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Key points 11 

1. Seismic reflection data images igneous intrusions and overlying host rock uplift 12 

(forced folding) in 3D 13 

2. From a seismically imaged forced fold and laccolith, we derive syn-intrusion surface 14 

displacements to invert using analytical models 15 

3. Modelled source positions and lateral dimensions broadly fit those of the observed 16 

laccolith, but emplacement depths differ 17 

 18 

Abstract 19 

Magma intrusion often drives uplift of the overburden and free surface. Analytical modelling 20 

of such surface uplift at active volcanoes allows us to estimate intrusion geometries, 21 

positions, and volume and pressure changes; these insights have proven critical to forecasting 22 

volcanic unrest and eruptions. However, it is rarely possible to compare geodetic source 23 

parameters retrieved from elastic half space inversions to known intrusion geometries. 24 

Seismic reflection data offer an opportunity to image and quantify ancient, buried intrusions 25 



geometries and their overburden deformation (i.e., a forced fold) in 3D. Here, we use 3D 26 

seismic reflection data offshore NW Australia to investigate an Early Cretaceous forced fold 27 

developed above a laccolith emplaced at ~0.6–1 km depth. We remove the effects of post-28 

emplacement, burial-related compaction and derive possible surface displacement patterns for 29 

the forced fold. Analytical modelling of these surface displacements, using both thin plate 30 

bending and elastic half-space solutions, suggest source (intrusion) estimates of position and 31 

lateral dimensions are similar to those of the actual laccolith. There are some differences 32 

between measurements of the laccolith and modelled source estimates, which we attribute 33 

these to syn-intrusion space-making mechanisms (e.g., compaction). We particularly find 34 

penny shaped crack and rectangular dislocation elastic half-space solutions underestimate 35 

source emplacement depth by ~0.22–0.89 km, probably reflecting a lack of heterogeneity 36 

(layering) in our models. Our novel approach highlights seismic reflection data is a powerful 37 

tool for understanding and testing how magma emplacement translates into surface 38 

deformation at active volcanoes.  39 

 40 

Plain language summary 41 

As magma moves through the crust it pushes up overlying rock, causing the ground to move. 42 

We measure these tiny ground movements at active volcanoes and use computer models to 43 

predict how they relate to underlying magma body size and location; this provides us 44 

important information on whether an eruption may occur. However, the models we use are 45 

very simplistic and their results are very difficult to test. Here, we use 3D seismic reflection 46 

data, which provides ultrasound- like images of Earth’s shallow subsurface, to study a buried, 47 

ancient magma body and the overlying rock it pushed upwards. We measure the amount of 48 

ground movement generated by the injecting magma. With the same computer models, we 49 

use these ground movement measurements to predict underlying magma body size and 50 



location. Critically, our 3D seismic data allows us to compare these predicted magma body 51 

properties to the actual magma body. Our results show that the position and lateral 52 

dimensions of the predicted magma bodies are reasonable to that of the observed magma 53 

body. However, the predicted magma body depths are underestimated. Where we use these 54 

bodies at active volcanoes, we should thus be aware that the magma may actually be deeper 55 

than predicted. 56 

 57 

1. Introduction 58 

Space for emplacement of a new magma body, or recharge of an existing reservoir, can be 59 

generated by uplift of the overlying rock and free surface (e.g., Mogi, 1958; Pollard and 60 

Johnson, 1973; Hansen and Cartwright, 2006; Segall, 2010; Magee et al., 2017a; Karlstrom et 61 

al., 2018). The shape and magnitude of such surface displacement relates to the geometry, 62 

location, and conditions of the underlying magma intrusion and its host rock properties (e.g., 63 

Pollard and Johnson, 1973; Stearns, 1978; Segall, 2010; Galland and Scheibert, 2013). 64 

Surface displacements at active volcanoes typically have magnitudes of mm–m and occur 65 

over days-to-years (e.g., Segall, 2013; Biggs and Wright, 2020). By modelling measured 66 

surface displacement patterns at active volcanoes, we can estimate the subsurface source 67 

(intrusion) geometry, depth, volume change, and/or pressure change (e.g., Fig. 1A) (e.g., 68 

Lisowski, 2007; Masterlark et al., 2010; Segall, 2010; Sparks et al., 2012; Nikkhoo et al., 69 

2016; Biggs and Wright, 2020). These modelled constraints on active volcanic domains are 70 

crucial for forecasting trajectories of unrest and eruption (e.g., Sparks, 2003; Ebmeier et al., 71 

2018; Garthwaite et al., 2019; Crozier et al., 2023).  72 

 73 

 74 



 75 

Figure 1: (A) Schematic showing how satellite-based Interferometric Synthetic Aperture 76 

Radar (InSAR) data can be used to monitor ground movements at volcanoes, and the 77 

expected surface displacement patterns predicted by different source geometries embedded in 78 

a homogeneous and isotropic elastic half-space (modified from Magee et al., 2018). (B) 79 



Time-migrated seismic reflection image from the Bight Basin, offshore S Australia, showing a 80 

buried laccolith and forced fold pair (modified from Jackson et al., 2013). Onlap of overlying 81 

reflections onto the forced fold denote its top, i.e., the syn-emplacement free surface. Vertical 82 

axis is in milliseconds two-way time (ms TWT). Inset: schematic showing fold amplitude (f) 83 

(i.e., uplift from the pre-deformation datum) and intrusion thickness (t) are expected to be 84 

similar if space for magma was solely generated by elastic bending (Pollard and Johnson, 85 

1973; Galland and Scheibert, 2013). (C) Plot of intrusion-induced surface uplift measured 86 

from ancient forced folds, both observed in the field and seismic reflection data, and 87 

recorded by InSAR data at active volcanoes (see Supplementary Table 1 for data and 88 

references). (D) Sketch showing how laccolith and forced fold growth may relate through 89 

time. 90 

 91 

Many volcano deformation models use analytical approaches that embed simple 92 

source geometries within homogeneous, isotropic, and linearly elastic host materials (Fig. 93 

1A) (e.g., Mogi, 1958; Okada, 1985; McTigue, 1987; Fialko et al., 2001; Masterlark, 2007; 94 

Galland and Scheibert, 2013; Nikkhoo et al., 2016; Crozier et al., 2023). Of these models, 95 

most adopt an elastic half-space framework with a uniform pressure or volume change 96 

boundary condition applied to the source, which induces displacement around the entirety of 97 

the source (i.e. roof, floor, and side-wall deformation; e.g., Fig. 1A) (e.g., Mogi, 1958; 98 

Okada, 1985; McTigue, 1987; Fialko et al., 2001; Masterlark, 2007; Hautmann et al., 2010; 99 

Hickey et al., 2013). However, elastic half-space solutions may not be suitable for modelling 100 

shallow (≲5 km) intrusions, where roof uplift via elastic bending dominates and little or no 101 

floor subsidence occurs (e.g., Jackson et al., 2013; van Wyk de Vries et al., 2014; Magee et 102 

al., 2019). For such shallow-level, tabular intrusions, some analytical methods apply thin 103 

elastic plate bending solutions to simulate displacement (Fig. 1B) (e.g., Pollard and Johnson, 104 



1973; Kerr and Pollard, 1998; Bunger and Cruden, 2011; Galland and Scheibert, 2013; Castro 105 

et al., 2016; Scheibert et al., 2017). Regardless of whether simple analytical models use an 106 

elastic half-space or thin plate bending, we know they are wrong to some extent because: (1) 107 

assumptions of homogeneity and isotropy in the crust are rarely valid (e.g., Manconi et al., 108 

