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Abstract 8 

The architecture of subsurface magma plumbing systems influences a variety of igneous 9 

processes, including the physiochemical evolution of magma and extrusion sites. Seismic 10 

reflection data provides a unique opportunity to image and analyze these sub-volcanic 11 

systems in 3-D and has arguably revolutionized our understanding of magma emplacement. 12 

In particular, the observation of (i) interconnected sills, (ii) transgressive sill limbs, and (iii) 13 

magma flow indicators in seismic data suggest that sill-complexes can facilitate significant 14 

lateral (10’s-100’s km) and vertical (<5 km) magma transport. However, it is often difficult 15 

to determine the validity of seismic interpretations of igneous features because: (i) they are 16 

rarely drilled; and (ii) our ability to compare seismically imaged features to potential field 17 

analogues is hampered by the limited resolution of seismic data. Here, we use field 18 

observations to constrain a series of novel seismic forward models that examine how 19 

different sill morphologies may be expressed in seismic data. By varying the geologic 20 

architecture (e.g., host rock lithology and intrusion thickness) and seismic properties (e.g., 21 

frequency), the models demonstrate that seismic amplitude variations and reflection 22 

configurations can be used to constrain intrusion geometry. However, our results also 23 

highlight that stratigraphic reflections can interfere with reflections generated at the intrusive 24 

contacts, and may thus produce seismic artefacts that could be misinterpreted as real features. 25 
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This study emphasizes the value of seismic data to understanding magmatic systems and 26 

demonstrates the role that synthetic seismic forward modelling can play in bridging the gap 27 

between seismic data and field observations.  28 

 29 

1. Introduction 30 

 31 

Subsurface networks of igneous intrusions comprise a series of interconnected conduits and 32 

reservoirs. The architecture of these systems influences the physiochemical evolution of 33 

magma (e.g., Holness and Humphreys, 2003; Magee et al., 2013a), extrusion location (e.g., 34 

Gaffney et al., 2007), and the accumulation of economic resources (e.g., Bedard et al., 2012; 35 

Holford et al., 2012). Establishing the geometry of individual intrusions and their 36 

connectivity is thus crucial to understanding igneous processes. Resolving entire intrusion 37 

geometries in the field is, however, hampered by a lack of high-quality, fully three-38 

dimensional exposure and the 2-D nature of the Earth’s surface (Fig. 1). Geophysical 39 

techniques such as magnetotellurics, InSAR, and reflection seismology have therefore been 40 

employed to either constrain subsurface intrusions or track real-time magma migration (e.g., 41 

Smallwood and Maresh, 2002; Wright et al., 2006; Biggs et al., 2011; Pagli et al., 2012). Of 42 

these techniques, reflection seismology arguably provides the most complete and detailed 43 

imaging of individual intrusions and intrusion systems. In particular, intrusions within 44 

sedimentary basins can be easily identified and mapped in 2-D and 3-D seismic reflection 45 

data due to the large acoustic impedance contrast between igneous rocks and encasing strata 46 

(Smallwood and Maresh, 2002). Seismic studies have thus revolutionized our understanding 47 

of intrusion systems in sedimentary basins, providing spectacular images of vertically and 48 

laterally extensive complexes of strata-concordant and/or saucer-shaped sills (e.g., Fig. 1) 49 

(e.g., Symonds et al., 1998; Smallwood and Maresh, 2002; Thomson and Hutton, 2004; 50 



Planke et al., 2005; Polteau et al., 2008; Magee et al., 2013b; Magee et al., 2014a; Sun et al., 51 

2014). Mapping of magma flow indicators in these data has led to an emerging consensus that 52 

magma can be transported over significant lateral (up to hundreds of kilometers) and vertical 53 

(up to several kilometers) distances via interconnected sills and transgressive inclined sheets 54 

(e.g., Cartwright and Hansen, 2006; Magee et al., 2014a). Detailed analyses of these intrusion 55 

systems has also shown that: (i) the architecture of magma networks is influenced by the host 56 

rock structure, in particular bedding discontinuities and fractures, and lithology (Schofield et 57 

al., 2012a; Jackson et al., 2013; Magee et al., 2013c); (ii) igneous activity may be protracted 58 

(e.g., incremental intrusion over 15 Myr; Magee et al., 2014a); and (iii) sill-complex 59 

construction can impact the distribution and style of host rock deformation (Magee et al., 60 

