates of d
were between —0.15 + 0.15 and —1.56 + 0.2 (Table 3).

B06402

Most of these estimates were significantly smaller than the
theoretical value of d = —1/5 (equation 6).

[34] The difference between theory and observation may
have come from the choice of fracture criterion. Equation (4)
is valid for the mathematically simple case of a crack in an
infinite homogeneous elastic medium (see review in Pollard
[1987]). However, in our experiments, the host material was
not of infinite extent. Instead, it had (1) an upper boundary,
which was free, and (2) a lower boundary, between soft
silica powder and strong basal plate. The sill initially spread
along the lower boundary (Figures 3, 5, 6, and 7). As it did
so, the oil under pressure jacked up the overriding silica
powder, doming the free upper surface of the model. In the
experiments, this effect is more pronounced than it is for
theories of a crack in an infinite medium. For more refined
theories that take into account a free surface, the fracture
criterion depends upon the depth of the fracture beneath that
surface [e.g., Pollard and Holzhausen, 1979; Fialko, 2001;
Rivalta and Dahm, 2006]. If in addition the fracture is
horizontal and against a rigid basement, the fluid pressure
decreases hyperbolically with time and has an exponent of
—0.5 [Murdoch, 2002]. This value is in good agreement
with the exponents that we fitted to our data (Table 3). We
therefore suspect that the model of a horizontal crack
beneath a free surface and against a rigid basement is
especially relevant to our experiments.

[35] In nature, sills and laccoliths tend to form at the
interface between a sedimentary cover and its less deform-
able basement [e.g., Gilbert, 1877]. Similarly, in our experi-
ments, we observed that sills formed preferentially at the
interface between the silica powder and the basal plate.
Probably, the interface was weaker in tension than the silica
powder itself, but we were not able to measure this effect.

[36] The tensile strength of fractured rock is smaller than
that of homogeneous rock because faults and fractures tend
to have small cohesion [Schellart, 2000; Sibson, 2003]. The
pressure required for magma to intrude a preexisting frac-
ture should therefore be smaller than that required to open a
new fracture. The same is true for granular materials, such
as sand [Krantz, 1991]. That may explain why, in experi-
ment T3, the oil intruded along preexisting thrusts.

4.3. Interactions Between Shortening and Intrusion

4.3.1. Influence of Horizontal Compression on Oil
Emplacement

[37] In the brittle crust, dikes would appear to form in
orientations that are perpendicular to the least principal
stress, o3, and parallel to the greatest principal stress, o,
[Hubbert and Willis, 1957]. Did this happen in our
experiments?

[38] In experiment T1 (Figure 3), no external stress was
applied to the silica powder. Instead, the overpressure
within the intrusive body appeared to have induced a local
stress field, axially symmetric about the injection point
[Phillips, 1974; Gudmundsson, 1998; Gray and Monaghan,
2004]. The overpressured oil jacked up the overlying silica
powder, resulting in a smooth dome at the surface. We infer
that, at the edges of the dome, differential uplift resulted in
annular shear stresses, and so in the rotation of the principal
stresses. Therefore o became oblique to the horizontal, and
hydraulic fractures propagated as inclined sheets, resulting
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Figure 11. Plots of oil pressure versus time for experiments (a) Al.1, (b) A1.2, (c) A2.1, and (d) A3.3.
In experiment A2.1, deformation did not interact with intrusive oil, and pressure decreased
hyperbolically, as in experiments T1 and T3. In other experiments, arcuate thrust interacted with
intrusive oil, and pressure variation was more complex. After the first period of hyperbolic decrease,
more rapid pressure drop coincided with the formation of arcuate thrust, AT. Thereafter, pressure

remained almost constant.

in saucer-shaped sills (Figure 3 [Malthe-Sorenssen et al.,
2004; Galland et al., 2006]).

[39] In contrast, in the experiments of series C and A, the
mobile piston presumably induced a regional stress field, in
which the greatest stress oy was close to horizontal, and the
least stress o3 was close to vertical. In such a setting,
according to theory, hydraulic fractures should be horizontal
[Hubbert and Willis, 1957]. Our experimental results for
Series C and A seem to follow this theory. In every
experiment, the oil formed a horizontal sill at the base of
the silica powder (Figure 7). Although the mechanical
interface between the silica powder and the basal plate
strongly controlled oil emplacement (see section 4.2), the
basal sills in these experiments were much longer (up to
30 cm for experiment A2.1; Figure 7) than they were in
experiments T1 and T3 (~10 cm; Figures 3 and 5). We infer
that horizontal compression was favorable to the develop-
ment of sills.

