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A B S T R A C T   

Many volcanoes show continuous but variable deformation over timescales of years to decades. Variations in 
uplift rate are typically interpreted as changes in magma supply rate and/or a viscoelastic response of the host 
rock. Here we conduct analogue experiments in the laboratory to represent the inflation of a silicic magma body 
at a constant volumetric flux, and measure the chamber pressure and resulting surface displacement field. We 
observe that dyke intrusions radiating from the magma body cause a decrease in the peak uplift rate, but do not 
significantly affect the spatial pattern of deformation or spatially averaged uplift rate. We identify 4 distinct 
phases: 1) elastic inflation of the chamber, 2) a gradual decrease in the rate of uplift and pressurisation, asso-
ciated with the formation of visible cracks 3) propagation of a dyke by mode 1 failure at the crack tip and 4) a 
pressure decrease within the chamber. Phase 2 can be explained by either a) crack damage, which reduces the 
elastic moduli of the surrounding rock or b) magma filling pre-existing cracks. Thus these experiments provide 
alternative mechanisms to explain observed variations in uplift rate, with important implications for the inter-
pretation of deformation patterns at volcanoes around the world.   

1. Introduction 

Volcanoes exhibit deformation with a variety of patterns and rates 
(Ebmeier et al., 2018; Biggs and Pritchard, 2017; Pritchard et al., 2022). 
At basaltic caldera systems, the rate of magma flux determines whether 
an eruption will occur (Galetto et al., 2022) while many silicic caldera 
systems show continuous deformation over timescales of years to de-
cades without culminating in eruptions (Biggs et al., 2014; Acocella 
et al., 2015; Sandri et al., 2017). The rate of deformation at these silicic 
systems varies not only between volcanoes, but also as a function of 
time. Deformation is most often analysed using the simplest model, that 
of a pressure change in a point source embedded within an elastic half- 
space (Mogi, 1958). However, this is largely due to computational 
simplicity rather than realism. State-of-the-art numerical models 
consider a) the physical and chemical state of the chamber (e.g. pres-
sure, temperature, gas and crystal content), b) fluxes into and out of the 
system and c) interactions with the surrounding host rock (e.g. 

Degruyter and Huber, 2014; Anderson and Segall, 2011; Segall, 2016). 
Finite Element Models allow the investigation of a wider range of crustal 
heterogeneities and temperature-dependent mechanics (e.g. Gregg 
et al., 2012; Hickey et al., 2016; Alshembari et al., 2022). While these 
models can produce a range of complex behaviours and are thus capable 
of explaining variability in rates of surface uplift, they typically assume 
that the source geometry and material properties remains constant until 
the stresses in the host rock reach a failure criterion, at which point an 
eruption occurs (e.g. Gregg et al., 2012; Galetto et al., 2022). Laboratory 
studies have shown that not all dykes propagate to the surface (Taisne 
et al., 2011), and here we use laboratory-based analogue models to test 
whether the assumptions of a constant source geometry and material 
properties are realistic. 

Experimental volcanology involves representing real-world pro-
cesses through analogue modelling in a laboratory setting and is widely 
used in conjunction with field and theoretical works to investigate the 
physics of magmatic systems and to validate analytical and numerical 
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models (Roche and Carazzo, 2019). McLeod and Tait (1999) conducted 
analogue experiments of magma chamber pressurisation and found that 
the propagation of pre-existing magma-filled cracks is the dominant 
mechanism of dyke nucleation, and can occur before the hoop stresses 
exceed the tensile strength of the surrounding rocks. In this case, magma 
viscosity determines the flux into the crack and hence the rate at which 
the crack pressurizes and the timescale over which an eruption will 
occur. Alternatively, rock mechanics experiments have shown that crack 
damage caused by locally high stresses can reduce the Young’s modulus 
of volcanic rocks inducing nonlinear variations in magma overpressure 
and surface displacement (Heap et al., 2010; Got et al., 2017). Neither of 
these mechanisms are typically considered when modelling surface 
deformation, but have the potential to alter the interpretation of 
monitoring data. 

We hypothesise that fracture-related processes can explain the var-
iations in long-term deformation rate observed at many silicic systems. 
In this study, we explore some possible models using both analogue and 
numerical approaches and discuss their implications for the interpreta-
tion of satellite datasets. First, we build on the experiments of McLeod 
and Tait (1999) using a constant volumetric flux and monitor the pattern 
of surface deformation and chamber pressure that results (Bertelsen 
et al., 2021). We then explore two possible numerical approaches based 
on a) a pseudo-elastic medium in which damage reduces the elastic 
modulus of the surrounding rock and b) pre-existing cracks governed by 
fluid flow and fracture mechanics rather than the behaviour of the 
surrounding medium. We then qualitatively compare our results to 
satellite measurements of deformation at silicic calderas, and consider 
the role of cracks in causing variable deformation rates. 

2. Analogue experiments 

We adapt our experimental design from the studies of McLeod and 
Tait (1999) and Canon-Tapia and Merle (2006) who conducted analogue 
experiments to understand the growth of dykes from magma chambers, 
but perform our experiments at a constant volumetric flux. In addition, 
we measure the pattern of surface deformation following Tortini et al. 
(2014); Galland et al. (2016); Bertelsen et al. (2021); Rincón et al. 
(2022) which can then be compared to satellite observations. 

2.1. Case study 

Although the purpose of our models is to investigate fundamental 
processes and we make only qualitative comparisons to satellite obser-
vations, we use the geometry of Laguna del Maule as a foundation for 
our experimental design (Le Mével et al., 2021). Laguna del Maule is a 
rhyolitic caldera system in the Southern Volcanic Zone of Chile and has 
been uplifting continuously since around 2005 (Singer et al., 2014; Le 
Mével et al., 2021). The rate of uplift is variable: the rate increased 
during 2007–2010 reaching a peak of ∼20 cm/year, decreased during 
2010–2017 and increased again during 2017–2020 (Feigl et al., 2014; Le 
Mével et al., 2015, 2021). Novoa et al. (2019) model the 2010–2017 
data assuming mafic magma recharge at the base of a crystal rich 
reservoir that behaves viscoelastically, but their timeseries ends before 
the 2017–2020 increase in uplift rate. Le Mével et al. (2021) explain the 
variations in uplift rate between 2007 and 2020 using a numerical 
model of viscous magma flowing through a conduit into a fluid-filled 
reservoir surrounded by a heterogeneous, viscoelastic crust and 
require two periods of magma injection, each causing an inlet pressure 
increase of ∼ 9 MPa/year. The magma flow rate varied between 0 to 
37× 106 m3yr− 1, with an average of 24.3 × 106 m3yr− 1 for 2005–2020 
(Le Mével et al., 2021). 