2007; Segall, 2010; Galland, 2012; Hickey et al., 2016); and (2) they do not account for 109 

synchronous inelastic space-making processes (e.g., compaction, fluidisation) (e.g., Morgan 110 

et al., 2008; Currenti et al., 2010; Schofield et al., 2012). Yet simple analytical models remain 111 

widely used because uncertainties in their assumptions (and outputs) are outweighed by their 112 

low computational cost, which enable a first-order assessment of source properties in a 113 

timeframe pertinent to real-time decision-making during unrest (e.g., Garthwaite et al., 2019; 114 

Taylor et al., 2021; Parks et al., 2023). Furthermore, where little is known about the physical 115 

properties of the intrusion or surrounding crust, the simplifying assumptions of an elastic half 116 

space model may be preferable to poorly constrained complexity. Whilst simple analytical 117 

models do commonly fit observed displacement data, we expect there to be limits to their 118 

applicability (e.g., Battaglia and Hill, 2009; Crozier et al., 2023). Independent geophysical 119 

data (e.g., gravity), or testing sensitivity using synthetic data or analogue models (e.g., 120 

Crozier et al., 2023; Poppe et al., 2024), can provide insight into the suitability of an elastic 121 

half space or flexure-based approach. However, natural examples where known and modelled 122 

source properties can be confidently compared are very rare. 123 

 Seismic reflection data allow us to measure ancient, intrusion- induced surface uplift 124 

(forced folds) and determine the 3D geometry and location of underlying, solidified magma 125 

bodies at metre- to decametre-scale resolutions (Fig. 1B) (e.g., Hansen and Cartwright, 2006; 126 

Jackson et al., 2013; Magee et al., 2013; Reynolds et al., 2017). Here, we examine an Early 127 

Cretaceous laccolith that was emplaced at <2 km depth and uplifted (bended) overlying strata 128 

by 100’s m across an area of ~14 km2 in the Exmouth Plateau sedimentary basin, offshore 129 



NW Australia (Dobb et al., 2022). We remove the effect of burial-related compaction to 130 

recover the final, pre-burial surface displacement developed over the lifetime of the laccolith 131 

(e.g., Smallwood, 2009; Magee et al., 2019). From these decompacted data we calculate syn-132 

emplacement surface elevation changes and use these to extract plausible horizontal 133 

components of displacement, which we scale to mm–m based on the assumption of a uniform 134 

deformation rate. We aim to test whether our inferred surface displacements are well 135 

described by analytical volcano deformation models. Given the laccolithic geometry and 136 

shallow emplacement depth of the intrusion, we test the applicability of a thin plate bending 137 

solution (Galland and Scheibert, 2013) and penny shaped crack and rectangular dislocation 138 

elastic half-space models (e.g., Fig. 1A) (e.g., Okada, 1985; Fialko et al., 2001). We show 139 

that both analytical approaches, using either thin plate bending or elastic half-space methods, 140 

seem to reliably capture intrusion positions and lateral extents, but not emplacement depths. 141 

By analytically modelling surface displacement patterns extracted from seismic reflection 142 

data, we can compare estimated source properties to the observed parameters of natural 143 

intrusions in 3D. 144 

 145 

2. Comparing geodetic and seismic reflection data 146 

2.1 Seismic reflection data, intrusions, and forced folds 147 

Seismic reflection data can image igneous intrusions, typically in sedimentary basins, and 148 

show that some are overlain by uplifted strata with current reliefs of 10’s–100’s m (Figs 1B 149 

and C) (e.g., Hansen and Cartwright, 2006; Jackson et al., 2013; Magee et al., 2019). We 150 

term these areas of overburden uplift ‘forced folds’ because their “shape and trend are 151 

dominated by the shape of some forcing member [i.e., a magma intrusion] below” (Stearns, 152 

1978); by this definition, magmatic deformation at active volcanoes can also be categorized 153 

as forced folding (e.g., van Wyk de Vries et al., 2014; Karlstrom et al., 2018). Where such 154 



forced folds are imaged in seismic reflection data, or exposed at Earth’s surface, they 155 

typically reveal the total lifetime impact of shallow-level (<4 km depths) intrusions on host 156 

rock deformation (Fig. 1B). Specifically, these examples show space is primarily generated 157 

by overburden uplift, often involving elastic bending (folding) and occasional faulting, with 158 

minimal or no floor subsidence (Fig. 1B) (e.g., Hansen and Cartwright, 2006; Magee et al., 159 

2013; Magee et al., 2017a; Magee et al., 2018). Critically, the tops of intrusion-induced 160 

forced folds are often marked by onlap of overlying reflections, which indicates they 161 

represent the syn-emplacement free surface (Fig. 1B) (e.g., Trude et al., 2003; Hansen and 162 

Cartwright, 2006; Jackson et al., 2013). By removing the effects of burial-related compaction 163 

we can thus recover and quantify the final, pre-burial geometry of forced fold tops (Magee et 164 

al., 2019; Tian et al., 2021; Wang et al., 2022); i.e., from this we can measure the total 165 

intrusion- induced displacement of the surface.  166 

 167 

2.2 Displacement scale 168 

There are differences in the magnitude and timeframe of displacements estimated from 169 

seismic reflection data and from contemporary geodetic observations (e.g., GNSS, InSAR, or 170 

levelling) (Fig. 1C; Supplementary Table 1) (cf. Karlstrom et al., 2018). The geometry of 171 

seismically imaged forced folds captures the total surface displacement, typically 10’s–100’s 172 

m, acquired over the entire or most of the lifetime of shallow-level intrusions (Fig. 1C) (e.g., 173 

Magee et al., 2019; Tian et al., 2021; Wang et al., 2022). Yet it is often difficult to determine 174 

whether displacement accrued in a single intrusion event, or incrementally through multiple 175 

episodes of injection (e.g., Magee et al., 2017b; Reeves et al., 2018). In contrast, surface 176 

uplift at active volcanoes typically involves mm–m displacements recorded over days-to-177 

years, reflecting only incremental recharge or growth of a magmatic system, and may be 178 

transient/reversible (at depths of ~0–15 km; Fig. 1C) (e.g., Menand, 2008; Ebmeier et al., 179 



2018; Karlstrom et al., 2018; Biggs and Wright, 2020). Larger magnitudes of uplift akin to 180 

those observed in seismic reflection data have occasionally been observed at active volcanoes 181 

(e.g., Castro et al., 2016; Chadwick Jr et al., 2019). For example, 200 m of surface uplift 182 

across ~12 km2 occurred over a month due to laccolith intrusion at Cordón Caulle, Chile in 183 

2011 (Fig. 1C) (Castro et al., 2016).  184 

Our seismic reflection data do not allow us to establish whether measured surface 185 

displacements accrued in a single event, or incrementally due to successive emplacement of 186 

small magma pulses. We explore a snapshot of forced fold development by scaling 187 

displacement magnitudes whilst maintaining their spatial pattern on the assumption that the 188 

laccolith grew incrementally due to a sequence of similar intrusions; i.e., this makes them 189 

similar in scale (i.e. mm–m) to surface movements often recorded at active volcanoes (Figs 190 

1C and D). This snapshot of displacement could represent: (1) a portion of forced fold growth 191 

during one continuous intrusion event; or (2) a small-scale uplift event related to injection of 192 

a discrete magma pulse that contributed to incremental laccolith growth. Inherent to our 193 

approach is the assumption that laccolith and forced fold lateral dimensions were established 194 

early, with intrusion inflation and vertical uplift dominating after (Fig. 1D). This approach is 195 

motivated by the dimensional similarity of many ancient plutons, as well as overlap in 196 

planimetric areas of geodetically and seismically imaged displacement patterns (Fig. 1C) 197 

(e.g., Cruden and McCaffrey, 2001; Karlstrom et al., 2018). These geometrical similarities 198 

suggest intrusion growth occurs via horizontal expansion before thickening (e.g., Cruden and 199 