[40] In the initial stages of most of our experiments, the
basal sill simultaneously thickened and lengthened (Figure 6).
This is typical of hydraulic fracturing [Pollard, 1987]. How-
ever, after an arcuate thrust formed at its leading edge, the basal
sill no longer lengthened, although it did thicken. Thus the
mechanism appears to have changed, from hydraulic fractu-
ring, to one controlled by thrusting. Additional evidence for

this comes from the records of oil pressure (Figure 11). The
early hyperbolic decrease in pressure is to be expected for
progressive hydraulic fracturing (see section 4.2). In contrast,
the later episodic drops in pressure, as each arcuate thrust
initiated, argue for another mechanism. We suspect that late
thickening of the basal sill was a passive response to uplift of
the overlying plateau, which resulted from thrusting. In other
words, uplift of the plateau controlled the emplacement and
accumulation of oil at depth.
4.3.2. Influence of Intrusive Body on Further
Deformation

[41] In our experiments, the overall shape of the thrust
wedge and the distribution of internal structures depended
on whether or not oil was injected. In experiment T2, where
no oil was injected, the resulting thrust wedge was similar to
that obtained in models made of quartz sand [Davis et al.,
1983; Malavieille, 1984; Dahlen, 1990; Huiqi et al., 1992].
Thus the wedge had a large apical angle, the internal thrust
faults were planar, and they were regularly and narrowly
spaced (Figure 4). In contrast, in the experiments where oil
was injected, the apical angle of the thrust wedge was much
smaller, the last thrusts to form had arcuate traces (Figure 6),
and the spacing between these and the earlier planar fore-
thrusts was much greater (Table 5).
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1 1

Vp, CM Min_ 0, mL min— R € e toxps S tinis S Vi, mL
T1 0 15.7 0 0 0 360 360 94
T2 0.96 0.0 00 —24.7 —24.7 900 0 0
T3 1.21 20.9 00, 0 —22.8 —22.8 1320 660 230
Series C
Cl 1.03 10.4 21.8 —5.3 —5.3 180 0 0
C2 1.05 10.4 22.1 —-5.3 -9.6 320 140 24
C3 1.05 10.4 22.1 -53 —15.6 520 340 59
C4 1.06 10.4 22.3 —5.3 -21.8 720 540 94
Series Al
Al.l 0.41 15.7 5.7 -53 —15.8 1360 880 230
Al.2 0.73 15.7 10.2 —5.3 —24.2 1160 900 235
Al.3 1.12 15.7 15.7 —53 —23.0 720 540 141
Al.3 bis 1.13 15.7 13.3 —5.3 —14.0 520 330 86
Al4 1.60 15.7 22.5 —5.3 -27.5 600 480 125
Al5 2.01 15.7 28.3 -53 -259 450 360 94
Series A2
A2.1 0.41 47.0 1.9 —5.3 —-9.8 840 380 298
A2.1 bis 0.41 47.0 1.9 —5.3 —-11.9 1020 540 423
A2.2 0.48 47.0 2.2 —5.3 —12.4 900 520 407
A2.3 0.73 47.0 34 —5.3 -19.9 960 700 548
A2.4 1.13 47.0 53 -53 —15.5 480 310 243
A2.5 1.60 47.0 7.5 —5.3 —24.7 540 420 329
Series A3
A3.1 (=A1.3) 1. 15.7 15.7 -53 —23.0 720 540 141
A3.1 bis (=A1.3 bis) 1.13 15.7 13.3 —5.3 —14.0 520 330 86
A3.2 1 31.3 7.9 -53 —23.2 720 550 287
A3.3 47.0 53 —5.3 —15.5 480 310 243
A3.4 62.7 4.1 —5.3 —9.3 280 110 115

“For symbols, see Table Al.

[42] According to theoretical and experimental studies,
the surface slope of a thrust wedge depends on (1) the
cohesion C and angle of internal friction ¢ of the deforming
material, (2) the basal slope 3, and (3) the friction coeffi-
cient at the base [Davis et al., 1983; Dahlen, 1990; Huiqi et
al., 1992; Smit et al., 2003]. In our experiments, C, ¢, and 3
were constant, so that the relatively small values of « in the
experiments of Series A should have resulted from small
basal friction. We infer that the sill lubricated the base of the
wedge, providing a detachment and resulting in a weakly
deformed overlying plateau [Smit et al., 2003].

[43] That the latest thrust was arcuate was probably
another consequence of the lubricating properties of the
basal sill. In each experiment, the arcuate thrust closely
followed the curved edge of the basal sill, this curvature
being because of injection at a point (Figure 12). Because
the upper surface of the wedge was flat, when the latest
thrust formed, its arcuate shape could not have resulted from
a topographic high, as in the experiments of Marques and
Cobbold 2001, 2002, 2006]. Furthermore, the arcuate
shape did not result from friction at the sidewalls of the
box, as this effect was small in the experiments with no
injection. We conclude that the structures, in the experi-
ments where oil was injected, resulted from mechanical
interaction between the soft intrusive bodies and the applied
shortening. We may expect similar interactions to occur in
nature.