2.2. Dimensional analysis 

Scaling is a critical consideration for experimental volcanology as it 

is necessary to ensure kinematic, dynamic and geometric similarity be-
tween the small-scale experiments and the large-scale, real-world vol-
canic phenomena. For the setup shown in Fig. 1a, surface deformation d 
can be described using ten parameters: density of the rock and magma 
(ρr, ρm); magma viscosity (μ); volume flow rate (Q); chamber width (W) 
and depth (D); gravity (g); time (T); Young’s modulus (E); Poisson’s ratio 
(ν); (Table 1). These can be represented using seven dimensionless 
numbers. Π1 = W/D governs the geometric similarity and scaling of the 
displacement between the model and the real world. Π2 = QT/W3 

governs how the time frame of the experiment is related to the real 
world. Π3 =

ρmQ
μW =

ρmuW
μ is the Reynolds number, which defines the bal-

ance between inertial and viscous forces in a fluid flow. Π4 =
ρm
ρr 

governs 

if the system has positive, negative or neutral buoyancy. Π5 =
ρrDg

E gov-
erns the relationship between the weight from the overburden on the 
chamber and the country rock material stiffness. Π6 = EW3

μQ = E⋅W
μu is the 

ratio of fluid flow viscous stresses to elastic stresses. Π7 = ν is the 
Poisson’s ratio which is already dimensionless. If the material is 
assumed to be isotropic the Poisson’s ratio acts as the scalar quantity 
between the shear, bulk and Young’s modulus. 

2.2.1. Geometric scaling 
To produce a feasibly-scaled laboratory experiment, we use a length- 

scaling of 10− 5 and a cylindrical tank with a diameter of 29 cm and 
gelatin depth of 25 cm, representing a domain of 29 km × 25 km. We 
base the magma source geometry on the system at Laguna del Maule but 
even then the source geometry depends on the method, time period and 
model chosen. Le Mével et al. (2021) model the deformation at Laguna 
del Maule with an ellipsoidal source with principal axes a = 7.06 km, 
(a ∈ [5.70,8.05] km), b = 1.90 km, (b ∈ [1.55,2.74] km), and c = 1.35 
km, (c ∈ [0.96,2.09] km) at a depth d = 4.78 km, (d ∈ [5.48,3.89] km). 
In contrast, Feigl et al. (2014) used a rectangular dislocation to represent 
a sill intrusion (Okada, 1985) and found a best-fit source with a length of 
9.0 ± 0.3 km, width of 5.3 ± 0.4 km and depth of 5.2 ± 0.3 km. Other 
geophysical techniques provide an ever wider range of possible source 
geometries (e.g. Pritchard et al., 2018). Given these uncertainties, we 
conduct experiments using two simplified sources: a spherical source 
with a radius of 25 mm (which scales to 2.5 km) and a horizontal prolate 
source with a rough dimensions of 9 cm × 4 cm × 4 cm (which scales to 
9 km× 4 km× 4 km). The total volume of these chambers are 65 km3 

and 75 km3 respectively. 
Previous analogue and numerical experiments have set magma input 

rates to be either constant pressure (McLeod and Tait, 1999) or constant 
velocity (Merle and Vendeville, 1995; Guldstrand et al., 2017). In this 
study, we chose instead to use a constant volumetric flow rate, because it 
can be estimated for the real-world case using satellite data, unlike 
pressure and velocity. We use a pump flow rate of 6 − 10× 10− 8 m3s− 1. 
Based on our dimensional analysis (Π2) and an average rate of 24.3 ×

106 m3yr− 1 from Le Mével et al. (2021), this means that 1 s in the lab 
represents ∼ 2 years in the real world. Thus a 20 min-long experiment 
corresponds to 5000 years, which is much longer than the few decades 
for which satellite measurements are available. In the natural world, it is 
unlikely that the magma supply rate would remain constant over such 
long time periods. We also note also that Laguna del Maule is one of the 
fastest deforming systems observed globally (Feigl et al., 2014), and 
lower rates may be more representative. 

2.2.2. Analogue materials 
Gelatine is an ideal analogue for modelling homogeneous, isotropic 

and elastic materials and is often used to study the propagation of 
magma-filled fractures in the Earth’s brittle and elastic crust (Kavanagh 
et al., 2013, 2015, 2017; Bertelsen et al., 2021; Smittarello et al., 2021). 
Kavanagh et al. (2013, 2017) and Smittarello et al. (2021) provide 
detailed studies of the material properties in this context. Although 
gelatine is viscoelastic, at low temperatures (5–10 ◦C) and for short 
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periods of time (tens of minutes) the viscous component at the crack tips 
is negligible, so the gelatine can be considered purely elastic (Kavanagh 
et al., 2013). Under these conditions, failure occurs via mode I (opening) 
fracture but does not follow the Mohr-Coulomb failure criterion (Ber-
telsen et al., 2021). Young’s modulus E and Poisson’s ratio ν are a 
function of the concentration of gelatine, Cgel. We selected Cgel = 4 wt% 
using the dimensionless numbers Π5, Π6 and Π7, which is consistent 

with the recommendations of Kavanagh et al. (2013). 
Water and oil are the most commonly used magma analogues 

(Kavanagh et al., 2018), and their viscosity scales appropriately for 
basaltic magma (μ = 1 − 104 Pas). Here we focus on rhyolitic magma 
which has a higher viscosity (μ = 105 − 1010 Pas), thus we select golden 
syrup as a more appropriate analogue material based on dimensionless 
parameters Π3 and Π6. The viscosity of golden syrup is temperature 
dependent, varies between batches and can be further modified by 
adding water (Beckett et al., 2011). We therefore test the sample vis-
cosity under typical lab temperature conditions (18–22 ◦C) and at 
various dilutions using a concentric cylindrical rheometer. We found a 
concentration by volume of 80% golden syrup to provide the best fit to 
our dimensional analysis, with the additional benefit of having the 
lowest variation in viscosity with temperature. Like oil and water, 
golden syrup is a Newtonian fluid, which is appropriate for a pure melt, 
but does not consider bubble or crystal components that would be ex-
pected in a multi-phase magma and would affect magma compressibility 
and hence surface deformation (Kavanagh et al., 2018; Yip et al., 2024). 

