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Analog experiments determining the parameters that control the emplacement of silica-rich subvolcanic complexes
1) Purpose of the visit
Why subhorizontal igneous intrusions either result in sills or laccoliths, and what is the mechanism of vertical inflation for the latter? To address these questions, Dr. Galland offered to the author to jointly carry out analogue experiments on subvolcanic systems at his lab in Oslo. His innovative experimental apparatus proved to be powerful to unravel the dynamics of shallow igneous intrusions with properly scaled (to geological systems) materials, so that they reproduce the complex mechanical behaviours of both magma and host rocks Galland et al. 2006()
. The controlling parameters for the wide range of igneous intrusion shapes (dykes, cone sheets, sills, saucer-shaped sill, laccoliths) and structures in the host rock (open and shear fractures) can be experimentally determined (
 ADDIN EN.CITE 

Galland et al. 2006, 2007, 2009
).The unique apparatus produces a quantitative dataset (magma pressure evolution, high-resolution 3D surface deformation, and 3D virtual model of the final intrusion; Galland et al. 2012)
. 
In the one-month stay we carried out a series of experiments, in which a few key parameters would be tested in a systematic manner. It is recognized qualitatively that (i) the emplacement depth, (ii) the viscosity of the magma, and (iii) the strength of the host rock control the dynamics of igneous intrusions emplacement. We tested systematically the physical effects of these parameters by:

· varying the injection depth; it is expected that deep injection favours the formation of sills, whereas shallow injection favours the formation of laccoliths.

· varying the cohesion of the host rock. The Oslo lab, in collaboration with mechanic specialists, established a procedure to tune quantitatively the cohesion (i.e. strength) of a material by mixing a very cohesive granular material (crystalline silica flour) with a cohesionless material (micro-glass beads) at various proportions.

2) Description of the work carried out during the visit
The stay of four weeks in total at the PGP (11.8. – 7.9.2014) provided the opportunity to carry out different series of experiments in collaboration with Dr. Olivier Galland, who had established this analogue laboratory.
This is the schematic experimental schedule for the work carried out:

First week: Experimental facility and setup was introduced. Compaction calibration curves were developed by running pre-experiments to generate density and compaction time predictions via MatLab calculations of the different materials used. An experimental strategy according to the parameters depths and cohesion was developed.
Second week: Autonomous execution of experiments according to the experimental strategy. Mixing and calibrating of an additional host material with intermediate cohesion to further improve the experimental strategy.
Third week: Autonomous execution of experiments according to the updated experimental strategy.

Fourth week: Finishing the scheduled experiments according to the experimental strategy. Discussion and development of MatLab workflows to automatically compute the retrieved data in form of pressure measurements and photographic images. Manual computing of single experiments with Dr. Olivier Galland to check the correct work routine of the MatLab workflow and the output data.
The performed experiments followed an established schedule for the varied parameters: cohesion (C) and injection depth (h). By using two different materials ~15 µm silica flour (high cohesion) and ~15 µm glass beads (low cohesion) and certain mixtures of both (Table 1). During the first series of experiments the materials were used with a fixed 3 cm injection depth to narrow the range of laccolith (main aim) and sill intrusions. The following experimental series than maintained a certain mixture but varied the depth of injection in every experiment. In the experiments there was always a lower layer produced (higher density) and then covered by a second layer from the same material to gain a realistic emplacement scenario of an intrusion. Other parameters like viscosity, inlet size and injection velocity were kept constant. During the experiments, surface deformation has been quantitatively monitored with an advanced photogrammetric monitoring system (see Galland’s MeMoVolc application). At the same time, the injection pressure was measured during the experiments to later correlate it with the surface deformation and the dimensional analysis of the intrusion. After each experiment the emplaced body had been excavated, and its full 3D shape calculated with the same photogrammetric system. The experimental results will be interpreted in the light of state-of-the-art dimensional analysis to draw the fundamental scaling laws governing sills and laccoliths emplacement (Galland et al., 2014). This experimental approach emphasises the relation between two of the main parameters controlling the formation and morphology of subvolcanic intrusions. It will guide to quantitative insights of these parameters and their contribution by means of a dimensional analysis.