4.3.3. Influence of Kinematic Ratio R on Shape and
Structure of the Wedge

[44] The kinematic ratio R links the experimental param-
eters v, and QO and expresses the relative rates of tectonic
shortening and intrusion.

[45] In Series A, R was different from one experiment to
another. Its value was between 1.91 and 28.3 (Tables 4 and 5).
The lengths of the basal sill and plateau depended on the
value of R. We plotted the lengths in the form of dimension-
less ratios, in other words, aspect ratios (Figure 13). The ratio
L;/h was smaller, when R was greater (Figure 13a). A
hyperbolic function of exponent » = —0.41 + 0.07 fitted the
data well. The ratio L,/A followed a similar hyperbolic trend
(Figure 13b), and the exponent was b = —0.36 = 0.05.
However, the ratio Vy/h®> was inversely proportional to R
(Figure 13d). Thus the greater was the rate of tectonic
thickening, relative to intrusion, the shorter were the intrusive
body and the plateau.

[46] As mentioned previously (see section 4.3.2), the
outline of the basal sill at # = z51 controlled the location and
shape of arcuate thrusts. During the course of an experiment,
the in situ shape of the intrusive body was unknown, but its
volume increased linearly with time, ¥(¢) = Ot. From equa-
tion (1), we may calculate an expression for V() as a function
of v, and R:

_ VP/LOt

v = R/ Vi

()

Here vy, Lo, R, and V,,, are all constant. At = ¢y, the volume
injected is V. By integration of v,/L,, the amount of
shortening exr is:

tATVp

_ — ]
AT Lo (8)
[47] In our experiments, ear Was almost constant for all

values of R, having a mean critical value of earc =~ —0.1
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Figure 12. Coincidence of surface structures and basal
sills in experiments (a) Al.1 and (b) A2.4. Surface views
were taken at t = fap, when arcuate thrust AT formed at
surface. Outlines of basal sills were deduced from serial
cross sections. Arcuate thrusts nucleated at peripheries of
basal sills.

(Figure 13c; Table 5). Therefore whatever the values of v,
and Q, the arcuate thrusts always formed after about 10%
shortening. Combining equations (7) and (8), a new expres-
sion for V is:

—EAT

"R/ Va

Vo +C 9)

Here C is constant. As exr is also constant (Figure 13c¢), ¥
is inversely proportional to R:

1
V()O(*

P (10)

[48] Hence for larger values of R, the volume injected was
smaller at the time the arcuate thrust formed. Equation (10)
fits the experimental data well (Figure 13d).

[49] We have seen above (section 4.2) that the basal sill of
length L; and thickness w was almost circular; a good
estimate of its volume is ¥ ~ wrL} / 4. Moreover, according
to equation (2), the thickness of a hydraulic fracture is
linearly proportional to its length. Thus at ¢ = t57, the
volume of the sill is proportional to the cube of its length:
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Combining equations (10) and (11), we obtain:

Li/h o R\ (12)
Here 4 is the initial thickness of a model and is constant for
all experiments. According to Figure 14, the length of the
plateau L,, is equal to L;, and we deduce an expression for L,
as a function of R:

Ly/hoc R7'/3 (13)

[s0] Equations (12) and (13) fit the experimental results
quite well; the theoretical exponents are close to those
obtained experimentally (b = —0.41 + 0.07 and b =
—0.36 £ 0.05, respectively; Figure 13).

[51] This simple physical analysis explains why the
lengths of the basal sill and overlying plateau correlate
inversely with the relative rates of shortening and injection,
as expressed by R. Thus the main factor that controlled the
final length of the basal sill and the plateau was the volume
of oil that had been injected into the model when the arcuate
thrusts formed.

5. Comparison With Natural Examples

[52] In many parts of the world, magmatic processes and
compressional tectonics have occurred together. Here we
draw attention to two examples (Figure 15), and we
compare them with our experiments. In the first example,
Tromen volcano in the back-arc Neuquén basin of Argen-
tina, Quaternary volcanic rocks and structures are well
exposed at the surface, so that a case can be made for
contemporaneous tectonic shortening and volcanism. In the
second example, the Boulder Batholith of Montana, uplift
and erosion have brought to the surface deeper crustal
rocks, so that a case can be made for coeval tectonic
shortening and intrusion of Late Cretaceous age.

5.1. Tromen Volcano, Neuquén Basin, Argentina

[53] A major producer of oil and gas, the Neuquén basin
has been explored in detail [ Vergani et al., 1995]. It contains
some 5000 m of sedimentary strata, of Triassic to Upper
Cretaceous age. The basin formed as a rift during the early
Mesozoic and further developed in a marine back-arc
setting during the mid-Mesozoic. In the Late Cretaceous,
itdeveloped in a foreland setting, filling with up to 1300 m of
alluvial and fluvial conglomerates [Cobbold and Rossello,
2003]. During the Tertiary, andesitic magma intruded and
erupted in the western part of the basin [Llambias and
Rapela, 1988; Jordan et al., 2001]. In the Quaternary, large
volcanoes formed in the main magmatic arc but also in a
back-arc position within the Andean foothills and foreland
[e.g., Saal et al., 1993].

