Supplementary Material
Young’s modulus measurement
To quantify the gelatin’s stiffness, we measured Young’s modulus (E) by placing brass cylinders on the surface and recording deflection using digital calipers, following procedures from Kavanagh et al. (2013) (Supplementary Materials A).
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where  is the load mass,  is gravitational acceleration,  is Poisson's ratio (0.5 for gelatin; Kavanagh et al., 2013),  is load diameter, and is measured deflection caused by load. Multiple measurements of Young's modulus were taken and averaged for single-layer systems or the upper layers in two-layer setups (Table S1).

Table S1 The experimental brass cylinder loads have the following properties: thickness (±0.1 mm), mass (±0.1 g), and diameter (±0.1 mm). In all situations, the data represent the mean average of three measurements.
	Load
	Thickness
(mm)
	Mass
(g)
	Diameter
(mm)

	1
	12.04
	25.03
	50

	2
	10.06
	25.02
	41.8


[bookmark: _Toc105066714][bookmark: _Toc119356861][bookmark: _Toc5]Fluid preparation and measurement
         We explored the effect of magma viscosity on dike propagation by injecting two different fluids into the gelatin: Water or a xanthan gum (XG) solution. Water has a constant viscosity of 8.9×10-4 Pa.s and is a low viscosity Newtonian fluid; this represents a crystal and bubble poor tholeiite basaltic magma. To create a 0.15 wt% xanthan gum solution, 1.5 g of xanthan gum powder was dissolved into 998.5 milliliters of distilled water at room temperature and mechanically stirred for one day. Xanthan gum is a shear thinning fluid and the rheology of the solution is controlled by its chemical structure, molecular weight and the strain rate (Casas & García‐Ochoa, 1999; Kavanagh et al., 2025; Williams et al., 2022). At a low concentration (0.15 wt%), the solution behaves as a fluid more viscous than water, and in our experiments, it represents basaltic andesite magma. The rheological properties of xanthan gum solutions were measured using a Haake Mars III rotational rheometer. The measurement employed a 60 mm diameter cone-plate head with a gap of 0.052 mm and a 1° angle that tapers from a central base. All rheological measurements were performed at laboratory room temperature (13–25 °C), corresponding to the range of injection temperatures used during the analogue experiments. In this technique, the strain rate gradually increased from 0.01/s to 10000/s. The cone geometry is particularly suitable to measure the rheology of low-concentration non-Newtonian fluids. Each measurement was performed on a small amount taken directly from the same solution batch used in the corresponding experiment, ensuring representative rheological characterization.
	To evaluate the effect of the shear-thinning behavior, the Carreau-Yasuda model was used to fit the rheological data. The Carreau-Yasuda model is the most used and the best model to fit data for fluids with shear-thinning behavior (Escudier et al., 2001; Williams et al., 2022):
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where  is the apparent viscosity of the fluid (Pa.s),  is the viscosity at infinite-shear rate (Pa.s),  is the viscosity at zero-shear rate (Pa.s),  is a constant with dimension of time (s) and and  are dimensionless model parameters. A complete summary of the viscosity parameters for all experiments is provided in Table S2.
The rheology of xanthan gum fluids was estimated after each experiment from the selected measurements by interpolation, applying the fluid’s temperature before, during and after injection of the fluid. A non-linear least squares approach was used to find the best fit for the rheology data. The rheology results were reported within 95% confidence intervals (Figure 1).
[image: ]
Figure 1 Rheometer results of Xanthan gum solution used in experiment HCG7 (square). The Carreau-Yasuda model fits is shown as solid lines.