2014a) and volcanism (Magee et al., 2013d). Constraining the validity of these observations 61 

is, however, difficult to accomplish because of the limited vertical and horizontal resolution 62 

of seismic reflection data (c. ≥ 20 m for igneous rocks) and the lack of boreholes intersecting 63 

igneous intrusions.  64 

 To help provide a better understanding of the general seismic expression of intrusions, 65 

we conduct seismic forward modelling to examine how sill geometries observed in the field 66 

are manifested in seismic reflection data. By creating simple geometric geologic models and 67 

using real host rock mechanical properties (e.g., Fig. 1), we examine: (i) whether seismic data 68 

can be used to determine the connectivity within sill-complexes, i.e. can magma migrate to 69 

the surface through a network of sills? (Cartwright and Hansen, 2006); (ii) what inclined sill 70 

limbs tell us about magma propagation and emplacement mechanisms; and (iii) the utility of 71 

subtle geometric features interpreted in seismic data to constraining magma flow directions. 72 

Our results demonstrate that intrusion geometries observed in the field can be this tuning in 73 

(synthetic) seismic data. Interference between intrusions and the encasing host rock 74 

reflections can, however, generate seismic artefacts that may be misinterpreted. 75 



 76 

2. Synthetic Seismic Forward Modelling of Igneous Intrusions 77 

Magmatic bodies are traditionally mapped in seismic data by picking high-amplitude 78 

reflections that are considered to correspond to the upper contact between an intrusion and 79 

the encasing host rock (Smallwood and Maresh, 2002; Thomson, 2005). Occasionally, 80 

underlying high-amplitude reflections are observed that may correlate to the lower intrusive 81 

contact (e.g., Hansen and Cartwright, 2006; Jackson et al., 2013). Where both contacts are 82 

discernable, the mapped intrusions resemble, at least geometrically, those observed in the 83 

field (e.g., Jackson et al., 2013). Most intrusions are, however, expressed as ‘tuned’ reflection 84 

packages (e.g., Fig. 1) (Smallwood and Maresh, 2002). This tuning effect occurs when the 85 

vertical intrusion thickness is between the limit of separability and the limit of visibility of 86 

the seismic data (sensu Brown, 2004). In this scenario, the reflections emanating from the 87 

upper and lower intrusion contact interfere and cannot be distinguished (Widess, 1973; 88 

Smallwood and Maresh, 2002; Brown, 2004; Hansen et al., 2008). Although these tuned 89 

reflection packages broadly correspond to the 3-D intrusion geometry, the sill thickness can 90 

only be estimated to lie between the calculated limits of separability and visibility (e.g., 91 

Jackson et al., 2013). The same is true for magma flow indicators, which are typically on the 92 

cusp of the vertical seismic resolution (Schofield et al., 2012a). By assessing how pre-defined 93 

intrusion morphologies (Fig. 2) are expressed in 2-D seismic reflection data, we aim to 94 

examine the validity of seismic-based interpretations concerning the development of intrusion 95 

systems and determine if further information can be recovered from real data.  96 

 97 

2.1. Modelled intrusion geometries 98 

 99 

2.1.1. Large-scale intrusive features and sill connectivity 100 



Field- and seismic-based studies indicate that many magmatic networks within sedimentary 101 

basins consist of interconnected, strata-concordant (Fig. 1A) and/or saucer-shaped sills (Fig. 102 

1B) (e.g., Symonds et al., 1998; Smallwood and Maresh, 2002; Thomson and Hutton, 2004; 103 

Planke et al., 2005; Polteau et al., 2008). To assess the overall expression of such intrusions 104 

in seismic reflection data, we developed a simple 2-D geometric model (Fig. 2A). The model 105 

is comprised of a 100 m thick, strata-concordant sill (Sill 1) underlain by a saucer-shaped sill 106 

(Sill 2) (Fig. 2A). Because sills commonly taper towards their tips (Hansen and Cartwright, 107 

2006; Hansen et al., 2011), Sill 1 thins laterally (Fig. 2A). The left-hand sill tip thins 108 

relatively gradually (top contact dip of 15°) whilst the right-hand termination thins more 109 

abruptly (top contact dip of 40°) (Fig. 2A). In contrast, the 100 m thick, strata-concordant 110 

portion of Sill 2 transitions laterally into inclined limbs, which dip inwards at 25° (Fig. 2A). 111 