[s4] Of the Quaternary back-arc volcanoes, Tromen is
closest to the magmatic arc. It lies in the foothills, near the
western edge of the Neuquén basin. The edifice is more than
3000 m high and more than 30 km in diameter (Figure 1b).
The main period of volcanic activity was late Pliocene
to Holocene [Zollner and Amos, 1973; Holmberg, 1975;
Llambias et al., 1982; Galland et al., 2007]. How-
ever, Tromen is still active, it may have erupted in 1822,
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Experiments R « L, cm Ly, cm Vo, mL Sps cm? AT, S Tar* x 10°
Al.l 5.7 5.6° 18.28 20.73 130.6 £ 5.2 602.81 860 + 60 100 + 7
Al.2 10.2 6.7° 15.98 13.48 992 +£52 456.11 620 + 40 129 £ 8
Al3 15.7 6.8° 9.92 13.11 62.7£2.6 290.40 410 £ 10 131 +3
Al.3 bis 13.3 9.1° 9.24 9.79 23.50 + 2.6 285.94 260 + 10 84 +£3
Al4 22.5 10.7° 10.31 10.94 39.17 £ 2.6 324.86 250 + 20 115+9
AlS5 28.3 11.5° 10.36 8.98 3395+2.6 214.27 210 £ 10 121 +6
A2.1 1.9 3.5° 29.03 28.72 282.0 £ 15.7 714.30 680 + 40 79 +£5
A2.1 bis 1.9 3.4° 28.76 25.18 313.4 +£31.3 727.47 880 + 60 102 £7
A2.2 2.3 4.7 16.02 19.30 188.0 + 23.5 547.93 600 + 40 82 +5
A23 34 7.0° 17.01 19.08 203.7 £ 15.7 498.13 500 + 40 104 £ 8
A2.4 5.3 4.3° 15.30 19.02 109.7 + 7.8 472.23 280 + 20 90 +£ 6
A25 7.5 - 13.41 16.89 101.8 + 7.8 390.06 240 + 20 110 £9
A3.1 15.7 6.8 9.92 13.11 62.7+2.6 290.40 410 £ 10 131 +£3
A3.1 bis 13.3 9.1 9.24 9.79 23.5+2.6 285.94 260 + 10 84 +£3
A3.2 7.9 7.1 12.69 13.13 574 +52 312.26 270 + 20 87+ 6
A33 5.3 4.3° 15.30 19.02 109.7 + 7.8 472.23 280 + 20 90 £ 6
A34 4.1 3.9° 10.71 15.94 313+52 351.67 190 + 20 63 + 7

? For symbols, see Table Al.

according to Simkin, et al. [1981]. Its main volcanic
products are widespread basaltic lava flows and a few
domes of andesite or dacite [Groeber, 1929; Zollner and
Amos, 1973; Holmber§, 1975; Galland et al., 2007].
According to recent > Ar-**Ar data, Tromen has been
almost continuously active since 2.5 Ma [Galland et al.,
2007].

[55] The Mesozoic substratum of Tromen has shortened
and thickened tectonically (Figures 1b and 15a). Whether
the structures are thick-skinned or thin-skinned is debatable
[Kozlowski et al., 1996; Zapata et al., 1999; Galland et al.,
2007]. The main structure is an eastward-verging thrust
system (Tromen thrust) at the eastern foot of the volcano. In
its hanging wall, a series of thrust faults and anticlines have
brought Jurassic evaporites to outcrop [Galland et al.,
2007]. This thrust system curves around the eastern flank
of Tromen and becomes straighter southward (Figure 1b).

[56] In cross section, Tromen is unusual for a volcano.
The edifice consists mainly of Mesozoic strata, which have
been uplifted to 3000 m (Figure 15a). The eruptive products
are no more than a few hundred meters thick, and they lie
unconformably upon the sedimentary substratum. In the
hanging wall of the Tromen thrust is a large anticline, or
pop-up, between thrust faults of opposite vergences.

[57] On the western flank of Tromen, although there are
minor folds in the volcanic cover above westward verging
thrusts (Figure 15a), most of the deformation accumulated
before the onset of volcanic activity [Galland et al., 2007].
In contrast, on the eastern flank, an eastward verging
arcuate thrust has involved young basalt flows. Therefore
the latest phases of deformation postdated the start of
volcanic activity.

[58] The main structures in Tromen are similar to those in
our experiments. Thrusts and folds are arcuate around the
foot of the volcano but become straighter at a distance
(Figures 1b and 12). The hanging wall of the arcuate thrust
has been uplifted preferentially (Figures 10 and 15a). The
structure is broadly asymmetric.