Table S2 Range of values of viscosity parameters studied in experiments
	 
	Carreau-Yasuda Model

	Experiment id.
	Measurement
	Fluid T.                 
	μ0            
	μ∞
	𝛾
	μ 
	Viscosity ratio        μ /μ0
	R2

	
	 
	(°C)  
	(Pa.s)
	(Pa.s)
	(1/s)
	(Pa.s)
	(-)
	 

	HCG6.1
	B
	17.90
	1.97
	0.001
	 
	 
	 
	0.99

	
	D
	15.60
	1.39
	0.004
	0.08
	1.00
	0.72
	1.00

	
	A
	14.50
	4.00*
	0.004
	 
	 
	 
	0.99

	HCG6
	B
	17.80
	4.16
	0.006
	 
	 
	 
	0.99

	
	D
	16.30
	1.28
	0.004*
	0.13
	0.72
	0.56
	0.99

	
	A
	19.60
	2.33
	0.004
	 
	 
	 
	0.99

	HCG7
	B
	17.90
	1.28
	0.004
	 
	 
	 
	0.99

	
	D
	17.40
	0.91
	0.003
	0.15
	0.46
	0.50
	1.00

	HCG7_off
	D
	16.70
	0.75
	0.002
	0.11
	0.47
	0.63
	1.00

	
	A
	16.90
	1.07
	0.003
	 
	 
	 
	1.00

	HCG8
	B
	19.60
	3.36
	0.005
	 
	 
	 
	0.98

	
	D
	18.50
	2.75
	0.003
	0.11
	1.55
	0.56
	0.95

	HCG9_off
	D
	15.30
	3.22
	0.009
	0.10
	1.88
	0.58
	0.96

	
	A
	14.10
	3.24
	0.004
	 
	 
	 
	0.94

	HCG10_off
	B
	23.30
	3.09
	0.003
	 
	 
	 
	0.97

	
	D
	21.70
	3.15
	0.002*
	0.07
	1.98
	0.63
	0.99

	
	A
	15.80
	2.90
	0.002
	 
	 
	 
	0.99

	HCG11_off
	B
	19.40
	4.67
	0.001*
	 
	 
	 
	0.99

	
	D
	13.10
	1.55
	0.004*
	0.17
	0.81
	0.53
	1.00

	HCG12_off
	D
	18.20
	1.41
	0.001
	0.23
	0.63
	0.45
	1.00

	
	A
	13.30
	2.89
	0.001
	 
	 
	 
	0.99

	μ0 is apparent viscosity at zero shear rate, μ∞ is apparent viscosity at infinite shear rate,  is shear rate, μ is apparent viscosity of the injected fluid, K is flow consistency index, and np is a power low index. B, D and A are fluid temperatures measured before, during and after the experiment. 
* Indicates a fixed lower bound value, which is defined as the value of water viscosity at a specified temperature.
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[bookmark: _Toc119356858]Forces and pressures
When a dike remains connected to its source, the pressures acting on it changes during propagation. This involves the dike overpressure that drives propagation, including contributions from the source pressure and buoyancy, and two resisting pressures due to the overlying load and the fluid viscous pressure, as described by Galetto et al. (2021), Kavanagh et al. (2017), Lister and Kerr (1991), and Menand and Tait (2002). These pressures control dike propagation, deflection, and rotation, and are defined as:
1) Source pressure 
Dikes in the experiments were driven by a constant flux of fluid from an external reservoir.  Menand and Tait (2002) proposed an equation to estimate the source pressure in such experiments as:
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where E is Young’s modulus,  is the difference between gelatin density  and liquid density  ,  is gravitational acceleration,  is the volumetric flux rate of fluid injected into the dike, ν is Poisson's ratio (0.5 for gelatin), and  is dike velocity (Table S3).
2) Buoyancy pressure 
The buoyancy pressure acting within the dike is due to the density difference between the injected fluid and host material (gelatin) and gravitational forces (Lister & Kerr, 1991; Menand & Tait, 2002), which is define as:
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where  is the dike length.
3) Dike overpressure  
Dike propagation is driven by the fluid overpressure, , which is the sum of source overpressure, , and buoyancy pressure, :
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Here,  is the pressure supplied by the injection source, whereas  is the pressure generated by the positive density contrast between the injected fluid and the surrounding gelatin during vertical ascent (Galetto et al., 2021; Menand & Tait, 2002). Because the experimental dikes remained connected to their source,  dominated at depth. Since the density difference is small and positive, the  remains secondary to  at dike lengths below ~15 cm, and overpressure is dominated by the source term (Galetto et al., 2021; Menand & Tait, 2002).
4) Unloading pressure 
The unloading pressure is due to the presence of the graben. The unloading stress is estimated by Gaete et al. (2019) as:
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The unloading pressure varies depending on the graben depth and should contribute to deviation significantly in a deep graben. The unloading of the graben modifies the vertical and horizontal compressive stresses in the host material depending on the graben geometry. These in turn influence dike propagation, as the dike, generally, tends to follow the trajectory of the maximum compressive principal stress, σ1.
5) Viscous pressure 
It is important to address the viscous pressure, which is the resistance of flow due to viscosity (Galetto et al., 2021; Lister & Kerr, 1991; Menand & Tait, 2002):
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Where  is fluid viscosity,  is dike breadth (measured parallel to the y-axis, i.e., along the front-to-back tank dimension), and  is the dike half width. Viscous pressure is expected to be important with higher magma viscosity, as the dike might be more sensitive to deviation given a slower propagation velocity. 
Table S3 parameters and dimensionless variables used in experiments
	Parameter 
	Definition
	Unit