This simple framework model provides a context for further examination of the seismic 112 

imaging of: (i) connected and unconnected sills; and (ii) inclined sill limbs that either cross-113 

cut a homogeneous or interbedded stratigraphy. 114 

 115 

2.1.2. Magma flow indicators 116 

Sheet intrusions, typically, do not initially intrude as bodies of magma with significant along-117 

strike extents (e.g., Rickwood, 1990; Schofield et al., 2012b). Instead, the initial phase of 118 

emplacement is commonly dominated by the propagation of thin, discrete ‘magma segments’, 119 

which may be vertically and/or laterally offset from each other (Fig. 3) (e.g., Rickwood, 120 

1990; Schofield et al., 2012b). Dependent on the behavior of the host rock during intrusion, 121 

the inflation and eventual coalescence of segments as magma input increases can produce a 122 

range of structures (e.g., intrusive steps and magma fingers). These flow-related structures are 123 

superimposed onto the overall morphology of a continuous sheet intrusion (Fig. 3) (Schofield 124 

et al., 2012b). Although there are various magma flow indicators that can be observed in the 125 



field, for simplicity, we focus particularly on intrusive steps and magma fingers. Importantly, 126 

the long axes of these structures are a proxy for the primary magma flow axis (Fig. 3) (Magee 127 

et al., 2012; Schofield et al., 2012b). Identifying types of magma flow indicators can also 128 

constrain the syn-emplacement host rock behavior; i.e. intrusive steps occur via brittle 129 

fracturing, whereas magma fingers form through non-brittle processes (Pollard et al., 1975; 130 

Rickwood, 1990; Hutton, 2009; Schofield et al., 2010; Schofield et al., 2012a; Schofield et 131 

al., 2012b).  132 

Mapping magma flow indicators in seismic data, such as intrusive steps and magma 133 

fingers (e.g., Figs 1C-D and 3), can thus provide important insights into how melt migrates 134 

through a basin and where major magma reservoirs and/or sources reside (Schofield et al., 135 

2010; Schofield et al., 2012a; Schofield et al., 2012b; Magee et al., 2014a). Analyzing flow 136 

indicators is also crucial to reconstructing the magmatic history of a sedimentary basin (e.g., 137 

Schofield et al., 2012a; Magee et al., 2014a). However, the size of intrusive steps and magma 138 

fingers is typically at or below the limit of separability, which means that they are likely to 139 

only appear as small vertical offsets and amplitude variations in the mapped reflections (e.g., 140 

Figs 1C-D) (Schofield et al., 2012a; Magee et al., 2014a). It can thus be difficult to 141 

differentiate the type of magma flow indicator, or if the mapped offsets actually correspond 142 

to flow-related structures or if they are simply geophysical artifacts. Because of the 143 

uncertainty in the interpretation of magma flow indicators, it is pertinent to assess how such 144 

structures are expressed in seismic data. 145 

The models of magma flow indicators represent a cross-section through the inner 146 

portion of a centrally fed, saucer-shaped sill and oriented orthogonal to the magma flow 147 

direction (Fig. 2B). Figure 2C depicts a series of intrusive steps (Schofield et al., 2012b). It 148 

should be noted that, in this model (Fig. 2C), we assume that there are small (20 m), lateral 149 

overlaps between each 50 m thick magmatic segment, producing intrusive steps with vertical 150 



offsets of 25 m and a local intrusion thickness of 75 m (cf. to geometry shown in Fig. 1C).  151 

Figure 2D shows a series of magma fingers, which are elliptical in cross-section when 152 

isolated (Schofield et al., 2010; Schofield et al., 2012b), or form a magma lobe upon finger 153 

coalescence (Thomson and Hutton, 2004). Magma fingers observed in the field typically have 154 

an average height/width aspect ratio of 0.27 (Table. 1); this morphology was incorporated 155 

into the model (Fig. 2D). Hypothetical magma fingers with an aspect ratio of 0.65 are also 156 

modelled to test how alternate finger geometries may impact seismic expression (Fig. 2D).  157 