[59] The reasons for the arcuate shape of the Tromen thrust
are debatable. Marques and Cobbold [2001, 2002, 2006] and
Branquet and Van Wyk de Vries [2001] have suggested that it
results from an interaction between regional shortening and

loading by the volcanic edifice. However, our experiments
show that coeval magmatic activity and regional shortening
can produce a similar structural pattern. Because volcanic
activity on Tromen was coeval with thrusting, we suspect that
the structural pattern results at least in part from mechanical
interactions between intrusive bodies and thrusting.

[60] In our experiments, oil erupted from arcuate thrusts
at the leading edges of the plateaus, the conduits being
inclined dikes (Figure 6). In contrast, on Tromen, most of
the eruptions have been from the upper part of the edifice
(Figure 1b). In the central part of the volcano, we observed
magmatic conduits in the form of subvertical andesitic
dikes, trending almost E-W [Galland et al., 2007]. On the
eastern and southern flanks, E-W alignments of volcanic
domes probably follow underlying fractures [Galland et al.,
2007]. What accounts for these differences between the
experiments and Tromen?

[61] In the experiments, vertical tension fractures formed
on the surface of the plateau, in directions almost parallel to
the imposed shortening (Figure 10). We attribute these
structures to superposition of a local load, because of the
uplifted area, on the regional stress field [Johnson, 1970].
At a shallow depth, the stress field was mainly due to the
load of the uplifted area, so that the greatest stress was
vertical, whereas at deeper levels the stress was mainly due
to regional compression, so that the greatest stress was

Table 5. Parameters of Function Fitted to Pressure Data®

Experiment At, s A d
Tl 264 7,029 £ 369 —0.48 £ 0.018
T3 632 12,085 + 530 —0.48 £ 0.012
Al.l 312 8,015 + 264 —0.47 £ 0.01
Al2 107 17,210 £+ 1904 —0.79 £ 0.04
Al3 57 56,851 + 39863 —1.56 £ 0.2
Al4 31 4,471 + 2485 —0.15+0.15
A2.1 354 3,956 + 289 —0.55 £ 0.027
A2.4 73 5,569 + 514 —0.63 £ 0.06
A25 51 3,130 £ 21 —0.34 £ 0.02
A34 22 38,491 + 68090 —1.4£0.6

Function was P = A-¢ + o,,. Time interval of fit was Az For symbols,
see Table Al.
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(a) Plot of nondimensional length of intrusion L;/A versus kinematic ratio R. Note parameters

(top right) for best fit hyperbola. (b) Plot of nondimensional length of plateau L /A versus kinematic ratio R.
Note parameters (top right) for best fit hyperbola. (c) Plot of ext versus kinematic ratio R. To a good
approximation, e,y is constant. (d) Plot of nondimensional volume ¥/’ versus reciprocal kinematic ratio
1/R. Note parameters (top right) for best fit straight line. Results of experiment A3.4 have not been included.

horizontal. Although the vertical tension fractures did not
serve as conduits in the experiments, similar ones might
have done so on Tromen. At depth, however, we would
expect magma to have formed sills or inclined sheets along
thrust faults (Figures 6, 7, and 10).

[62] At Guagua Pichincha volcano, Ecuador [Legrand et
al., 2002], and Miyakejima volcano, Japan [Fujita et al.,
2004], where the tectonic settings are also compressional,
seismic data seem to indicate subhorizontal magma trans-
port at depth, followed by subvertical transport nearer the
surface. We therefore suggest that a similar two-stage ascent
has occurred under Tromen, (1) deep transport along sub-
horizontal sills or following a thrust fault and (2) shallow
transport in subvertical dikes.

5.2. Boulder Batholith, Montana, USA

[63] The Boulder Batholith, an intrusive complex, crops
out in Montana over an area of about 6000 km? (Figure 15).
It was emplaced into the upper crust, at a depth of less than
15 km. It is one of the easternmost of a group of plutons in a
wide batholithic belt, which may have resulted from sub-
duction of the Eastern Pacific plate beneath continental
North America.
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Figure 14. Plot of intrusion length Z; versus plateau length
L, for experiments of series A. Best fit straight line is close
to line for L; = L,. Graph includes results from experiment
A3.A4.
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Figure 15. Two natural examples of magmatic provinces in compressional tectonic settings. (a) Cross
section of Tromen volcano, Andean foothills of Neuquén basin, Argentina [after Galland et al., 2007].
Faults at depth are schematic. For location, see Figure 1. Main tectonic structure is east-verging Tromen
thrust. Deformation was partly coeval with volcanism. (b) Geological map and cross section of Boulder
Batholith in Sevier fold-and-thrust belt, Montana, USA [after Kalakay et al., 2001]. Batholith lies along
Lombard thrust. Arcuate Helena Salient is at leading edge of thrust system. Deformation and intrusion

were both of Late Cretaceous age.