	
	Dike length (maximum vertical extent)
	m

	
	dike breadth (measured parallel to the y-axis)
	m

	
	Dike half-width
	m

	
	Graben width
	m

	
	Graben depth
	m

	
	Vent location relative to graben centerline
	m

	
	Volumetric flux rate
	m3/s

	
	Dike velocity
	m/s

	
	Viscosity
	Pa.s

	
	Young’s modulus
	Pa

	
	Gravitational acceleration
	m/s2

	
	Fracture toughness
	Pa.m1/2

	
	Poisson’s ratio
	-----

	
	Magma density 
	kg/m3

	
	Host rock density
	kg/m3

	
	 Unloading pressure
	Pa

	
	Dike overpressure 
	Pa

	
	Viscous pressure  
	Pa

	
	Overpressure / viscous pressure ratio
	

	
	Unloading stress / viscous pressure ratio
	

	
	Reynolds number
	



[bookmark: _Toc105066708][bookmark: _Hlk169153972]Scale Factors
In laboratory models, the dimensions of length, duration, and applied forces must maintain appropriate geometric, kinematic, and dynamic similarity with natural systems. This requires the consistent use of scaling relationships based on guidelines outlined by Gaete et al. (2019); Kavanagh et al. (2013); Merle (2015). 
The primary scale factor for spatial dimensions is the length scale, L*, defined as the ratio between the dike length in the model () and in the natural system ():
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In this study, we defined  L*=1×10−5 - 1×10−4, meaning that 1×10−2 m in the experimental setup corresponds to approximately 1×102 -1×103 m in nature. This is consistent with past studies using gelatin to study dike propagation in unloaded topographies (Corbi et al., 2016; Gaete et al., 2019; Mantiloni et al., 2021; Rahimi et al., 2025). 
The elasticity scale, represented by the Young’s modulus ratio E*, compares the stiffness of the gelatin medium () to that of crustal rocks ():
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Gelatin moduli ranged from 103 -104 Pa, while crustal rocks typically range from 109 -1010 Pa (Gudmundsson, 2020; Kavanagh et al., 2013; Ryan et al., 2020). This yields E*= 10−7 to 10−5, which is within accepted bounds for elastic similarity in dike propagation experiments (Gaete et al., 2019; Galetto et al., 2021; Kavanagh et al., 2013; Kavanagh et al., 2018).
	The dike velocity scaling factor  relates the measured experimental dike velocity to the theoretical velocity expected in natural dike systems, derived from buoyancy-driven flow under viscous resistance (Lister & Kerr, 1991; Roper & Lister, 2007):
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Here  is the density contrast between fluid and host gelatin, g is gravitational acceleration,  is dike half- width and  is magma viscosity. The dimensionless experimental velocity V*  was 2×10−4 for water  and 7×10−4 for xanthan gum. These values are scaled to natural dike velocities between  ~0.5 m/s and ~0.14 m/s. The estimates fall within the 0.08 - 1.3 m/s range inferred for dike propagation during the Bárðarbunga-Holuhraun activity (Ágústsdóttir et al., 2016).