McCaffrey, 2001; Menand, 2008).    200 

 201 

2.3 3D displacement distribution 202 

Many elastic half-space models assume magma reservoir recharge or growth results in roof 203 

uplift and floor subsidence, as well as side-wall displacement in some solutions (e.g., Fig. 204 



1A) (e.g., Mogi, 1958; Okada, 1985; McTigue, 1987; Fialko et al., 2001). Yet seismic 205 

reflection data, as well as field observations, reveal displacement associated with shallow-206 

level intrusions is often accommodated by roof uplift via elastic bending (Fig. 1B) (e.g., 207 

Pollard and Johnson, 1973; Koch et al., 1981; Magee et al., 2013). Where roof uplift via 208 

elastic bending is the only mechanism creating space for magma, we may expect the 209 

amplitude and volume of the forced fold relates simply to the intrusion thickness and volume, 210 

depending on its depth and pressure (Pollard and Johnson, 1973; Bunger and Cruden, 2011; 211 

Galland and Scheibert, 2013; Scheibert et al., 2017). However, if we were to invert surface 212 

displacements from uplift generated by elastic bending using elastic half-space models, our 213 

estimated source properties would be based on the assumption that floor subsidence, and 214 

potentially side-wall deformation depending on model chosen, contributes to space 215 

generation (Fig. 1A). In this scenario, we would expect a rectangular dislocation or penny-216 

shaped crack analytical solution to overestimate source depth and volume change.  217 

 218 

3. Seismic reflection analysis 219 

In this section we: (1) provide the geological context of our study area; (2) describe the 220 

seismic reflection data and our decompaction method; and (3) present the decompacted 221 

surface displacement pattern of the forced fold. 222 

 223 

3.1 Geological setting 224 

The Exmouth Plateau covers ~300,000 km2 of the North Carnarvon Basin, offshore NW 225 

Australia (Fig. 2A) (e.g., Willcox and Exon, 1976; Longley et al., 2002; Stagg et al., 2004; 226 

Direen et al., 2008). As Australia and Greater India separated in the Mesozoic, rifting 227 

produced normal faults that: (1) offset the Triassic, fluvio-deltaic, siliciclastic Mungaroo 228 

Formation; and (2) accommodated a thin siliciclastic sequence of Late Triassic-to-Jurassic 229 



shallow marine sandstones and siltstones (e.g., Brigadier Formation and Murat Siltstone) and 230 

the deep marine Dingo Claystone (Figs 2A-C) (e.g., Willcox and Exon, 1976; Tindale et al., 231 

1998; Stagg et al., 2004; Bilal and McClay, 2022). Regional uplift and development of the 232 

Base Cretaceous unconformity towards the end of rifting preceded rapid subsidence and 233 

deposition of the Barrow Group (e.g., Reeve et al., 2016; Paumard et al., 2018; Reeve et al., 234 

2022). Magmatism between the Kimmeridgian and Berriasian produced sills and dykes 235 

within these strata across the southern extent of the North Carnarvon Basin (e.g., Fig. 2C) 236 

(e.g., Symonds et al., 1998; Magee et al., 2013; Rohrman, 2013; Magee et al., 2017b; Magee 237 

and Jackson, 2020; Norcliffe et al., 2021; Curtis et al., 2023). 238 

 239 



 240 

Figure 2: (A) Time-structure map of the Top Mungaroo Formation highlighting the normal 241 

fault architecture across the Glencoe 3D survey, as well as the study area and outline of the 242 

laccolith (Dobb et al., 2022). Borehole locations shown are: 1 = Chester-1ST1; 2 = Warror-243 

1; 3 = Nimblefoot-1; 4 = Rimfire-1; 5 = Glencoe-1; 6 = Briseis-1; 7 = Chester-2. Inset: 244 

location of the Glencoe 3D survey within the North Carnarvon Basin (NCB) offshore NW 245 

Australia. (B) Stratigraphic column for the study area (based on Hocking et al., 1987; 246 

Hocking, 1992; Tindale et al., 1998; Longley et al., 2002). (C) Uninterpreted and interpreted 247 



seismic reflection sections showing the structural and stratigraphic framework for the 248 

laccolith and forced fold stratigraphic framework of the studied intrusion and fold (modified 249 

from Dobb et al., 2022). See Figure 2A for location. 250 

 251 

The laccolith we study is ~4.5 × 3.0 km in plan-view and comprises a main tabular 252 

body typically ~260–320 m thick, but up to 504–617 m thick in places, and encompassing 253 

inclined sheets up to ~300 m high (Fig. 2C) (Dobb et al., 2022). Seismic-stratigraphic onlap 254 

relationships onto the overlying forced fold indicate it, and the laccolith, likely formed in the 255 

Berriasian during two principal phases of activity (Fig. 2C) (Dobb et al., 2022; Curtis et al., 256 

2023); we cannot decipher whether each of these two phases of activity represent single 257 

events, or if they comprised multiple, incremental intrusion and deformation episodes. The 258 

first phase of laccolith and forced fold development occurred when Horizon 1 marked the 259 

contemporaneous free surface (Fig. 2C). The top of the forced fold, Horizon 2, marks the 260 

second phase of laccolith emplacement and here the fold is ~5.0 × 3.5 km in plan-view, has a 261 

subtle dome-shaped morphology with a monoclinal rim, and has a current maximum 262 

amplitude (fmax) of ~191–268 m (Fig. 2C) (Dobb et al., 2022). Development of reverse faults 263 

above the edges of the laccolith and outer-arc extensional (intra-fold) faults across the fold 264 

accompanied uplift (Figs 2C) (Dobb et al., 2022; Curtis et al., 2023). There is no evidence for 265 

post-emplacement modification of or erosion across the forced fold (Dobb et al., 2022). 266 

Minor folding of strata occurs above Horizon 2 but this deformation is attributable to 267 

differential compaction during burial (Fig. 2C) (Dobb et al., 2022).  268 

 269 

3.2 Data 270 

The Glencoe 3D seismic reflection survey is zero-phase and time-migrated, covering an area 271 

of ~4042 km2 with a line spacing of 25 m and recorded to a depth of ~8 s two-way time 272 



(TWT) (Fig. 2A). Although no boreholes intersect the forced fold, we use boreholes across 273 

the Glencoe survey to (Fig. 2C) (Harmer and Whelan, 2012): (1) determine the lithology of 274 

the folded strata; (2) establish a time-depth relationship for the sedimentary sequence, 275 

allowing us to depth-convert measurements from seconds two-way time (TWT) to metres 276 

(Supplementary Figure 1 and Supplementary Table 2); and (3) calculate the limits of 277 

separability and visibility (i.e., indicators of vertical resolution), which given a dominant 278 

frequency of 25 Hz are ~56 (±6) m and ~7 (±1) m, respectively (Dobb et al., 2022). The 279 

horizontal resolution of the time-migrated seismic reflection data is likely up to ~30 (±5) m 280 

(i.e., λ/4). We depth-convert laccolith measurements assuming the intrusion has a seismic 281 

velocity of ~5.55(±10%) km s-1, which captures the typical range of mafic igneous rocks 282 

(e.g., Skogly, 1998; Planke et al., 2005; Magee et al., 2015).  283 

 284 

3.3 Decompaction method 285 

As ancient intrusions and forced folds are buried within sedimentary basins, compaction of 286 

the folded strata reduces the fold amplitude and the vertical distance between the fold and 287 

intrusion tops (i.e., emplacement depth) (e.g., Magee et al., 2019). We focus solely on the 288 

second phase of laccolith development and its corresponding displacement of Horizon 2. To 289 

remove the effects of burial-related compaction and recover the initial forced fold geometry 290 

at Horizon 2 (i.e., its surface displacement pattern), we decompact and backstrip the folded 291 

sequence (Magee et al., 2019). We first define a likely pre-deformation datum for Horizon 2 292 

by removing the fold and extrapolating the regional trend of the remaining surface across this 293 

cropped area (e.g., Fig. 3A). From both Horizon 2 and its pre-deformation datum, as well the 294 

top and base laccolith surfaces, we extract gridded point arrays with regular 50 m spacings. 295 