	Experiment Number
	Materials [%]

Glass beads/Silica flour
	Overburden [cm]
	Water depth (for pressure data)[cm]

	Exp1
	0/100
	3
	34,8

	Exp2
	80/20
	3
	33

	Exp3
	100/0
	3
	33,5

	Exp4
	100/0
	5
	33,7

	Exp5
	50/50
	3
	33,9

	Exp6
	80/20
	5
	33,1

	Exp7
	80/20
	2
	34

	Exp8
	Failed - No Results produced

	Exp9
	90/10
	3
	33,3

	Exp10
	90/10
	5
	34,1

	Exp11
	90/10
	4
	33,5

	Exp12
	90/10
	2
	33,2

	Exp13
	90/10
	1
	33,1

	Exp14
	90/10
	6
	33,5

	Exp15
	100/0
	4
	34,4

	Exp16
	80/20
	6
	34

	Exp17
	80/20
	4
	32

	Exp18
	Failed - No Results produced

	Exp19
	100/0
	6
	34

	Exp20
	90/10
	2
	33,5


Table 1: Experiments carried out, with two changing parameters: Cohesion (varying material mixtures) and injection depth (varying the overburden layer on the inlet); water column for pressure data calibration.
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Figure 1: Experimental setup modified after Galland et al. (2014); The dotted line (red) displays the the level of injection.
The experiments took about 30 seconds to one minute to run. But the preparations and set up of each experiment took between three to four hours. After each run 30 to 40 minutes was required for the oil to cool and solidify, and about 30 minutes for excavating the intrusion. Finally, systematic photographing of the intrusion and cleaning for the next experiment took another two hours.
The post-processing of most of the acquired data will happen after the exchange visit at the University of Oslo by Dr. Olivier Galland. However, single manual computed data batches from pressure and photogrammetry are already included in this report (see below).
3) Description of the main results obtained

Figure 2 displays the two end members of intrusion shapes together with the oil pressure data and the surface uplift. Exp1 resembles a sill-like (flat to bowl shaped) intrusion (Fig. 2G), with a characteristic flat shape and minor and slight surface deformation (Fig. 2C & E). In contrast, Exp3 shows laccolith-like (piston shaped) intrusion (Fig. 2H), with an inconsistent surface deformation dominated by fractured blocks (Fig.2D & F). The pressure graphs (Fig.2A & B) seem to fit this characterization, but to get a better understanding, the pressure data from the other experiments will be needed. Additionally to these datasets there will be a digital intrusion 3D model and a surface model computed by MicMac, coming soon.
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Experiment 3
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Figure 2: Different data obtained from the experiments; A) & B) Pressure data during the experiment with 10 measure points per second; C) & D) “Uplift maps” showing the ∆z-values; E) & F) Profiles through the “Uplift maps; G) & H) Photographs of the excavated intrusions after the experiments.

4) Future collaboration with host institution
The cooperation involves two MeMoVolc countries and it follows a multi-disciplinary approach by integrating field data and laboratory results addressing fundamental questions related to volcano plumbing system. The four week experiment phase resulted in excellent results. We plan to continue the experiment series in the years to come, among others, with the aim to visualize the internal emplacement processes,which for laccoliths are to date not well understood.
5) Projected publications / articles resulting or to result from the grant
The experimental results will be published in at least two scientific articles in peer-reviewed international journals, with special aims to Journal of Geophysical Research or Earth and Planetary Science Letters. One MS will feature the influences of different host rock cohesions and emplacement depths on intrusion geometries. The other article, on relationship of surface uplifts and aspect ratios, of the intrusions to classify sills and laccoliths according to their emplacement and surface deformation, as important factors for field observation of laccolith growth and related natural hazards.
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