The timescale ratio T*  between the natural system and the laboratory model is calculated as:
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Calculated values yield T*= 3.1×10−3  for water and 3.0×10−3 for xanthan gum, meaning that 1 second in the experiment corresponds to approximately 300-330 seconds (5-5.5 minutes) in nature. These ratios support the interpretation of observed propagation timescales in active volcanic settings. Experimental dike transit times from the injection point to the gelatin surface ranged from 250 to 600 s. These values correspond to approximately 23-56 h at natural scale. This range is comparable to the approximately 30-h transit time inferred for the 1973 Heimaey eruption, in which the dike ascended from a depth of 15-25 km (Einarsson, 2018), and to the timescales reported for the 2005 Afar volcano-tectonic activity (Belachew et al., 2009). Therefore, timescales for the experiments are in fact in the same range as the other scales, given the variability of the data for dikes in Iceland and Afar.   
Finally, the unloading pressure scale , which characterizes the stress reduction due to graben formation, is expressed as:
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Using explicit density values for the gelatin host ( = 1000 kg m⁻³) and upper crustal rocks ( = 2800 kg m⁻³; Gudmundsson, 2020), this factor is estimated at  3.5×10−5 , corresponding to an effective unloading pressure in the natural system on the order of 107 -108 Pa (Table S4). This low value consistent with lithostatic stresses at depths of several kilometers in the crust.
Collectively, these scale relationships validate that the experimental setup captures the essential mechanics of dike propagation, deflection, and eruption observed in natural rift settings. The experiments thus provide a reliable framework for interpreting the influence of viscosity, and topography on magma intrusion dynamics.
Table S4 Range of values of parameters studied in experiments and nature
	 
	Parameter (units) 
	Nature (range)
	Nature (preferred value)
	Experiments (range)
	Experiments (preferred value)
	Scaling ratio

	 
	
	
	
	
	
	

	Medium and fluid properties
	 
	 
	 
	 
	 

	Host medium density1
	ρr (kg.m-3)
	2300 - 2800
	2800
	994 – 1002.5
	1002.50
	0.36

	Fluid density(water) 2
	ρw (kg.m-3)
	2650 - 2850
	2750
	995 – 1000
	1000
	0.36

	Fluid density (XG) 2
	ρXG (kg.m-3)
	2550 - 2750
	2650
	999-1003
	999.90
	0.38

	Fluid viscosity(water) 2
	μw (Pa.s)
	1 ×101 -1 ×102
	1 ×101
	9 ×10-4
	9 ×10-4
	9 ×10-5

	Fluid viscosity (XG) 2
	μXG (Pa.s)
	1 ×103 – 1 ×105
	1 ×103
	0.46-1.98
	1
	1 ×10-3

	Poisson’s ratio
	ν
	0.1 – 0.35
	0.25
	0.495-0.5
	0.50
	2

	Fracture toughness
	Kc (Pa.m1/2)
	1 ×105 – 1 ×109
	3 ×106
	 95 - 139
	110
	4 ×10-5

	Gravity acceleration
	g (m.s-2)
	-
	9.81
	-
	9.81
	1

	Geometry
	 
	 
	 
	 
	 
	 