These analogue materials give good agreement between real world 
and analogue models for all dimensionless numbers with three excep-
tions (Table 1). The Reynolds number (Π3) is significantly higher in the 
analogue model than in nature, but both are small enough to lie well 
within the laminar regime. The Poisson’s ratio (Π7) governs the rela-
tionship between Young’s Modulus (E) and bulk (K) and shear modulus 
(G). The real world values of these moduli vary by orders of magnitude, 
so the precise value of the Poisson’s ratio is not critical to these exper-
iments. Finally, Π5 indicates the relative importance of the weight from 
the overburden on the chamber and the Young Modulus, E, of the host 
material. E is sensitive to setting conditions (Kavanagh et al., 2013) and 
was hence determined retrospectively by fitting the measured pressures 
and surface displacements (see Section 3.2). 

Fig. 1. Experimental setup. a) General setup with the pump on the left and the tank on the right. The surface deformation d depends on ten key parameters: density of 
the rock and magma (ρr , ρm); magma viscosity (μ); volume flow rate (Q); chamber width (W) and depth (D); gravity (g); time T; Young’s modulus (E); Poisson’s ratio 
(ν). b) Adaptions to the input system to incorporate syphon and pressure sensor, as described in section 2.3 c-e) illustrative photographs showing c) experimental 
setup with pump and tank; d) the balloon mould and e) the start of the experiment with the golden syrup added and the balloon removed. 

Table 1 
Key system parameters and dimensionless numbers.  

Parameter Symbol Real World Analogue Model 

Magma Density (kgm− 3) ρm 2350–2600 1240 

Rock Density (kgm− 3) ρr 2300–2600 1000 
Magma Flow Rate (m3s− 1) Q 1.8 6 − 10× 10− 8 

Chamber Width (m) W 9000 0.09 
Chamber Depth (m) D 5200 0.052 
Magma Viscosity (Pa s) μ 105 − 1010 0.32 
Young’s Modulus (Pa)* E 108 − 1010 3200 − 6200* 

Poisson’s Ratio ν 0.3 0.4–0.5 
Timescaling** T ∼ 2 yrs 1 s 
Π1 W/D 1.8 1.8 
Π2 QT/W3 8.7 − 17× 10− 5 8.7 − 17× 10− 5 

Π3 (Reynolds Number) ρmQ
μW 

10− 11 − 10− 6 10− 3 

Π4 (Buoyancy) ρm
ρr 

1.00–1.13 1.24 

Π*
5 

ρrDg
E 

0.01–0.13 0.08–0.16* 

Π*
6 EW3

μQ 
109 − 1016 107 − 108* 

Π7 (Poisson’s Ratio) ν 0.3 0.4–0.5  

* The values of E and hence Π5 and Π6 are determined retrospectively in 
section 3.2. 

** Applying Π2 to the real and analogue values of Q, means that 1 s in the lab 
represents ∼ 2 years in the real world.  
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2.3. Experimental setup 

We adapt our experimental design from the studies of McLeod and 
Tait (1999) and Canon-Tapia and Merle (2006). Our initial testing 
identified three areas where modification was required 1) the method of 
creating a chamber 2) a method for measuring pressure within the 
chamber and 3) the connection between the conduit and the chamber 
(Fig. 1). Similar solutions may have been employed by McLeod and Tait 
(1999) and Canon-Tapia and Merle (2006) but were not described in the 
resulting publications, thus we include details here in the interests of 
reproducibility. 

In order to create a magma chamber, we use a balloon as a mould and 
fill the tank with liquid gelatin. We then cover the tank with plastic film 
to reduce dehydration and then place it in the fridge to set (Fig. 1d). We 
cover the balloon in vaseline to stop it sticking to the gelatine and use a 
counterweight system to hold the balloon in place while the gelatine 
sets. For a spherical balloon, the counterweight is attached to the 
balloon knot using fine fishing wire and for ellipsoidal balloons, we use a 
lasso to avoid creating geometric stress intensifiers. Once the gelatine 
has set, we pop the balloon with a needle and remove the balloon by 
pulling on the counterweight. The gelatine sets while the balloon is 
inflated with air, but once the balloon is popped and the cavity refilled 
with syrup, the chamber’s pressure is no longer in equilibrium with 
lithostatic pressure in the gelatine. For this reason, we normalise our 
measurements to the starting time of the experiment. 

Previous experiments struggled to remove trapped air produced 
when initially filling the chamber and found it necessary to limit the size 
of the magma chamber to reduce buoyancy effects (Canon-Tapia and 
Merle, 2006; Menand and Tait, 2001). To overcome this, we insert a 
secondary closeable pipe to fill the magma chamber without pressur-
izing it as this acts as a syphon allowing the gas to escape (Fig. 1b). 
Altering the height of the syphon allows for the control of the volume of 
air trapped in the analogue magma chamber, and removes the con-
straints on magma chamber size. 