The points comprising each array have coincident x and y co-ordinates and thus just vary in 296 

their depth (z) (Fig. 3A). We denote Horizon 2 depths as z1, with depths of its pre-297 



deformation datum being z2a; the current fold amplitude (f) at Horizon 2 is thus z1 - z2a (Figs 298 

3A and B). 299 

 300 

 301 

Figure 3A: (A) Schematic showing how the top forced fold surface, its pre-deformation 302 

datum, and the top and base laccolith contacts are gridded into point arrays. (B) Sketch of 303 

decompaction process involving removal of the overburden and recovery of initial porosity 304 

(φ0), such that z1 becomes z3 and the initial fold amplitude (f0) and laccolith emplacement 305 

depth can be calculated by converting z2a and z2b to z4a and z4b, respectively (based on Allen 306 

and Allen, 2013). (C) Plots showing possible relationships between the error envelopes for 307 

the initial fold amplitude (f0) and intrusion thickness (t0) given conservative maximum (max.) 308 

and minimum (min.) estimates for both. There are seven possible scenarios: (1) t0 > f0; (2) t0 309 

< f0; (3) t0 > f0 but there is some overlap where we cannot know whether t0 or f0 is greater for 310 

that restricted parameter range; (4) t0 < f0 but there is some overlap; (5 and 6) either t0 > f0, 311 

t0 < f0, or they overlap; and (7) the error envelopes of both t0 and f0 completely overlap. 312 

Scenarios 1, 2, and 7 represent end-members that can be assigned to the corners of a ternary 313 

diagram, whereas scenarios 3 and 4 will lie somewhere on the intrusion-overlap or fold-314 

overlap axis, respectively. Scenarios 5 and 6 will plot in the interior of the ternary diagram. 315 



 316 

We remove the overburden, such that z1 becomes the new free surface (z3 = 0 m), and 317 

restore the current porosity (φ) of the folded sequence to its initial porosity (φ0) using: 318 

 319 𝑧4 − 𝑧3 = 𝑧2 − 𝑧1 −  𝜑0𝑐 (𝑒−𝑐𝑧1 −  𝑒−𝑐𝑧2) + 𝜑0𝑐 (𝑒−𝑐𝑧3 −  𝑒−𝑐𝑧4)    (1) 320 

 321 

where c is the compaction coefficient (Fig. 3B) (Allen and Allen, 2013). With equation 1 we 322 

convert z2 to z4, such that the initial fold amplitude (f0) of Horizon 2 is z3 - z4 (Figs 3A and 323 

B). Treating the laccolith top as z2b (and thus z4b) also allows us to estimate laccolith 324 

emplacement depths (Magee et al., 2019). We consider that once solidified and cooled, the 325 

laccolith was incompressible, so its current thickness (t) is equivalent to its initial thickness 326 

(t0) (Fig. 3B). 327 

Our decompaction approach is limited because estimates of φ0 and c are not available 328 

for the folded strata analysed (Dobb et al., 2022). To account for this uncertainty, we use a 329 

range of realistic values for of φ0 and c given that the Chester-2 borehole indicates the folded 330 

sequence comprises interbedded sandstones, siltstones, marls, and calcilutites (Harmer and 331 

Whelan, 2012). Specifically, we consider φ0 ranges from 0.2–0.68, consistent with a range of 332 

siliciclastic sequences, and c ranges from 0.1–0.7 km (Allen and Allen, 2013; Lai et al., 333 

2022). To compare t0 and f0 given our uncertainty in their input variables (e.g., seismic 334 

velocities and material properties), we calculate percentage probabilities and use a ternary 335 

plot to define where t0 or f0 may be greater, or if their range overlaps, at any given point (Fig. 336 

3C). As the end-members of our input parameter ranges are extreme and represent less likely 337 

scenarios, we also provide decompacted measurements considering a probable scenario 338 

where the folded succession is a muddy sandstone, consistent with local borehole data, with a 339 



φ0 of 0.55 and c of 0.39 (Allen and Allen, 2013), and the seismic velocity of the laccolith is 340 

5.55 km s-1. All data are provided in Supplementary Table 3. 341 

 342 

3.4 Results 343 

The elevation change pattern of the forced fold is broadly dome-shaped at Horizon 2 with 344 

prominent monoclinal rims (Figs 2C and 4A). Our decompaction analysis reveals that the 345 

fold here covers an area of ~17 km2, had an initial maximum amplitude (f0max) of ~189–402 346 

m, and a volume of ~1.1–2.6 km3 (Figs 1C and 4B). For our probable scenario, f0max is ~309 347 

m and the fold volume ~1.9 km3 (Fig. 4B). In comparison, the laccolith has an area of ~10 348 

km2, an initial maximum thickness (t0max) of ~509–662 m, and volume of ~2.7–3.3 km3 (Fig. 349 

4B). Regardless of uncertainty in variables used in our decompaction analysis, the laccolith 350 

seems consistently thicker than or at least broadly similar to f0, except around its edge and 351 

partly along a NNE-trending linear zone that extends northwards from the intrusion centre 352 

(Fig. 4C). The mean depth of the top laccolith beneath Horizon 2 ranges from ~0.50–0.89 km 353 

and is ~0.76 km for the considered probable scenario; the decompacted, syn-emplacement 354 

centroid depth range of the laccolith is ~0.63–1.05 km given it is on average ~260–320 m 355 

thick (Fig. 4C). For a mean laccolith length of ~3.75 km, the radius-to-depth ratio of the 356 

laccolith is thus ~3.6–6.0.  357 

 358 



 359 



Figure 4: (A) Depth-converted structure map of Horizon 2 within the study area. (B) Initial 360 

fold amplitude and laccolith thickness maps following decompaction and backstripping of the 361 

overburden. Because we cannot know the initial porosity (φ0) or compaction coefficient (c) of 362 

the deformed strata we calculate maximum (Max) and minimum (Min) end-members, and a 363 

probable intermediate (Int) scenario. Similarly, for the laccolith, we do not know its seismic 364 

velocity, so we calculate maximum (Max) and minimum (Min) end-members, and a probable 365 

intermediate (Int) scenario, assuming its velocity is 5.55(±10%) km s-1. (C) Map and ternary 366 

diagram depicting likely relationships between initial fold amplitude and laccolith thickness 367 

given uncertainties in input parameters. 368 

 369 

4. Analysing ancient deformation 370 

We have decompacted the surface displacement of the forced fold at Horizon 2 and 371 

quantified the underlying laccolith geometry, whilst accounting for uncertainties in our 372 

analysis. Here, we describe the modelling approach employed to estimate potential source 373 

properties from this surface displacement data. We recognise that some emplacement and 374 

folding occurred prior to deposition of Horizon 2 (Fig. 2C), when Horizon 1 marked the 375 

contemporaneous surface (Dobb et al., 2022). The surface displacements we recover from 376 

decompaction of Horizon 2 will therefore not wholly reflect the full geometry (volume or 377 

thickness) of the laccolith. However, we still expect estimated source location, plan-view size 378 