	Geometric length 
	L (m)
	1×102 -1×103
	1 ×103
	-
	1×10-2
	1×10-5 - 1×10-4

	Graben width
	WG (m)
	1×102 -1×105
	4 ×103 –8×103
	0.04-0.08
	0.04-0.08
	1×10-5 - 1×10-4

	Graben depth 
	DG (m)
	1×102 -1×103
	5×102
	0.03-0.05
	0.05
	1×10-4

	Depth of intrusion
	H (m)
	2 ×103 – 2 ×104
	4 ×103
	0.18 – 0.23
	0.20
	1 ×10-5

	Scaling expressions
	 
	 
	 
	 
	 
	 

	Dike Velocity(water)
	Vw (m/s)
	1-3.8
	2.4
	3.3×10-4- 5.7×10-4
	4.0×10-4
	2.0×10-4

	Dike Velocity (XG)
	VXG (m/s)
	0.12-0.48
	0.3
	3.0×10-4- 4.1×10-4
	3.6×10-4
	7.0×10-4

	Unloading
	Pun (Pa)
	1 ×106 – 1 ×108
	1×107
	350-500
	500
	1×10-5

	Young’s modulus1
	 E (Pa)
	1 ×109 - 5×1010
	1 ×109
	5 ×103-1 ×104
	1 ×104
	1 ×10-5

	1 Langenheim et al., 2016, 2  Turrin et al., 2007      
 
  
 


[bookmark: _Toc105066709]Dimensional Analysis
To identify the primary geometric and mechanical variables governing dike behavior in the experiments, a dimensional analysis was performed using the Buckingham Π-theorem. The system includes 13 variables with three fundamental dimensions (length, mass, time), yielding 10 independent dimensionless groups. The key geometric input variables include graben depth (), graben width (), dike width (), dike length (), and dike breadth or fissure length in plan view (). Observable geometric outputs are vent location, expressed as the lateral deflection from the graben centerline (), and dike rotation angle (). Material properties considered as input variables are the host rock density (), magma density (), magma viscosity (), gravitational acceleration (g), and host rock stiffness (E). Dike propagation velocity (V) is treated as a derivative, but observable, input variable. While dike deflection can be directly observed during propagation, vent position is considered the principal output in natural systems and is thus emphasized in the scaling. Following established approaches by Gaete et al. (2019); Galland et al. (2014); Granger (1995); Le Corvec et al. (2013), the system was reduced to a subset of physically meaningful dimensionless parameters. These include both geometric and dynamic ratios, selected for their relevance to dike propagation and eruption behavior. A full list of derived dimensionless numbers is provided in Table S4.
The first important dimensionless parameter is the dynamic ratio between dike overpressure and the viscous pressure:
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[bookmark: _Hlk117629791][bookmark: _Hlk120145188]where  is the magma overpressure that is driving the dike, and  is the dike viscous pressure. In the experiments,  is a combination of source pressure,  , and the buoyancy pressure, .  ranges from 2.5×101 to 9.1×101 for water dikes, whereas for the XG  is between 1.4×10-1 and 4.4×10-1. Estimated natural values are =101 - 103  for basaltic dikes and =101 -102 for basaltic-andesite dikes. 
The second dimensionless parameter is the dynamic ratio between the unloading stress due to topography, which drives deflection of the dike trajectory, and the viscous pressure drop due to this deflection. It can therefore be used to test how dikes of different viscosity react in the presence of an unloading stress. It is another dependent parameter, as it contains the location of the eruption at the surface from the graben centerline ( ):
	
	
	14


In the experiments, the graben depth is 5 cm, which yields unloading stresses of 490 Pa. Given the difference in viscosity between the water and XG dikes,  falls in the range of 10-1 to 101 for water dikes and 10-2 to 10-3 for XG dikes. Estimated nature value are 106 – 108 for basaltic dike and 105 - 108  for basaltic andesite dike. 