We use an Adafruit MPRLS flow pressure sensor linked to an Arduino 
Micro logger to measure the pressure within the chamber. This has an 
estimated accuracy of ∼10 Pa in the expected pressure range of 0.4 −

1.2 kPa (McLeod and Tait, 1999). We use a push-fit pipe adaptor to 
permit an easy change between pressure sensors (Fig. 1b). The pipe was 
also fitted with a silicon compression olive and a smoothed adaptor, 
which allowed for the height of pipe, and as such the chamber depth, to 
be easily varied (Fig. 1b). Finally, we attached a hyperbolic paraboloid 
disk to the end of the pipe to create a better connection between the pipe 
and the chamber, avoiding unrealistic dynamics. 

Finite Element analysis conducted in Abaqus showed that boundary 
effects caused by the wall of the tank (29 cm diameter) would have little 
effect on the deformation caused by pressurisation of the chamber. 
However, the analysis did not consider the boundary effects on the 
propagation paths of the dykes and these are likely significant. There-
fore, we do not attempt to analyse the trajectories of the dykes. 

The experiments were conducted at room temperature (18–22◦), 
using gelatin which was initially at a temperature of ∼ 4∘C and syrup at 
room temperature. This setup means that there are likely to be tem-
perature gradients within the system, which in turn will affect the 
Young’s modulus of the gelatine. Over the short timescales of the ex-
periments (<30 mins), this is unlikely to affect the fundamental pro-
cesses that we aim to observe, but, among other factors, limits the 
quantitative interpretation of the models. 

2.4. Measurements of surface deformation 

A variety of techniques have been used in the past to measure surface 
deformation in analogue volcanic experiments, each with strengths and 
weaknesses (Tortini et al., 2014; Rincón et al., 2022; Galland et al., 
2016). Motion sensor cameras were originally designed for the gaming 
industry, but have been used more recently in experimental applications 

in Earth Sciences (Rincón et al., 2022; Tortini et al., 2014). The Micro-
soft Kinect v2 has been used for previous analogue experiments in 
volcanology, but its low accuracy (> 1 mm) makes it unsuited to these 
experiments (Rincón et al., 2022; Tortini et al., 2014; Lun and Zhao, 
2015). Therefore, we use the Intel RealSense Depth Camera D435, a 
wide-angled depth camera designed for fast-moving applications (e.g. 
drones), which uses photogrammetry enhanced with a IR projector to 
track the surface. The RealSense D455 claims twice the precision of the 
Kinect v2 at ±0.5 mm and an improved maximum rate of capture of 90 
Hz. The range of the RealSense permits closer recording than the Kin-
ect2, which further increases precision. Unlike other methods which 
measure the full 3-D deformation field (e.g. Digital Image Correlation), 
motion sensor cameras only measure the vertical component of defor-
mation, but that is sufficient for the experiments reported here. 

For motion sensor cameras to work effectively, the surface of interest 
needs to be rough, opaque and well-lit, but too much light can produce 
blindspots (Tortini et al., 2014). Since gelatine is smooth and trans-
parent, we first add a layer of wholemeal flour to reduce glare, followed 
by a layer of mixed, dyed poppy seeds to generate a speckle pattern. Two 
LED illumination units provided consistent lighting; however, for some 
experiments, reflections meant that certain areas of the surface needed 
to be masked during post-processing. To reduce random noise in the 
data, groups of ten files were averaged together to create a data file for 
every second (Tortini et al., 2014). To remove coherent noise, the data 
was transformed into the frequency domain and a Gaussian filter was 
applied in both the x and y directions. 

2.5. Experimental results 

Initially, we describe the results from the experiments with an 
ellipsoidal chamber (Fig. 3a), and then compare our observations to 
those from a similar experiment with a spherical chamber (Fig. 3b). 
Neither experiment resulted in an eruption at the surface, but both 
produced stalled dykes with a width of approximately 4 mm. The first 
dykes formed on the base of the magma chamber and grew radially 
(green outline in Fig. 2) while secondary dykes formed, at an oblique 
angle (red and blue outlines in Fig. 2. Dykes initiating from the top of the 
chamber towards the top surface either stagnated or took a parabolic 
trajectory to avoid the free surface. In contrast, dykes propagating from 
the base of the magma chamber grew more rapidly, accelerating 
downwards away from the chamber. The effect of bouyancy is discussed 
further in section 2.6. 

For the ellipsoidal chamber, we identify 5 distinct phases of activity 
based on the timeseries of surface displacement and chamber pressure 
(Fig. 3a): 

• Phase 0 (0–60s): Initially, the deformation is beneath the 
detection limit of the instrument of ±0.5 mm (section 2.2). 

• Phase 1 (60–120 s): The chamber pressure and surface 
displacement increase roughly linearly, consistent with elastic inflation 
of the chamber. 

• Phase 2 (200 s–300 s): The rate of displacement and pressure 
increase slows, and small cracks start to appear on the chamber surface. 

• Phase 3 (∼250–350 s): There is a sudden pressure drop, 
consistent with the propagation of a dyke (Kavanagh et al., 2017). This 
occurred at ∼270 s for the ellipsoidal chamber and ∼350 s for the 
spherical chamber. 

• Phase 4 (350–500 s). Following the dyke intrusion, the chamber 
pressure drops rapidly and the rate of surface deformation falls further. 

We calculate the deformation rate in each of these phases (Table 2). 
The total volumetric flux into the system is constant, and this is reflected 
by the mean rate of deformation across the whole image, which remains 
roughly constant at 1.9 − 2.1 μms− 1. However, the rate of maximum 
displacement gradually decreases from 9.6 μms− 1 in phase 1, to 
7.2 μms− 1 in phase 2, and 4.0 μms− 1 in phase 4. Using Π2, the measured 
rates of uplift (4.0-9.6 μms− 1) correspond to 20–50 cm/yr in real 
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systems, slightly larger than but on a similar order of magnitude to those 
observed at Laguna del Maule (Le Mével et al., 2021). Despite the dif-
ferences in rate and mechanism, phase 1 and phase 2 both behave 
elastically with the maximum surface deformation directly proportional 
to the chamber pressure. 