[64] The Boulder Batholith has a tabular shape [Hamilton
and Myers, 1974]. Estimates of its thickness are between 5
[Hamilton and Myers, 1974] and 12 km [Tilling, 1974]. The
batholith was emplaced over a period of about 10 million
years, during the Late Cretaceous [7illing et al., 1968]. Thus
it formed at the same time as the Sevier fold-and-thrust belt
[Schmidt et al., 1990; Kalakay et al., 2001].

[65s] There are strong structural and chronological rela-
tionships between the Boulder Batholith and the Sevier
orogenic wedge. The batholith lies in the hanging wall of
the major Lombard thrust (Figure 15b). In cross section, the
Lombard thrust probably marks the lower contact of the
batholith [Kalakay et al., 2001]. In the roof, the overriding
rocks form an anticline. This anticline grew during the
emplacement of the batholith, as a consequence of thrusting
[Kalakay et al., 2001].

[66] The Helena Salient, an eastern branch of the thrust
system, also formed at the same time as the batholith
[Lageson et al., 2001]. The salient is arcuate in map view.
Its northern and southern edges are left-lateral and right-
lateral transfer zones, respectively (Figure 15b). Its arcuate
shape probably resulted from interaction between tectonic
shortening and intrusion. According to Lageson et al.
[2001], emplacement of the Boulder Batholith inflated the
Sevier orogenic wedge, so steepening its upper surface.
From the theory of critical taper, such a steepening should
have induced an outward transfer of deformation [Davis et
al., 1983; Dahlen, 1990].

[67] However, on the basis of our experiments, we argue
that there is no need for such a steepening. Instead, the
unconsolidated Boulder Batholith may have lubricated the
front of the Sevier wedge, so accounting for a transfer of
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deformation into the Helena Salient. The arcuate shape of
the salient is what we would expect, for a fore-thrust
developing at the leading edge of a tabular intrusion.

6. Conclusions

[68] Our experimental modeling of magmatic injection
into a deforming brittle crust has focused on compressional
settings. The model materials were a cohesive fine-grained
silica powder (for the brittle crust) and a molten vegetable
oil (for magma). The silica powder failed according to a
Mohr-Coulomb criterion and the oil emplaced by hydraulic
fracturing. A steadily advancing piston shortened the silica
powder, while a pump injected oil at a constant rate.

[69] In the experiments, the injection rate and the piston
velocity were independent variables. Shortening alone
resulted in a typical thrust wedge. Injection alone resulted
in a saucer-shaped intrusive body. Such bodies are common
in sedimentary basins [Huuse and Mickelson, 2004; Hansen
and Cartwright, 2006a].

[70] When shortening and injection were simultaneous
(after an initial period of shortening alone), the oil formed a
basal sill and then typically rose along a thrust fault. That the
sill was basal probably reflected the contrasting mechanical
properties of the silica powder and the base of the box. An
arcuate thrust system nucleated at the leading edge of the sill.
The hanging wall of the arcuate thrust underwent little
internal deformation, but rose, to form a plateau, and slipped
upon the basal sill, which acted as a weak layer.

[71] The lengths of the basal sill and overlying plateau
depended on the kinematic ratio R between the normalized
piston velocity and the injection rate. This ratio expressed
the relative rates of shortening and injection. The faster was
the injection, the longer were the basal sill and plateau.

[72] Thus, in the experiments, there was a complex
interplay between intrusion and compressional deformation.
First, compression favored the emplacement of sills, in
agreement with theoretical analysis [Hubbert and Willis,
1957]. Then, thrust faults provided conduits for oil to reach
the surface. Once in place, the basal sill controlled the
pattern of subsequent deformation. Being liquid and soft, it
acted as a detachment, causing a thrust fault to nucleate at
its leading edge. Like the outer rim of the sill, this thrust had
an arcuate shape.

[73] Structures similar to those of our experiments are to be
found around Tromen volcano, in the Neuquén basin of
northern Patagonia, and the Boulder Batholith, in the Sevier
orogenic belt of Montana, USA. In both areas, tectonic
shortening and magmatic emplacement were synchronous,
and arcuate thrusts formed around the main magmatic com-
plex. On the basis of our experiments, we suggest that such
features result from mechanical interactions between thrust
tectonics and a partially molten magma reservoir. In such a
scenario, the magma intrudes along major thrust faults. How-
ever, our experimental results cannot account for some features
observed in the natural examples. For example, in our experi-
ments, oil erupted along the traces of arcuate thrusts, whereas
on Tromen volcano, eruptions occurred at the summit.

[74] In general, our experiments may provide plausible
mechanisms for magma transport during thrust tectonics.
We have described some first-order interactions between
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processes of intrusion and regional shortening. Further work
is necessary to constrain such processes.

Appendix A: Detailed Description of
Experimental Results

Al. Basic Experiments
Al.1. Experiment T1 (R = 0)

[75] The oil was injected at the base of the model. At the
surface of the model, a smooth circular dome and associated
vertical tension fractures formed above the injection point
(Figure 3). After 360 s of injection, oil erupted at the edge
of the dome (Table 4).