(e.g., radius), and emplacement depths to broadly equal those of the observed laccolith. Given 379 

the tabular geometry of the intrusion studied (e.g., Fig. 2C), we test analytical solutions for 380 

bending of a thin elastic plate above shallow-level laccoliths (Galland and Scheibert, 2013) 381 

and displacements around penny-shaped crack and rectangular dislocation sources embedded 382 

within an elastic half-space (Okada, 1985; Fialko et al., 2001).  383 

 384 



4.1 From elevation change to co-intrusive displacements 385 

Volcano deformation modelling aims to estimate source intrusion properties from measured 386 

surface displacements (e.g., Segall, 2010). By decompacting our seismic reflection data, we 387 

recover the distribution of surface displacement for the forced fold (i.e., its initial geometry) 388 

and from this measure the initial fold amplitude (f0) (Fig. 4B). These f0 measurements 389 

describe the elevation change, i.e., vertical displacement (UZ), at any location across the 390 

forced fold (Fig. 5A). To align these surface displacement measurements with data we may 391 

collect at active volcanoes, we create a triangular mesh from our Horizon 2 point-array and 392 

for each resolved triangle define the x and y co-ordinates of their centroid and a 393 

corresponding mean UZ of its three vertices (Figs 3A and 5A). We can consider each of these 394 

centroids as equivalent to a levelling station; i.e., instruments that solely record changes in 395 

elevation (e.g., Fig. 5B) (e.g., Sigmundsson et al., 2018). By inverting this UZ data we can 396 

thus model an end-member scenario where all displacements have a vertical trajectory (Fig. 397 

5B).   398 

 399 



 400 

Figure 5: (A) Sketch showing derivation of vertical (UZ), horizontal (UH), and total (UT) 401 

displacement components for each centroid of a triangular mesh. (C) Schematic showing the 402 

difference in displacement trajectories between levelling stations, which only record vertical 403 

movements, and GNSS stations, which record the full 3D displacement field. 404 

 405 

 Horizontal surface displacements (UH) are sensitive to, and thus help constrain, source 406 

geometry (e.g., Battaglia and Hill, 2009). However, we cannot determine the occurrence or 407 

magnitude of UH using seismic reflection data. We therefore simulate a plausible scenario by 408 

estimating horizontal displacements from our UZ data and assuming the local pre-deformation 409 



datum followed the regional-trend topography of Horizon 2. Specifically, we project the 410 

mean normal vector of each triangle within the mesh from its centroid down to the pre-411 

deformation datum (Fig. 5A). From these vectors we can trigonometrically determine a 412 

possible UH and its north-south and east-west components (Fig. 5A). By using our measured 413 

UZ data and estimating UH, we can consider each centroid as equivalent to a GNSS station; 414 

i.e., instruments that record changes in elevation and lateral position (e.g., Fig. 5B) (e.g., 415 

Dzurisin, 2006). Implicit to our scenario involving UH derived from the fold surface normal is 416 

that displacement occurred along radial trajectories (Fig. 5B). 417 

Our calculated UZ and UH displacements represent the total surface movement 418 

associated with cumulative laccolith emplacement. However, the magnitudes of our 419 

displacements are 10’s–100’s m, unlike the mm–m scale deformation we observe at many 420 

active volcanoes (Fig. 1D). To aid comparison between ancient and active systems, we scale 421 

our calculated displacement by 103, moving from m- to mm-scale deformation Fig. 1D). This 422 

mm-scale scenario likely does not reflect an actual stage of forced fold growth but we treat 423 

this as a theoretical scenario where the laccolith was built up gradual by successive, similar 424 

intrusions (e.g., Figs 1D and 5B). Our mm-scale scenario maintains the relative fold 425 

geometry, so we expect estimated source locations and emplacement depths to be broadly 426 

commensurate with measurements.  427 

 428 

4.2 Modelling procedure 429 

4.2.1 Thin plate bending 430 

Thin elastic plate theory describes how the flexural rigidity of a material, i.e., its resistance to 431 

bending, effects the displacement of a plate as a transverse load is applied (Fig. 1B) (e.g., 432 

Timoshenko and Woinowsky-Krieger, 1959). We use an axisymmetric, analytical, forward 433 

model to formulate surface displacements generated by bending of a thin elastic plate above a 434 



tabular intrusion lying on a deformable elastic foundation (Galland and Scheibert, 2013). As 435 

the observed forced fold extends beyond the laterals limits of the laccolith (Figs 2C and 4A), 436 

we expect the elastic foundation (underburden) to be softer than the overlying bending plate 437 

(Galland and Scheibert, 2013). We compare these predicted vertical and horizontal 438 

displacement profiles to those measured along a transect that extends from the centre of the 439 

laccolith to the NE along its long axis. For each modelled displacement profile, we 440 

characterise its fit to our measured displacement data through R2 and mean percentage error 441 

analyses (e.g., Castro et al., 2016). Within our models we assign Poisson’s ratio (v) to equal 442 

0.25, as is often assumed in the volcano deformation literature (see Heap et al., 2020 and 443 

references therein). Due to uncertainties in other input variables, we model a range of 444 

scenarios, constrained where possible by our data, and assume a uniform pressure distribution 445 

within the laccolith (Table 1). Other thin plate bending solutions that account for fracture 446 

propagation, magma flow, magma weight, and/or plastic host rock deformation at intrusion 447 

tips are available (e.g., Bunger and Cruden, 2011; Scheibert et al., 2017). We do not utilise 448 

these solutions currently because their additional variables and associated uncertainties add 449 

further complexity while we choose to focus on first-order similarities.  450 

 451 

 452 

 453 

4.2.2 Elastic half-space modelling 454 

For our elastic half-space analytical modelling, we invert surface displacements using 455 

Geodetic Bayesian Inversion Software (GBIS) and Volcano Source Modelling (VSM) 456 

Table 1: Input parameters for thin plate elastic bending using the analytical solution of Galland and Scheibert (2013)

Variable description Notation Unit Values Justification

Laccolith radius a m 3000, 4500 Measured laccolith short and long axes

Laccolith depth h m 500, 890
Decompacted emplacement depth estimates of top 

laccolith

Young's modulus E Pa 0.01e10, 0.1e10, 1e10, 2e10
0.1-20 GPa considered reasonable for weakly lithified 

seafloor muddy sandstones

Pressure distribution parameter n - 0 Uniform pressure distribution

Elastic foundation stiffness k N/m3 10e5, 10e7
Poorly constrained but found reasonable by Castro et 

al., (2016)

Pressure at laccolith centre and periphery P  and Pa Pa 1e2, 1e3
Other values tried but these produced best fits. P  and 

Pa  equal to maintain uniform pressure



software to estimate geodetic source (intrusion) properties (Bagnardi and Hooper, 2018; 457 

Trasatti, 2022). We specifically use GBIS to model the proxy GNSS data as it is a more 458 

widely used software, and VSM for modelling the levelling stations as it has built- in 459 

functionality to handle these data (Bagnardi and Hooper, 2018; Trasatti, 2022). For 460 

computational efficiency of the elastic half-space solutions, we randomly downsample the 461 

number of modelled triangle centroids (stations) from 13,765 to 25 (Supplementary Tables 4 462 

and 5). To account for uncertainty in the data, we randomly assign a standard deviation error 463 

of 1–10 mm to the displacement components for each station (Supplementary Tables 4 and 464 

5), which is consistent with typical error magnitudes (Bagnardi and Hooper, 2018). Within 465 

our models we assign Poisson’s ratio (v) to equal 0.25, as is often assumed in the volcano 466 

deformation literature (see Heap et al., 2020 and references therein), and where relevant we 467 

arbitrarily set Young’s modulus (E) to 1 GPa. In VSM we use both the Bayesian inversion 468 

(BI) and neighbourhood algorithm (NA) approaches for inverse modelling (Trasatti, 2022). 469 

For each GBIS and VSM model, regardless of the inversion method, we test 1×106 samples 470 

(Bagnardi and Hooper, 2018; Trasatti, 2022).  471 

As a first-pass assessment of model validity, we present either: (1) the 2.5 and 97.5 472 

percentiles of each intrusion variable calculated by GBIS (Bagnardi and Hooper, 2018); or 473 