To compare the pattern of surface displacement in each of these 3 
phases, we taken time slices at 100 s during the initial elastic phase, at 
250 s during the crack opening and at 450 s after the dyke propagation 
(Fig. 4). The pattern of displacement is very similar both qualitatively 
(Fig. 4a-c) and quantitatively (Fig. 4d-f). The variations (±2 mm) are 
significantly larger than the estimated accuracy of the measurement 
technique (±0.5 − 0.6 mm), but do not show any systematic patterns, 
thus likely reflect mechanical heterogeneities in the gelatine. 

We repeat the experiment using a spherical chamber and see the 
same phases of behaviour (Fig. 3b). In both cases, the average rate of 
surface displacement is constant, confirming the constant rate of magma 

supply. Initially, the maximum surface displacement also increases lin-
early (phase 1), but the rate gradually slows (phase 2) prior to the dyke 
injection (phase 3). In this case, two dykes propagated very close 
together in time. This is followed by a decrease in the rate of maximum 
surface displacement (phase 4). 

2.6. Buoyancy 

In our experiments, dykes initiating from the top of the chamber 
towards the top surface either stagnated or took a parabolic trajectory to 
avoid the free surface whereas dykes propagating from the base of the 
magma chamber grew more rapidly, accelerating downwards away from 
the chamber. In contrast, similar experiments by Canon-Tapia and Merle 
(2006) found that the dykes propagating from the base of the chamber 
stagnated and those out of the top grew. The crucial difference between 
the investigations is the fluid density, as the trajectory of the dykes 
depends on their buoyancy, Π4 =

ρm
ρr

, where Π4 < 1 represents positively 
buoyant magma and Π4 > 1 represents negatively buoyant magma. We 
use golden syrup which is negatively buoyant (Π4 = 1.24) while Canon- 
Tapia and Merle (2006) used oil which is positively buoyant. 

We ran two additional experiments using vegetable oil cooled to 4 ◦C 
(Π4 = 0.89) and castor oil at room temperature (Π4 = 0.95) as the 
magma analogues, creating positively buoyant and roughly neutral 
systems respectively. Both were measured to have a viscosity of the same 
order of magnitude as the golden syrup solution. For the vegetable oil 
experiment, the dykes propagating from the bottom of the chamber 
stagnated and those from the top grew continuously and erupted 

Fig. 2. Photographs from the experiment with the ellipsoidal chamber showing the paths taken by the dykes from two different orientations.  

Fig. 3. Time series of surface displacement and chamber pressure. a) Experiment with ellipsoidal chamber. Mean displacement is calculated over the area shown in 
Fig. 4. Rates are given in Table 2. b) Comparison between displacement time series for ellipsoidal (blue) and spherical chambers (red). Observed dyke propagation is 
indicated by an arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Measured rates of displacement and pressure increase during phases 1,2 and 4 of 
the ellipsoidal chamber experiment. The time periods used to estimate the rates 
are given in the first row.   

Units Phase 1 Phase 2 Phase 4 

Measurement Time s 60–120 140–200 350–500 
Max Disp. Rate μms− 1 9.6 7.2 4.0 
Mean Disp. Rate μms− 1 2.1 1.9 2.1 
Pressure Rate Pas− 1 6.5 3.6 − 1.0  
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through the surface. For the castor oil experiment, the dykes initiated 
from the base of the chamber but then grew only upwards around the 
chamber and erupted through the top surface. These results are consis-
tent with the observations of Canon-Tapia and Merle (2006) and confirm 
that the trajectory of the dykes in our experiments is determined by 
magma buoyancy. 

Previous studies have shown that numerous mechanisms can lead to 
the arrest of positively buoyant dykes (Davis et al., 2020; Taisne et al., 
2011; Kavanagh et al., 2006). Therefore, stalled dykes would be ex-
pected to occur even in a positively buoyant system, especially if the 
pressure drop within the chamber was sufficient to cut off the magma 
supply before the critical volume was reached, or if the host rocks were 
mechanically heterogeneous. 

3. Physical models 

Our experiments were conducted at a constant magma flux and 
initially show a linear response of chamber pressure and surface uplift 
(phase 1), followed by decrease in the rate of pressurisation and peak 
uplift (phase 2), prior to dyke formation (phase 3). Our interpretation is 
that phase 1 corresponds to a pure elastic response of the gelatine to the 
reservoir inflation. The decrease in uplift rate during phase 2 could be 
explained with either of two mechanisms: a) crack damage, which can 
be described by a pseudo-elastic medium in which the elastic moduli of 
the surrounding rock are reduced (Got et al., 2019) or b) magma filling 
pre-existing cracks, which are governed by fracture mechanics rather 
than the behaviour of the surrounding medium (McLeod and Tait, 
1999). In this section, we compare our experimental results to the 
models of Got et al. (2019) and McLeod and Tait (1999), respectively. 

3.1. Magma-filled cracks 

McLeod and Tait (1999) conducted analogue experiments to inves-
tigate the pressurisation and growth of liquid-filled cavities. Their 
theoretical analysis showed that dyke nucleation by the growth of pre- 
existing magma-filled cracks can occur before the hoop stresses exceed 
the tensile stress of the surrounding rocks. Pre-existing cracks in the wall 
rocks are to be expected considering the ubiquitous pervasive fracturing 
of the crust and thermal influence of the magma storage. Thus growth of 
pre-existing magma-filled cracks is expected to be the dominant mech-
anism of dyke nucleation in nature as well as analogue experiments. 

In this model, flow of magma from the chamber into the crack 
gradually pressurizes and widens the crack. The evolution of the crack 
pressure, P, is governed by the differential equation, 

dP
dt

=
(P − σt)

3
(Pc − P)

3m2μ  

where Pc is the chamber pressure, σt is the hoop stress, m is the elastic 
stiffness of the host rock and μ is the magma viscosity. Thus the rate of 
crack pressurisation is independent of crack length and lithostatic 
loading, but there is a direct dependence on magma viscosity, which can 
vary by orders of magnitude. Crack growth will occur once the crack-tip 
stress intensity factor, K = 1.12(P − σt)

̅̅
l

√
, exceeds the fracture tough-

ness of the medium, Kc, where l is the crack length. For the case of 
instant pressurisation, dyke nucleation is predicted to occur on the order 
of hours to days for low-viscosity basaltic magmas, but could take 
several years for higher-viscosity rhyolites. 