  158 

2.2. Rock Properties 159 

Seismic forward modelling of igneous intrusions requires attributing realistic physical 160 

properties to the igneous rocks and the sedimentary host rocks. In absence of well data, it is 161 

commonly assumed that seismically imaged igneous intrusions are basaltic and have a p-162 

wave velocity (Vp) of c. 5.55 km s-1 and a density (ρ) of c. 2.8 g m3 (Skogly, 1998; Berndt et 163 

al., 2000; Bartetzko et al., 2005); we adopt these values in our models (Table. 2). It should be 164 

noted that the composition, velocity and density of igneous rocks can vary (e.g., Vp may 165 

range from 4–7.5 km s-1; Skogly, 1998; Berndt et al., 2000; Bartetzko et al., 2005). 166 

Regardless of potential compositional variations, the Vp of igneous rocks is typically 167 

significantly higher than those associated with the sedimentary host rock. The resulting 168 

acoustic impedance (density × velocity) contrast between intrusion and sedimentary host rock 169 

produces the characteristic high-amplitude reflections.  170 

We derived the physical properties for sandstone and shale host rocks from the 171 

porosity, density and elastic moduli of their individual components (water, quartz and 172 

smectite, respectively). To create synthetic seismic sections corresponding to a typical depth 173 

of 2.5 km, we first derived the host rock porosity (φ) according to Sclater and Christie (1980): 174 

 175 



𝜑(𝑧) = 𝜑0𝑒
−𝑐𝑧 176 

         177 

whereby, the porosity depth coefficient (c) is equal to 0.51 km-1 for shale and 0.27 km-1 for 178 

sandstone, assuming that the surface porosity (φ0) of shale is 0.63 and of sandstone is 0.49. 179 

The porosities were then calculated for a typical intrusion depth of 2.5 km (sandstone: 0.25 180 

and shale: 0.18), which is representative of the sub-seabed depths that intrusions occur at in 181 

real data. The density (ρ) of sandstone and shale at 2.5 km depth was calculated using 182 

averages of grain density (ρgrain) and fluid density (ρfluid) based on the previously calculated 183 

porosities (Table. 2): 184 

 185 

𝜌 = 𝜌𝑔𝑟𝑎𝑖𝑛 − 𝜑(𝜌𝑔𝑟𝑎𝑖𝑛 − 𝜌𝑓𝑙𝑢𝑖𝑑) 186 

                                                                     187 

Density values of 2.24 and 2.19 g cm-3 were derived for the sandstone and shale, respectively. 188 

We then calculated the corresponding bulk (k) and shear modulus (µ) for each rock type from 189 

the elastic moduli of its components and their volume fraction (fi) (Table. 2). We assumed the 190 

pore fluid to be water with a density of 1 g cm-3, a bulk modulus of 2.2 GPa and a shear 191 

modulus of zero. Since the shear modulus of water is zero, the Hashin-Shtrikman lower 192 

bound can be used to calculate the elastic moduli (Hashin and Shtrikman, 1963) (Table. 2):  193 

 194 

𝑘𝐻𝑆± = 𝑘1 +
𝑓2

1
𝑘2 − 𝑘1

+
𝑓1

𝑘1 +
4
3𝜇𝑚

 195 

 196 

𝜇𝐻𝑆± = 𝜇1 +
𝑓2

1
𝜇2 − 𝜇1

+
𝑓1

𝜇1 +
𝜇𝑚
6 (

9𝑘𝑚 + 8𝜇𝑚
𝑘𝑚 + 2𝜇𝑚

)

 197 



 198 

Note that we adapted the notation of Mavko et al. (2009). Finally, we used the elastic moduli 199 

to calculate the p-wave velocity (Vp): 200 

 201 

𝑉𝑝 =
√𝑘 +

4
3𝜇

𝜌
 202 

 203 

The resulting values, 1.92 km s-1 and 2.03 km s-1 for sandstone and shale respectively, are 204 

within range of previously reported examples (Jaeger et al. 2009). Bed thicknesses are 205 

modelled at either 50 m or 25 m to test how they may impact the expression of igneous 206 

intrusions. 207 

 208 

2.3. Seismic Modelling 209 

The input models were converted into synthetic seismic section by simulating a zero-offset 210 

survey using the Zoeppritz equations and a zero-phase Ricker wavelet typical for seismic 211 

forward modelling studies (e.g., Schwab et al., 2007; Holgate et al., 2014; Osagiede et al., 212 