(2) the misfit calculated in VSM (Trasatti, 2022). From the optimal source properties defined 474 

for each inverse model, we forward model the intrusion parameters to generate predicted 475 

displacements across the entire forced fold (Bagnardi and Hooper, 2018). We then compare 476 

these predicted displacements to those of our depth-converted and decompacted fold 477 

measurements by calculating residuals (Bagnardi and Hooper, 2018). Although our 478 

displacement data are normalised to mm-scales, we calculate the mean percentage error of 479 

these residuals at the 25 stations used in our inverse models as a relative proxy for quality of 480 

fit.  481 



 482 

4.3 Modelling results 483 

4.3.1 Thin plate bending 484 

Our thin plate elastic bending models all predict vertical displacements that have a bell-485 

shaped morphology, peaking above the laccolith centroid (e.g., Fig. 6; Supplementary File 1). 486 

Horizontal displacements reduce to 0 m above the laccolith centroid and peak towards its 487 

lateral edge (e.g., Fig. 6; Supplementary File 1). These modelled vertical and horizontal 488 

displacements all extend beyond the recognised limit of the forced fold, to greater distances 489 

for larger modelled laccoliths (e.g., Fig. 6). Many input parameter combinations modelled 490 

produce extremely poor fits to measured displacements, particularly for horizontal 491 

displacements (Table 2). However, some modelled vertical displacement profiles display R2 492 

fits of >0.5 (up to 0.9) to measured vertical displacements, although their corresponding 493 

mean percentage errors are still >100% (Table 2). These quality-of-fit indices suggest that 494 

thin-plate bending cannot easily describe the shape of the ancient displacements (Fig. 6; 495 

Table 2). 496 

 497 

 498 



Figure 6: Plot comparing measured vertical (UZ) and horizontal (UH) displacements to those 499 

modelled using a thin plate bending analytical solution (Galland and Scheibert, 2013). Only 500 

modelled input parameter combinations producing R2 fits to the data >0.5 are plotted. The 501 

inset map highlights the plot profile extends from the fold centroid along its long axis to the 502 

NE. 503 



 504 

Table 2: Thin elastic plate bending modelling results

a h E k Overpressure* Vertical displ. Horizontal displ. Vertical displ. Horizontal displ.

(km) (km) (GPa) (N/m3) (MPa) (%) (%)

0.0001 -1.34 -1.14 100 104

0.001 -1.23 -1.10 106 202

0.0001 -1.32 -1.14 104 117

0.001 -1.08 -1.08 159 343

0.0001 -1.33 -1.13 100 112

0.001 -1.13 -1.06 111 295

0.0001 -1.30 -1.13 106 135

0.001 -0.90 -1.02 187 534

0.0001 -1.16 -1.07 2 250

0.001 0.17 -0.50 179 1747

0.0001 -1.06 -1.05 129 379

0.001 0.66 -0.40 466 3073

0.0001 0.07 -0.52 147 1490

0.001 - - 1176 14527

0.0001 0.36 -0.46 257 2217

0.001 - - 2506 21875

0.0001 -1.35 -1.14 100 99

0.001 -1.32 -1.13 102 137

0.0001 -1.34 -1.14 101 104

0.001 -1.27 -1.12 122 205

0.0001 -1.35 -1.14 100 102

0.001 -1.30 -1.11 103 173

0.0001 -1.34 -1.14 102 112

0.001 -1.22 -1.09 133 288

0.0001 -1.31 -1.12 101 151

0.001 -0.98 -0.90 118 707

0.0001 -1.28 -1.11 109 214

0.001 -0.68 -0.81 222 1364

0.0001 -1.03 -0.92 108 580

0.001 0.75 0.00 234 5132

0.0001 -0.89 -0.87 143 939

0.001 0.90 -0.39 651 8764

0.0001 -0.67 -0.63 116 141

0.001 -0.29 -0.56 306 594

0.0001 -0.64 -0.62 138 161

0.001 -0.03 -0.54 550 807

0.0001 -0.63 -0.62 134 187

0.001 0.04 -0.49 502 1078

0.0001 -0.58 -0.61 168 221

0.001 0.36 -0.46 885 1434

0.0001 -0.02 -0.49 445 1009

0.001 - -0.62 4002 9424

0.0001 0.15 -0.48 620 1204

0.001 - -1.27 5904 11390

0.0001 - -0.53 3678 9039

0.001 - - 37636 90646

0.0001 - -0.82 4628 10121

0.001 - - 47138 101522

0.0001 -0.71 -0.63 103 110

0.001 -0.62 -0.61 139 263

0.0001 -0.70 -0.63 109 119

0.001 -0.52 -0.59 221 366

0.0001 -0.70 -0.63 105 124

0.001 -0.55 -0.58 176 423

0.0001 -0.68 -0.63 116 141

0.001 -0.39 -0.56 302 599

0.0001 -0.57 -0.59 160 390

0.001 0.43 -0.30 798 3171

0.0001 -0.50 -0.57 212 485

0.001 0.69 -0.34 1357 4139

0.0001 0.36 -0.30 712 2982

0.001 - - 6992 29412

0.0001 0.54 -0.30 973 3513

0.001 - - 9811 34777

Input variable Mean percentage error

*Magma overpressure is calculated from input P and Pa values, and lithostatic load (see Galland and 

Scheibert, 2013)

R2 value
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 505 

4.3.2 Elastic half-space models 506 

Most of our inverse models converge to a best-fit solution, except for models of levelling- like 507 

data (i.e., just UZ) using the penny shaped crack solution in VSM, which does not converge 508 

for either the BI or NA methods (Supplementary Table 3; Supplementary File 2). The 509 

estimated intrusion centroids for all converging penny shaped crack and rectangular 510 

dislocation models are within 500 m of the measured laccolith horizontal location (Figs 7 and 511 

8; Supplementary Table 6). Rectangular dislocation sources retrieved from analytical models 512 

have a similar strike and planimetric area (8.65–11.24 km2) to the observed laccolith (~10 513 

km2), and there is little difference between those obtained from our simulated 3D 514 

displacements (Figs 7 and 8; Supplementary Table 6). The rectangular dislocation sources are 515 

shorter than the laccolith as defined by the seismic reflection data, but their corners extend 516 

beyond the laccolith limits (Figs 7 and 8). Measured vertical displacements are greater than 517 

those modelled, except above these rectangular source corners (Figs 7 and 8); i.e., the forced 518 

fold seen in the seismic reflection data has a dome-like morphology, but rectangular 519 

dislocation models would predict flat-topped deformation. Mean percentage errors for the 520 

measured and rectangular dislocation model vertical displacements are 28–42% 521 

(Supplementary Table 6). In contrast to the rectangular dislocation sources, the optimal 522 

penny-shaped crack source has a diameter similar to the laccolith long axis and forced fold 523 

short axis, and a planimetric area of 15.11 km2 (Fig. 8; Supplementary Table 6). Vertical 524 

displacements modelled above the penny shaped crack source are greater than those 525 

measured above the laccolith centroid, but less than measured vertical displacements above 526 

the NE and SW portions of the laccolith (Fig. 8). The mean percentage error for the measured 527 

and penny shaped crack model vertical displacements is 57% (Supplementary Table 6). The 528 

estimated distribution of E-W and N-S horizontal displacement derived from our seismic 529 



reflection data is more complex than that predicted by the optimal models (Fig. 8). Although 530 

there are similarities in the pattern and magnitude of measured and modelled horizontal 531 

displacements, they have mean percentage errors >140% (Fig. 8; Supplementary Table 6). 532 