Although McLeod and Tait (1999) noted surface deformation in their 
experiments, their focus was on the timescales of dyke formation and 
they did not attempt to quantitatively measure or model the associated 
surface deformation. The analytical solutions consider either an instant 
step change in chamber pressure or a gradual pressurisation at a con-
stant rate, but do not consider the case of constant magma supply rate 
and are therefore not directly comparable to our experiments. However, 
their model is qualitatively consistent with our observations. As magma 
from the chamber slowly widens the pre-existing cracks, the rate of 
chamber pressurisation and hence surface uplift gradually decreases. 
Initially, the low flux of magma into the dyke does not completely 
counteract the background pressurisation within the chamber, and the 
chamber pressure continues to rise, but at a reduced rate (phase 2). 
However, once the dyke starts to propagate, the magma flux out of the 
chamber dominates and there is a net depressurization of the chamber 
(phase 3). 

3.2. Damage model 

In an alternative model, the small cracks that appeared during phase 
2 of our experiments are consistent with the development of a damaged 
shell around the pressurized reservoir (Got et al., 2017). The pressure 
and displacement of our experiments can be modelled using the work of 
Got et al. (2017), which assumes that damage weakens the Young 
modulus of the host medium according to: 

E(t) = E0

(

1 −
t
tc

)a  

where a characterizes the rate of incremental damage (the purely elastic 
limit is recovered when a = 0), E0 is the undamaged Young modulus and 
tc is the critical time for rupture. The relation between the injected 

Fig. 4. Spatial pattern of deformation measured using a RealSense D355 camera for an ellipsoidal chamber. a) time slice at 100 s, during the elastic inflation of the 
chamber (phase 1), b) time slice at 250 s during opening of pre-existing cracks (phase 2) and c) time slice at 450 s, after dyke propagation (phase 4). Differences 
between spatial pattern in each stage, calculated by linearly scaling the pattern at the second time slice to match the magnitude of the first time slice and subtracting 
d) time slice 250 s minus time slice 100 s (phase 2 - phase 1); e) time slice 450 s minus time slice at 250 s (phase 4 - phase 2); and time slice 450 s minus time slice at 
100 s (phase 4 - phase 1). Contours are every 1 mm and measurement uncertainties are ± 0.5–0.6 mm and tank diameter is 29 cm. 
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volume, ΔV, and the overpressure variation in the reservoir, ΔP, is 
(Reverso et al., 2014; Got et al., 2017): 

ΔV(t) =
3Vγ
4

ΔP(t)
E(t)

(1)  

where V is the reservoir volume, γ = 1 for a sphere and γ = 8(1 −

ν)/(3π) for an oblate reservoir. In our experiments, the fluid flow rate, Q, 
is constant, which precludes us from using the analytical solution of Got 
et al. (2017) because they considered constant overpressure instead. 
Deriving (1) with respect to time and using that ∂tΔV = Q yields: 

Q =
3Vγ
4

∂t

(
ΔP(t)
E(t)

)

The rate of overpressure change is thus: 

∂t(ΔP(t) ) =
4Q
3Vγ

E(t) −
aΔP(t)
tc − t

(2) 

Surface displacements, u, taking into account the free-surface effect 
can be calculated with Got et al. (2017): 

u(t) = fΔP
(

tc
tc − t

)a

(3)  

where f = u0/P0 is the ratio of initial displacement, u0, over initial 
reservoir pressure, P0. 

We performed a least-square fit of the maximum displacement and 
pressure data of Fig. 3 by using the values of ν = 0.45, tc = 290 s for the 

ellipsoidal chamber, tc = 350 s for the spherical chamber, and the 
bounds of Q = 6 − 10 × 10− 8 (Table 1). Initial time was set to 0 but the 
data from Phase 0 (≤ 60 s) were left out of the fitting procedure. The free 
parameters a, E, and f were constrained by their physical limits when-
ever possible: 0 ≤ a ≤ 1, E0 > 0, f > 0, 0 < γ ≤ 0.47 for the ellipsoidal 
chamber, and γ = 1 for the spherical chamber. 

Gelatine is widely used in analogue studies of magmatic systems and 
its elastic properties have been well documented (Kavanagh et al., 
2013). Such studies suggest that for a gelatine concentration, Cgel, of 4 wt 
%, the Young’s modulus, E, should be ∼ 14 kPa. However, this is 
strongly dependent on setting time and conditions, so we checked these 
values using the relationship between pressure and displacement during 
phase 1 of the experiments given by the analytical solutions for defor-
mation in an elastic half-space (Mogi, 1958; Yang et al., 1988). Using 
this method, our estimates of E were 3.2 kPa and 6.2 kPa for the ellip-
soidal and spherical chamber models, respectively. If the fitting pro-
cedure is done with E constrained at values > 1 kPa, the lowest bound of 
E is systematically the best-fit value. Such behaviour generally indicates 
that the bracket of tested E values should include values < 1 kPa. As such 
values are significantly below the first-order estimate done above, we 
test two sets of conditions: 1) E is unconstrained and 2) E is in the range 
3–6 kPa (Fig. 5). 

The pressure and displacement fits for the ellipsoidal chamber are 
visually comparable, regardless of whether E is constrained or not 
(Fig. 5a-b). This is also the case for the displacement fit for the spherical 
chamber, but the pressure fit with E constrained to ≥ 3 kPa is poor 
(Fig. 5c-d). The model output of the displacement is independently 

Fig. 5. Best-fits of displacement and pressure for the damage model. Grey curves represent data, solid black curves represent unconstrained E, and dashed black 
curves represent E = 3 kPa. Best-fit values of the free parameters are listed for each geometry with the unconstrained E values in parenthesis. A) Displacement of the 
ellipsoidal chamber. B) Pressure of the ellipsoidal chamber. C) Displacement of the spherical chamber. D) Pressure of the spherical chamber. 
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scaled to that of the pressure with the variable f (ratio of initial 
displacement over initial reservoir pressure). The good displacement fit 
of the spherical chamber with constrained E is thus explained by a f 
value that varies by a factor 2.5 between the cases of free and con-
strained E (in comparison, f varies by only 13% for the ellipsoidal 
chamber). The pressure fits for the ellipsoidal chamber are better at high 
E if the earlier (< 150 s) part of the pressure evolution is considered, and 
better at low E if the whole duration of phases 1 and 2 is considered. So 
either the spherical chamber model had an (unexplained) issue with the 
pressure gauge, or the Young modulus of our gelatin was lower than 
usually reported. For simplicity, we favor the low Young’s modulus es-
timates given by the unconstrained fitting procedure, which we analyse 
below. Even using the lowest obtained values of E = 0.7 ± 0.1 kPa and 
E = 0.833 ± 0.066 kPa, the dimensionless numbers Π5 = 0.08 − 0.16 
and Π6 = 107 − 108 are still consistent with the natural ranges. 