[76] At depth, the oil formed an intrusive body, almost
axially symmetric about the injection point (Figure 3). The
body consisted of a basal sill, several millimeters thick,
branching upward and outward into an oblique cone sheet
or saucer-shaped sill. From the shape of the intrusive body,
we infer that the oil was intruded by hydraulic fracturing.
The dome at the surface overlay the basal sill, indicating
that the overpressured oil jacked up the silica powder. Next
to the intrusive body, the oil percolated over a distance of a
few millimeters into the pore space of the silica powder.

Al.2. Experiment T2 (R = 00)

[77] There was shortening but no injection. Deformation
resulted in a series of fore-thrusts. The first one initiated
against the piston. At the surface, its trace was almost
straight (Figure 4a). As deformation proceeded, new fore-
thrusts formed in sequence away from the piston, the
outermost one being the most active (Figure 4a). At the
end of the experiment (for a bulk shortening of e = —25%),
there were six thrusts, regularly spaced.

[78] In cross-section (Figure 4b), the fore-thrusts (dipping
at ~30°) were 5-6 cm apart. Steeper back thrusts (dipping at
40°-50°) formed against the piston. The thrust wedge had
an average surface slope of ~17°.

Al1.3. Experiment T3

[79] During the first phase, shortening resulted in a thrust
wedge, similar to that of experiment T2 (Table 4; Figure 5a).
During the second phase, 230 mL of oil was injected over a
period of 660 s. No oil reached the surface of the model.
Instead, it formed a basal sill, branching upward into an
oblique dike (Figure 5a). In contrast, with experiment T1, the
intrusive body was strongly asymmetric. The oblique dike
formed along a back thrust and spread horizontally more than
10 cm from the injection point. In all, the intrusive body was
more than 25 cm long.

[so] The oil pressure varied as in experiment T1. From an
initial peak at ~7000 Pa, the pressure decreased hyperbol-
ically (Figure 5b).

A2. Experiments of Various Durations (Series C)

[s1] Initially, the compacted silica powder was 5.5 cm
thick (Figure 6a). After 5.3% shortening and no injection
(experiment C1; ¢ = 180 s; Table 4), two fore-thrusts had
propagated out from the base of the piston (RT1 and RT2;
Figure 6b). At the surface of the model, the thrust traces
were straight and ~3 cm apart.

[s2] After 9.6% shortening, accompanied by injection
(experiment C2; ¢ = 320 s; Table 4), the outer thrust was the
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Table Al. Units and Symbols

b Fit exponent of L; and L, versus R

C Cohesion Pa

c* Cohesion ratio

d Fit exponent for P versus ¢

e Total shortening

ear Shortening when AT forms

eaTC Critical value of e,

& Shortening when injection starts

g Acceleration due to gravity ms >
h Initial thickness of model m

L* Scale ratio

Ly Initial length of model m, cm
L; Length of base of intrusive body m, cm
L, Length of non deformed plateau m, cm
P Oil pressure Pa

P; Pressure at injection point Pa

] Oil injection flow rate m® s, mL min~’
R Dimensionless shortening/injection rates

S, Surface of non deformed plateau m?, cm?
T Tensile strength Pa

t Time during experiments s

taT Time of formation of AT S

fexp Duration of experiment S

linj Duration of injection s

At Fit time interval for pressure s

Vv Injected oil during experiment m®, mL
Vo Injected oil when AT forms m>, mL
V; Total oil injected m®, mL
Vin Initial volume of model m’, mL
V¥ Magma velocity ratio

Vp Piston velocity ms ', cm min~
w Thickness of intrusive body m, cm
@ Surface slope of thrust wedge

Ié] Basal slope of thrust wedge

n* Magma viscosity ratio

¢ Angle of internal friction

1w Shear modulus

p Density g cm’
p* Model to nature density ratio

o* Stress ratio

On Normal stress on fracture plane Pa

oy Tectonic stress Pa

o ¥ Tectonic stress ratio

oy Viscous stress Pa

o ¥ Viscous stress ratio

v Poisson’s ratio

more active of the two. The oil accumulated in a thin basal sill
(Figure 6¢). At time ¢ = tor (Table A1), an arcuate fore-thrust
(AT) initiated at the leading edge of the sill. The strip between
fore-thrusts RT2 and AT did not deform internally, but instead
slipped on the basal sill and rose, to form a plateau.

[83] After 15.6% shortening (experimenst C3; ¢ = 520 s;
Table 4), fore-thrust AT was the most active (Figure 6d). The
basal sill was thicker and somewhat longer than before.

[s4] After 21.6% shortening (experiment C4; ¢t = 720 s;
Table 4), two new thrusts had formed, an arcuate fore-thrust
(AT’) at the front of the wedge and a straight back thrust
(RT3) at the rear (Figure 6e). The basal sill was thicker but
no longer than that in the previous step.