Estimated centroid (emplacement) depths for the penny shaped crack and rectangular 533 

dislocation models are 0.16–0.41 km (Supplementary Table 6), which do not overlap with the 534 

decompacted emplacement depth range of the laccolith centroid (~0.63–1.05 km). 535 

 536 

 537 

Figure 7: (A) Map of measured UZ, highlighting the 25 stations selected for modelling, 538 

compared to a forward model of the optimal scenario derived from inverse modelling of 539 

levelling-like data. Residual map highlights the difference to measured displacement (displ.). 540 

(B) Transects oriented E-W and N-S through the area (see maps for locations) are also 541 

provided to compare measured and modelled displacement. 542 



 543 

 544 

Figure 8: Map of measured UZ and estimated UH, highlighting the 25 stations selected for 545 

modelling, compared to forward models of the optimal scenarios derived from inverse 546 

modelling of GNSS-like data. Residual map highlights the difference to measured 547 



displacement (displ.). (B) Transects oriented E-W and N-S through the area (see maps for 548 

locations) are also provided to compare measured and modelled displacement. 549 

 550 

5. Discussion 551 

5.1 Burial-related compaction and intrusion-fold discrepancies 552 

If space for magma emplacement is solely generated by overburden uplift, we may expect the 553 

location, shape, and size of the produced forced fold and its associated surface deformation to 554 

relate simply to that of the intrusion (e.g., Galland and Scheibert, 2013). The current 555 

maximum amplitude (fmax) of our studied forced fold at Horizon 2 is ~191–268 m (Dobb et 556 

al., 2022). Given the maximum laccolith thickness (tmax) is ~504–617 m, the ratio fmax / tmax is 557 

~0.31–0.53 (Fig. 9). Seismic reflection-based studies of other intrusions have recognised 558 

similar fmax / tmax relationships, some with fmax / tmax ratios as low as ~0.15 (Fig. 9) (Hansen 559 

and Cartwright, 2006; Jackson et al., 2013; Magee et al., 2013; Magee et al., 2019). The 560 

magnitude of published fmax / tmax values, as well as field observations, have been used to 561 

suggest other space-making mechanisms contemporaneously accommodate magma 562 

emplacement in addition to uplift (e.g., Hansen and Cartwright, 2006; Morgan et al., 2008; 563 

Schofield et al., 2012; Jackson et al., 2013; Magee et al., 2013; Magee et al., 2019). These 564 

other space-making mechanisms include: (1) compressibility of shallow, especially bubbly 565 

magma (e.g., Alshembari et al., 2022); and (2) inelastic deformation of the surrounding 566 

country rock (e.g., viscoelastic, compaction) (e.g., Bonafede et al., 1986; Morgan et al., 2008; 567 

Schofield et al., 2012; Head et al., 2019). If space for magma is partly generated by one or 568 

more of these space-making mechanisms, we may expect the relationship between the 569 

location, shape, and size of any contemporaneous surface displacement and intrusion to be 570 

more complicated (e.g., Galland, 2012; Jackson et al., 2013; Magee et al., 2013). For 571 



example, source volume and/or mass may be underestimated if surface displacements do not 572 

fully reflect the space needed to accommodate intrusion growth or pressurisation.  573 

 574 

 575 

Figure 9: Plot comparing current maximum forced fold amplitudes (fmax) and maximum 576 

intrusion thicknesses (tmax) measured in seismic reflection data from the: (1) Bight Basin, 577 

offshore southern Australia (Jackson et al., 2013); (2) Exmouth Sub-basin, offshore north-578 

western Australia (Magee et al., 2013); and (3) Rockall Basin, NE Atlantic (Hansen and 579 

Cartwright, 2006; Magee et al., 2019). Only Magee et al. (2019) decompacted and 580 

backstripped their data to also estimate initial maximum fold amplitudes; we follow this 581 

approach and given the uncertainties we consider present the possible range of the current 582 

and initial maximum fold amplitude. 583 

 584 

Most seismic-based analyses comparing intrusion and forced fold geometries and size 585 

are limited because they do not quantitatively account for: (1) burial-related compaction of 586 



the folded strata, which reduces fold amplitude but not the thickness of crystallised, (near-587 

)incompressible intrusions, thereby causing fmax < tmax (Magee et al., 2019); or (2) ductile 588 

strain and the upwards widening of many intrusion- induced forced folds, which to maintain 589 

their volume leads to a reduction in fold amplitude (e.g., Pollard and Johnson, 1973; Withjack 590 

et al., 1990; Hansen and Cartwright, 2006). Decompaction and backstripping techniques 591 

show estimated initial forced fold amplitudes are greater than current measurements, which in 592 

places fully accounts for fmax < tmax, i.e., f0 = t0 (e.g., Magee et al., 2019). Here, we show that 593 

the initial maximum amplitude (f0max) of the forced fold at Horizon 2 is ~189–402 m (Figs 4B 594 

and 9), so the ratio f0max / t0max is ~0.31–0.80, assuming t = t0. Indeed, across most of the fold, 595 

except its edges, f0 < t0 (Fig. 4C). With our 3D seismic reflection data, we can also calculate 596 

fold and intrusion volumes. The volume of the forced fold at Horizon 2 (~1.13–2.59 km3) is 597 

smaller than the laccolith volume (~2.68–3.27 km3), with the ratio between the two being 598 

~0.35–0.97. Although errors such as changes in seismic velocity or material properties could 599 

affect our initial fold or intrusion estimates (e.g., amplitude, thickness, or volume), we adopt 600 

a conservative approach that accounts for the likely range of these uncertainties (Magee et al., 601 

2019). We therefore have confidence that our f0 / t0 ratio of ~0.31–0.80 and the forced fold / 602 

intrusion volume ratio of 0.35–0.97 are real. These discrepancies in forced fold and intrusion 603 

properties can, at least partly, be explained by the recognised two-phase growth of the 604 

laccolith (Dobb et al., 2022). Specifically, the forced fold at Horizon 2 only reflects the 605 

magma volume emplaced during the second phase of intrusion, but we compare this to the 606 

cumulative laccolith thickness and volume as we cannot separate its components. However, it 607 

is also plausible that some of the discrepancies can be attributed to: (1) the expected upwards 608 

decay of fold amplitude to maintain its volume as the fold widens (e.g., Pollard and Johnson, 609 

1973; Withjack et al., 1990; Hansen and Cartwright, 2006); and/or (2) the occurrence of other 610 



space-making mechanisms in accommodating magma emplacement (e.g., Galland, 2012; 611 

Jackson et al., 2013; Magee et al., 2013).  612 

 613 

5.2 Testing volcano deformation models 614 

Models represent simplifications of systems so inevitably are, to some degree, wrong (Box, 615 

1976). We know analytical models of volcano deformation are limited by assumptions 616 

regarding intrusion geometry, material properties, and deformation behaviours (e.g., Mogi, 617 

1958; Okada, 1985; McTigue, 1987; Fialko et al., 2001; Masterlark, 2007; Hautmann et al., 618 

2010; Bunger and Cruden, 2011; Galland, 2012; Hickey et al., 2013; Magee et al., 2013; 619 

Hickey et al., 2016). Here, we compare source estimates derived from volcano deformation 620 

analytical solutions to an observed ancient intrusion imaged in seismic reflection data. 621 