The unconstrained values for E and a overlap (Fig. 5), which in-
dicates that, as expected, gelatine properties did not vary between ex-
periments. The different ranges covered by f are expected because the 
two chamber geometries yield different initial pressures. The limit be-
tween Phases 1 and 2 is ∼ 250 s for the ellipsoidal chamber and ∼ 180 s 
for the spherical chamber, which is consistent with our observations 
(Fig. 5A-C). The low a values indicate that damaging is minimal during 
deformation because its value is close to the elastic limit of a = 0. The 
damaged region was thus a relatively thin shell around the chamber 
walls, which is consistent with the small cracks observed during Phase 2. 

4. Discussion 

4.1. Magmatic architecture 

For the last century, the dominant paradigm has been that magma is 
stored in a melt-dominated, elastic-walled magma chamber. However, 
there is now ample geophysical and petrological evidence that melt- 
filled pockets are only one component of a much larger magmatic sys-
tem with a heterogeneous distribution of melts, crystals and exsolved 
volatiles (Cashman et al., 2017; Edmonds et al., 2019). We must there-
fore consider whether these experiments still provide an appropriate 
analogue to our current conceptual understanding of magmatic systems. 

Transcrustal magmatic systems likely develop over periods of tens to 
hundreds of thousands of years as magma rises in discrete, short-lived 
pulses and stalls at rheological or lithological boundaries in the upper 
crust, where it cools and crystallises forming composite bodies (Annen 
et al., 2015). Numerical models of heat diffusion can therefore be used to 
study the temperature structure and rheology of magmatic systems. 
These suggest that relatively young systems (<10 kyr) are more likely to 
create the high temperature gradients necessary to juxtapose a high melt 
fraction with country rock at a low enough temperature to behave 
elastically (Sparks et al., 2019). 

In Fig. 6 we present 2D thermal models depicting pulsed magma 
injection into a 20 km crustal section. These models were generated 
using the open-source Julia package ‘MagmaThermoKinematics’ 
(Schmitt et al., 2023). In these simulations, magma is injected into the 
system as dykes and sills at a temperature of 1000 oC. The model sim-
ulates the injection of sills and dikes with fixed dimensions of 3 km by 
0.2 km over a random depth range between 5 and 15 km. The orienta-
tion of the dikes is randomly selected between 80 and 100◦, while the 

Fig. 6. Modelled temperature and viscosity structure of a two-dimensional crustal section that has experienced repeated injection of magmatic dykes and sills. A) 
Initial temperature distribution for a geothermal gradient of 25 ◦C. B) Temperature distribution after 400 ka of magma injection. The 700 ◦C contour is shown, 
corresponding to the modelled solidus temperature. C) Temperature field after 800 ka of magma injection. D) Viscosity structure in logarithmic units for time 0 ka. 
Contours are shown for a viscosity of 1018, 1020, and 1025 Pa s, corresponding to temperatures of 700, 500 and 250 ◦C, respectively. E) Viscosity structure corre-
sponding to 400 ka, and F) for 800 ka of magma injection. 
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sills are randomly oriented within − 10 to 10◦. Sills are injected at depths 
>12 km, while dikes are injected at shallower depths. Overall, this 
corresponds to a volumetric magma flux of 1.11×

10− 5 km3 km− 2 yr− 1. We show the resulting temperature (Fig. 6A-C) 
and viscosity (Fig. 6D-F) structure of the crust after 0, 400 and 800 
thousand years (ka) of magmatic activity. Viscosity (μ) is determined 
from the temperature (T) field in Kelvin using an Arrhenius relation: μ =

Ae(H/RT), where A is the Dorn parameter with a value of 109 Pa s (Del 
Negro et al., 2009), H represents an activation energy of 150 kJ mol− 1 

(Ranalli, 1995), and R is the universal gas constant. 
Initially, before the onset of magma injection, viscosity values of 

1018 and 1025 Pa s correspond to 20 km and 10 km depth, respectively. 
This suggests that the upper crust would display elastic behaviour when 
subjected to deformation. As the crust undergoes progressive thermal 
maturation after 400 and 800 ka of magma intrusion, a mush body de-
velops, surrounded by a viscoelastic shell with viscosities ranging 
approximately from 1018 − 1020 Pa s. Although the ongoing injection of 
magma over time leads to the expansion of the viscoelastic shell, crustal 
rocks shallower than 5 km maintain relatively high viscosities even after 
800 ka of magma injection. This is due to the thermal buffering effect 
exerted by the Earth surface. Consequently, in young and low magma 
flux systems, as well as at shallow crustal conditions, the dominant 
tendency is for elastic deformation of magma reservoir walls. 

However, in a high temperature, mush system, it is also unlikely that 
the source geometry will remain fixed with time. Localised bands of high 
strain also occur in partially-molten aggregates, especially under 
extensional stresses. Tension across a weak, high-porosity region leads 
to low pressure that, in turn, causes convergence of melt flow into that 
region, raising its porosity and further weakening it (Katz et al., 2006). 
The result is the formation of a high porosity, high strain melt band. In 
this case it is not pre-existing cracks that localise strain into narrow 
bands, but small heterogenities in melt fraction within the mush. 
However, the end result would likely be a similar effect on surface 
deformation to the stalled dykes discussed here. 