The final dimensionless number that includes the importance of magma viscosity is the Reynolds number, which is defined as a ratio between the inertial and viscous forces:
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In the experiments, the viscosity of water dikes is 1 ×10-3 Pa.s, whereas the viscosity of XG dikes ranges between 4.6×10-1 and 1.5 ×101 Pa.s. Dike half-width of 1.4 × 10⁻³ m for water dike and 2.2 × 10⁻³ m for XG dike were obtained from direct laser measurements of dike profiles reported by Kavanagh et al. (2025). This yields  from 2.5×10-1 to 9.2×10-1 for water dikes. The values of  associated with XG dikes range from 4.3×10-4 to 1.0×10-3 (Table S5). This indicates that the flow in both dikes is laminar, although the flow velocity in the water dike is much greater than in the XG dike. Estimated nature value are 7 – 56 for basaltic dike and 10-2 - 10-1  for basaltic andesite dike. 

[bookmark: _Toc132001974]Table S5: Dimensionless variables in experiments and nature where B is basalt, BA is basaltic Andesite, In-G is in-graben eruption; FS is dike erupted through fault scarp; Off-G is off-graben eruption.
	
Dimensionless Number
	Definition
	Note
	Nature (range)
	Nature (preferred value)
	Experiments (range)
	Experiments (preferred value)
	Scaling ratio

	Medium and fluid properties

	

	

	
B
	
101 - 103
	
102
	
7.1×101 -3.1×102
	
1.3×102
	
1.3×101

	
	
	BA

	101 -102

	101

	3.1×10-1 -9.5×10-1

	5.9×10-1

	5.9×10-2


	

	

	
B
	

106 – 108
	

107
	

1.1-3.5
	

3.0
	

3.0×10-7

	
	
	BA

	105 - 108

	105

	2.1×10-3 - 1.2×10-2

	1.0×10-2

	1.0×10-7

	


	


	
B
	
7 - 56
	

30
	

2.5×10-1 -9.2×10-1
	

5.0×10-1
	

1.6×10-2

	
	
	BA

	1.0×10-2 -1.3×10-1

	1.3×10-1

	4.3×10-4 -1.0×10-3

	2.0×10-3

	1.5×10-2


	

	

	
B
	
10-1 -101
	
5.0×10-1
	
23-34
	
30
	
60

	[bookmark: _Hlk120576680]
	
	BA

	10-1 -101

	8.0×10-1

	23-36

	32

	40

	   Geometry
	
	
	
	
	
	

	
	
	
	3.0×10-2 -1.0×10-1
	1.0×10-1
	6×10-1 – 1.2
	6×10-1 – 1.2
	6-12

	
	

	
In-G
	
6.0×10-4 -1.5×10-1
	
1×10-1
	
1.1×10-1 - 3.7×10-1
	
1×10-1
	
1

	
	
	FS
	2.0×10-1 -4.0×10-1
	4.0×10-1
	4.2×10-1 -5.5×10-1
	4.2×10-1
	1

	
	
	Off-G
	<5.5×10-1
	5.5×10-1
	<5.5×10-1
	5.5×10-1
	1

	
	

	
B
	
44-89
	
45
	
44-58
	

	
1

	
	
	BA
	-27
	
	-9
	9
	1

	

	
	
	
	
	
	
	
	


[bookmark: _Toc119356859][bookmark: _Toc134708375]Numerical model set up of initial stress state
To provide additional physical insight into the pre-experiment stress pattern under the graben induced by the topographic unloading and how these affect the stress distribution affects dike propagation, finite element models were generated to simulate the laboratory experiments using COMSOL Multiphysics. A two-dimensional (2D) plane strain with zero displacements in both floor and wall boundaries is assumed. The model dimensions (e.g., model vertical and horizontal length, unloading width and depth) were the same as the experimental dimensions. The top of the gelatin was set as a free surface, where the only loading was gravitational stress, which mimics the experiments. As in the experiments, the Young’s modulus E = 6000 Pa, Poisson’s ratio ν = 0.49, and gelatin density  = 2700 kg/m3. 
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