Specifically, from our decompacted forced fold geometry, which represents the cumulative 622 

effects of laccolith growth, we model a plausible surface displacement scenario that 623 

represents a potential short-lived stage of fold growth (Fig. 1D). Our approach maintains the 624 

fold geometry and aligns with evidence that intrusion lateral extents are established early 625 

before inflation and roof uplift dominates (e.g., Cruden and McCaffrey, 2001; Karlstrom et 626 

al., 2018). However, the fit of source estimates obtained from analytical volcano deformation 627 

models will be limited by assumptions inherent to the solutions and uncertainties within our 628 

decompaction, backstripping, and scaling method. 629 

 Despite sources of error and uncertainty, our forward and inverse models produce 630 

surface displacements and source estimates that are comparable to those measured from our 631 

seismic reflection data (Figs 6-8). For example, the vertical displacement profiles obtained 632 

from some thin plate bending forward models are broadly similar (R2 >0.5) to the observed 633 

forced fold geometry (Fig. 6; Supplementary Table 6). Inverse modelling using penny shaped 634 

crack and rectangular dislocation analytical solutions also estimates source locations and 635 



planimetric geometries that broadly fit those of the observed laccolith (Figs 6 and 7). These 636 

similarities lend confidence to both the usage of these analytical solutions, and our scaling 637 

approach for comparing surface displacement data from active and ancient systems.  638 

There are differences between the predicted vertical and, where applicable, horizontal 639 

displacement patterns of the analytical models relative to those acquired from the seismic 640 

reflection data (Figs 6-8). For example, if pure elastic bending accommodates uplift, we 641 

expect produced forced folds to have a bell-like geometry and a power-law relationship 642 

between its amplitude and laccolith length (Figs 1B and 10A) (e.g., Pollard and Johnson, 643 

1973; Kerr and Pollard, 1998; Galland and Scheibert, 2013). Whilst the vertical displacement 644 

profiles obtained from our thin plate bending models are bell-shaped, the observed forced 645 

fold has a prominent monoclinal rim and flatter top (Figs 2C and 6). We also find that source 646 

depths (0.16–0.41 km) derived from penny shaped crack and rectangular dislocation solutions 647 

underestimate measured emplacement depths (~0.63–1.05 km). Our range of emplacement 648 

depths estimated from the seismic reflection data accounts for uncertainty in our seismic 649 

interpretation and decompaction method. We thus have some confidence that this 650 

underestimate of ~0.22–0.89 km highlights a potential limitation of the penny shaped crack 651 

and rectangular dislocation models. In comparison, previous elastic half-space studies have 652 

found point source (Mogi) and finite volume sphere analytical solutions tend to overestimate 653 

source depths of shallow intrusions as they only work optimally when the intrusion radius-to-654 

depth ratio is ≲0.4 or ≲0.6, respectively (Taylor et al., 2021); for context, the radius-to-depth 655 

ratio of our laccolith is ~3.6–6.0. 656 

 657 



 658 

Figure 10: Schematics showing how source deformation (i.e., magma emplacement) 659 

translates into surface displacements. Inset plots describe how vertical and horizontal 660 

surface displacements (displ.) compare to the thickness (thick.) and extent of an underlying 661 

laccolith. (A) Bending of a think elastic plate above a laccolith (Galland and Scheibert, 662 

2013). (B) Penny shaped crack elastic half-space model (Fialko et al., 2001). (C) 663 

Rectangular dislocation elastic half-space model (Okada, 1985). (D) Likely scenario where 664 

inflation of a laccolith with a complex shape is spatially accommodated by a combination of 665 

elastic deformation, of both the roof and floor, and inelastic processes such as viscoelasticity, 666 

compaction, and those related to bending (e.g., flexural slip along rock boundaries, outer-arc 667 

extension). The occurrence of elastic and inelastic deformation means surface displacements 668 

are more decoupled from the laccolith geometry (D) than scenarios where only elastic 669 

deformation is considered (A-C). 670 

 671 



Variations in observed and predicted displacements probably reflect the simplicity of 672 

the analytical models, and the likelihood that displacement trajectories of surface locations 673 

were not vertical or surface-normal (cf. Figs 5B and 10). Specifically, analytical solutions 674 

cannot account for the complex geometry of natural intrusions (e.g., Galland, 2012; Poppe et 675 

al., 2024); e.g., our laccolith has neither the form of a rectangular dislocation or a penny 676 

shaped crack (Figs 2C, 4B, and 10). Nor do these analytical solutions consider how the 677 

magnitude and distribution of displacement may be influenced by: (1) complex magma 678 

dynamics (e.g., magma weight, non-uniform pressure distributions) (e.g., Bunger and Cruden, 679 

2011); (2) host rock heterogeneity and anisotropy (e.g., layering), which changes elastic 680 

properties of rocks and for thin plate bending models reduces the elastic thickness of the 681 

overburden thereby increasing source depth estimates (e.g., Pollard and Johnson, 1973; 682 

Manconi et al., 2007; Currenti et al., 2010; Geyer and Gottsmann, 2010; Hautmann et al., 683 

2010); or (3) contemporaneous space generation via inelastic deformation, perhaps related to 684 

extension or compression within bending layers or viscoelastic deformation adjacent to the 685 

laccolith (Fig. 10D) (e.g., Pollard and Johnson, 1973; Koch et al., 1981; Jackson and Pollard, 686 

1990; Morgan et al., 2008; Wilson et al., 2016). Overall, it is likely a combination of elastic 687 

and inelastic processes contributes to space generation for magma, complicating its 688 

translation into surface uplift (Fig. 10D). 689 

 690 

6. Conclusions 691 

Modelling volcano deformation data is critical to eruption forecasting, hazard assessment, 692 

and understanding volcanic unrest because it allows us to estimate potential source 693 

geometries, locations, and conditions that can be used to infer magma supply characteristics. 694 

The application of analytical solutions is particularly widespread because they are 695 

computationally cheap and can be executed rapidly. Yet these models assume deformation 696 



sources have a simple geometry and the host material deforms elastically. Seismic reflection 697 

data offers a unique opportunity to test volcano deformation models as they can image 698 

ancient intrusions and overburden deformation in 3D at metre-to-decametre scales. Using 699 

seismic reflection data, we map the 3D geometry of an ancient laccolith and an overlying, 700 

dome-shaped area of uplifted strata (i.e., a forced fold) from the Exmouth Plateau, offshore 701 

NW Australia. We recover the initial, pre-burial geometry of the forced fold by decompacting 702 

and backstripping the deformed sequence using conservative estimates of material properties. 703 

Our results show that the forced fold likely had a maximum amplitude of ~189–402 m and 704 

volume of ~1.13–2.59 km3 immediately after the final phase of magma emplacement. In 705 

contrast, the laccolith, which was emplaced at a depth of ~0.63–1.05 km, has a maximum 706 

thickness of 504–617 m, and a volume of ~2.68–3.27 km3. The discrepancy between the fold 707 

and intrusion volumes reflects the presence of some magma prior to emplacement of the melt 708 

that instigated uplift, but also suggests other mechanisms (e.g., compaction) created space for 709 

the magma. We use thin elastic plate bending and elastic half-space, specifically penny 710 

shaped crack and rectangular dislocation, analytical solutions to forward and inverse model 711 

the recovered surface deformation of the forced fold. These models provide estimates of 712 

source (intrusion) properties that we compare to those measured directly from the seismic 713 

reflection data. To aid comparison between ancient and active magmatic systems, we scale 714 

our recovered displacement magnitudes down, whilst maintaining their spatial distribution, so 715 

they are akin to the mm–m displacements commonly observed at active volcanoes. All model 716 

estimates of laccolith size and horizontal position are reasonably similar to those measured, 717 

lending confidence to our approach. However, differences in modelled and measured surface 718 

displacements indicate the analytical solutions are limited in their ability to fit data. For 719 

example, the penny shaped crack and rectangular dislocation solutions underestimate 720 

emplacement depth by ~0.22–0.89 km. These discrepancies in source depth likely reflect the 721 



simplicity of the models relative to the heterogeneous, anisotropic, and non-linearly elastic 722 

nature of the subsurface and the processes that accommodate emplacement (e.g., other space-723 

making mechanisms). Overall, our work emphasises the utility of seismic reflection data in 724 

helping assess the applicability of volcano deformation models. 725 
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