4.2. Comparison to observations 

Our experiments show that anelastic behaviour associated with 

fracturing is able to explain variations in uplift rate, but it does not mean 
that this mechanism is responsible for all such variations. Variability in 
supply rate and viscoelastic behaviour are both physically-realistic 
mechanisms that are equally able to explain the observation. Unfortu-
nately, the spatial and temporal patterns of deformation produced by 
fracturing would be very similar to those associated with a change in 
rate of magma supply or a viscoelastic rheology. Nonetheless, we 
consider two types of observations that may allow us to distinguish the 
mechanism responsible for variations in uplift rate: the spatially- 
averaged rate of displacement and the pattern of seismicity. 

4.2.1. Spatially-averaged displacement 
The average displacement rate in our experiments remains constant 

with time because the volumetric flux is held constant. However, for 
viscoelastic relaxation or variations in supply rate, we would expect 
variations in the spatially-averaged rate to mirror those in the peak rate. 
Here we test this hypothesis using deformation patterns from six silicic 
systems: Laguna del Maule, Chile; Campi Flegrei, Italy; Domuyo, 
Argentina; Corbetti, Ethiopia; Tullu Moye, Ethiopia and Suswa, Kenya 
(Fig. 7). The deformation time series cover 2014–2023 and were pro-
duced from Sentinel-1 InSAR data using the LICS system (Lazeckỳ et al., 
2020; Morishita et al., 2020). The time-series of peak displacement 
illustrate the range of observed patterns: Domuyo uplifted at a rate of 
14.3 cm/yr in 2014–2019, but has been subsiding even since; Tullu 
Moye experienced 9.6 cm of uplift in 2015–2017, followed by slower 
uplift at 1.9 cm/yr and the rate of uplift at Laguna del Maule is steady 
over this time interval, but significant variations have previously been 
reported (Le Mével et al., 2021). 

For each of these 6 timeseries, we also calculate time series of the 
spatially-averaged displacement over an area of 250 km2 (Fig. 7). Un-
certainties are dominated by the choice of reference pixel (Albino et al., 
2022) and are estimated by calculating all timeseries for a single pixel 
(within area of deformation) using all suitable reference pixels, those 
having a root mean square error within the 85th percentile. We find that 
variations in the average displacement mirror those in the maximum 
displacement, for all five of the six time series. The only example for 
which this is not statistically true is Suswa, but the deformation here is 
small and the variations appear to be due to low signal-to-noise ratio 
rather than systematic variations. Thus based on the correlation 

Fig. 7. Deformation timeseries for six silicic systems showing variations in the mean and maximum rates of uplift. The timeseries span 2014–2023 and were 
produced using data from the Sentinel-1 satellite using the LICS system (Lazeckỳ et al., 2020; Morishita et al., 2020). Uncertainties are dominated by the choice of 
reference pixel (Albino et al., 2022) and are estimated by calculating all timeseries for a single pixel (within area of deformation) using all suitable reference pixels. 
Reference pixels are determined based on having a RMS within the 85th percentile. 
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between time-series of peak and spatially-averaged deformation, we 
conclude that processes other than the dyking are likely to be respon-
sible for the changes in rate at these examples. 

4.2.2. Seismicity 
Either brittle damage or the formation of stalled dykes might be 

expected to cause an increase or change in the spatial pattern of seis-
micity. At our case study, Laguna del Maule, frequent seismic swarms 
occur around the Troncoso Fault to the SW of the modelled magma 
source (Le Mével et al., 2021) and small local faults in the hanging wall 
of the Troncoso Fault facilitated repeated, small volume rhyodacitic and 
andesitic eruptions during the post-glacial period (Garibaldi et al., 
2020), supporting the idea that these structures control magmatic 
pathways. The rate of seismicity was high in 2012–2016 during the 
deceleration of uplift consistent with a decrease in pressurisation caused 
by the opening of pre-existing cracks. There was also a large increase in 
seismicity in 2018–2020, at least a year after the uplift rate began to 
accelerate, which Le Mével et al. (2021) interpret as fluid motion or 
reactivation of local faults caused by stress redistribution associated 
with the pressurizing magma reservoir. The complexity of the behaviour 
illustrates the challenge of producing a unique interpretation for 
geophysical observations where multiple processes occur. 

5. Conclusions 

The analogue experiments described here demonstrate that varia-
tions in surface uplift rate can occur even when the volumetric flux is 
constant due to fracturing of the surrounding rock. The time-series 
measurements of surface deformation and chamber pressure identify 4 
distinct phases: 1) elastic inflation of the chamber, 2) crack opening/ 
formation associated with a gradual decrease in the rate of uplift and 
pressurisation, 3) propagation of a dyke by mode 1 failure at the crack 
tip and 4) a pressure decrease within the chamber. Importantly, these 
variations do not significantly affect the spatial pattern of uplift and 
fracturing would therefore be difficult to detect in satellite-based ob-
servations, even at high spatial resolution. 

While this suggests an alternative mechanism for variations in sur-
face uplift rate there is, as yet, little evidence that this actually occurs 
over the decadal timescales of the available observations. When 
appropriately scaled, our experiments show that dyke propagation 
would occur after several hundred years, but this would be significantly 
less for magma with a lower viscosity. Although brittle failure is not 
necessarily compatible with the current conceptual understanding of 
mushy magma systems, other mechanisms of strain and melt localisation 
exist in partially molten aggregates and would be expected to have a 
similar effect on observations of surface uplift. Thus, while we have 
demonstrated that this new mechanism is plausible, further work is 
required to investigate whether it actually occurs. Nonetheless, the 
implications for forecasting are important. The formation of stalled 
dykes do not significantly affect the spatial pattern of deformation and 
can form at lower overpressures than previously considered. In fact, they 
may be occurring undetected on a regular basis. Thus, the conditions for 
dyke propagation rather than formation determine whether an eruption 
will occur and models of dyke propagation and pathways rather than 
just reservoir failure are needed to assess volcanic hazard. 
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