A3. Experiments at Various Values of R (Series A)

[85] In Series Al and A2, Q was constant, whereas in
Series A3, v, was constant (Figure 7).

A3.1. Series Al

[s6] In Series Al, v, was between 0.4 and 2.01 cm min~
(Table 4). The total shortening e at the end of the experi-

1
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ments was about -25%, except in experiment Al.1, where it
was 15.5% when the oil erupted. Experiment A1.3bis was a
repetition of experiment A1.3.

[87] Inevery experiment, three straight fore-thrusts (RT1 to
RT3) formed against the piston, whereas arcuate thrusts (AT
and AT”) nucleated at the leading edge of a basal sill (Figure 7).
This sill was not axially symmetric. It propagated mainly in a
direction away from the piston. Except in experiment A 1.1, oil
rose along the arcuate thrust system. In every experiment of
Series A1, a plateau formed above the basal sill.

[s8] For successively faster piston velocities, the plateau
was shorter (Figure 8a). Despite some dispersion, most of the
other measured values showed a similar tendency (Table 5).

A3.2. Series A2

[s9] In Series A2, the piston velocity was between 0.4
and 1.6 cm min~' (Table 4). The total shortening e was
between 10 and 25%, depending on the time required for
the oil to erupt. Experiment A2.1bis was a repetition of
experiment A2.1.

[90] Inevery experiment of this series, two or three straight
fore-thrusts (RT1, RT2, and RT3) formed against the piston.
In experiments A2.2 to A2.5, arcuate thrusts (AT and AT”)
nucleated at the leading edge of a basal sill (Figure 7). In
experiments A2.1 and A2.1bis, arcuate thrusts were not well
formed when oil erupted at the surface, but we were able to
estimate plateau lengths of ~29 and ~25 cm, respectively
(Table 5). The intrusive bodies consisted mainly of basal sills,
1-3 cm thick (Figure 7). In experiment A2.2, the basal sill
had a thinner splay at its leading edge (Figure 7). In expe-
riment A2.5, the basal sill branched upward along an arcuate
thrust. In every experiment of Series A2, a plateau formed
above the basal sill.

[o1] In general, for faster rates of shortening, the intrusive
body and plateau were shorter, and arcuate thrusts formed
more rapidly (Figure 8b; Table 5), as in Series Al.

A3.3. Series A3

[92] In Series A3, the injection rate was between 15.7 and
62.7 mL min~' (Table 4). The experiments ended when oil
erupted at the surface, for a total shortening between 9 and
23% (Table 4). Experiments A3.1 and A3.1bis were in fact
the same ones as experiments A1.3 and Al.3bis of Series
Al (Figure 7). Also, experiment A3.3 was the same one as
experiment A2.4 of Series A2. Only the labels changed.

[93] In every experiment of Series A3, straight fore-
thrusts (RT1, RT2, and RT3) formed against the piston,
whereas arcuate thrusts (AT and AT’) nucleated at the
leading edge of a basal sill, ~2 cm thick (Figure 7). In
experiment A3.2, oil rose along an arcuate thrust. Experi-
ments A3.1 and A3.1bis have been described in section A3.1,
and experiment A3.3 have been described in section A3.2.
In experiment A3.4, the basal sill branched along the arcuate
thrust as a thinner dike. In every experiment of Series A3, a
plateau formed above the basal sill.

[94] In contrast with the previous series, faster injection
rates resulted in longer plateaus (Figure 8c; Table 5).
However, in all the experiments, arcuate thrusts formed
after the same time interval.

[9s] In experiment A3.4, the values of L;, Ly, Vo, and S,
were significantly smaller than those in experiment A3.3
(Table 5), although the flow rate (O = 62.7 mL min ') was
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the highest of Series A (Figure 7). We therefore suspect that
the mechanism of oil emplacement was different in exper-
iment A3.4.

A3.4. Structures in Three Dimensions

[96] For each experiment of Series A, we reconstructed
the internal structures in three dimensions by interpolating
between the serial cross sections (Figure 9) along the
surface traces of faults. The traces of early fore-thrusts
(RT1 to RT3) and of back thrusts were straight and parallel
to the piston (Figure 9). However, the distance between RT3
and AT decreased, from the central cross section to the
lateral ones (Figure 9). The lateral ramps of AT were steeper
than one might infer from the serial sections alone.

[07] The basal sill was more than 15 cm long. In those
experiments where oil did not reach the surface (for exam-
ple, experiment Al.2; Figure 9b), the intrusive body con-
sisted of a basal sill, in some examples branching into a dike
along the frontal arcuate thrust, AT. In contrast, in those
experiments where oil reached the surface (for example,
experiment Al.l; Figure 9a), it did so along the lateral
ramps of the arcuate thrust. The intrusive body therefore
consisted of a basal sill, branching into a dike (or dikes)
along the lateral ramps.
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