2014). To assess the impact of seismic resolution, which is partially controlled by and, 213 

therefore, acts as a proxy for burial depth, on the expression of different intrusions, we varied 214 

the wavelet frequency; we chose peak frequencies of 13 Hz, 26 Hz and 45 Hz, which 215 

correspond to dominant frequencies of 10 Hz, 20 Hz and 35 Hz (Kallweit and Wood, 1982). 216 

Given a Vp of 5.55 km s-1 for the intrusions (Skogly, 1998), these frequencies can also be 217 

used to determine the limits of separability and visibility expected for the synthetic seismic 218 

data (Fig. 4). To assess the ‘ideal’ seismic expression of different intrusion geometries using 219 

synthetic seismic forward modelling, parameters that are likely to further degrade the seismic 220 

imaging quality are not accounted for. These include such as seismic noise and depth-221 



dependent amplitude and frequency decay. The imaging beneath the modelled intrusions is 222 

therefore of relatively high-quality, whereas a marked drop in reflection continuity and 223 

amplitude may be expected in real data (e.g., Hansen et al., 2008). 224 

 225 

3. Seismic expression of sills 226 

 227 

It is apparent from Figures 5 and 6 that the expression of intrusions in synthetic seismic data 228 

geometrically resembles the input models, particularly those that only incorporate a 229 

homogeneous sandstone host rock. In the 45 Hz, homogeneous host rock model, the sills 230 

display constant, moderate amplitudes when the intrusion thickness exceeds 51 m (Fig. 5B). 231 

Figure 5B shows that as the thickness decreases, constructive interference between the upper 232 

and lower contact reflections produces an increase in amplitude, which peaks at the limit of 233 

separability for the data (i.e. 31 m; Fig. 4). A continued decrease in intrusion thickness below 234 

the limit of separability corresponds to a reduction in the degree of constructive interference 235 

and a transition into destructive interference (Fig. 5B). This variation in the degree of 236 

interference is demarcated by decrease in amplitude (Fig. 5B). The ‘humped’ amplitude 237 

profile geometries characteristic of seismic interference between two lithological boundaries 238 

(Widess, 1973; Hansen et al., 2008) are developed at the lateral terminations of each sill (Fig. 239 

5B). Amplitude variations are also observed in the basal Sill 1 and top Sill 2 reflections 240 

immediately adjacent to the sill-sill junction, which is characterized by a break in reflection 241 

continuity (Fig. 5B). 242 

Similar amplitude profiles are associated with the sills in the 26 Hz, homogeneous 243 

sandstone host rock model (Fig. 5C). The sill junction is, however, more complex; the basal 244 

Sill 1 reflection and top Sill 2 reflection appear to extend upwards into the package that 245 

defines Sill 1 (Fig. 5C). Within the 13 Hz, homogeneous sandstone host rock model, the ≤100 246 



m thick sills (Fig. 2A) are below the limit of separability (i.e. 107 m; Fig. 4); there is thus no 247 

constructive interference or presence of ‘humped’ amplitude profiles towards the sill margins, 248 

but simply a reduction in amplitude where the intrusion thickness decreases further below the 249 

limit of separability (Fig. 5D). Complexity occurs at the sill junction, where the cumulative 250 

intrusion thickness locally increases to 175 m (Fig. 5D). In this location, a subdued increase 251 

in amplitude is observed to the left of the junction along the top Sill 2 reflection. The width of 252 

the poorly resolved connection is, however, characterized by abrupt decreases and increases 253 

in amplitude, particularly along the basal Sill 1 reflection (Fig. 5D). 254 

In comparison to those models containing a homogeneous host rock, Figure 6 255 

highlights the influence that a heterogeneous host rock has on the seismic expression of the 256 

sills. In all models, the inclined limb reflections, which cross-cut stratigraphy, appear to have 257 

a stepped morphology despite being planar (Fig. 6). Because these step-like structures are not 258 

related to magma propagation (cf. Fig. 3) (cf. Schofield et al., 2012b), we refer to them as 259 

‘pseudo-steps’. The pseudo-step geometry is most pronounced at lower frequencies (i.e. 13 260 

Hz; Fig. 6D), where it is clear that they correlate to abrupt fluctuations in amplitude.  261 

 262 

3.1. Resolvability of sill connectivity 263 

By examining the expression of sill junctions in detail (Fig. 7), we aim to establish whether 264 

amplitude variations or reflection geometries may be used to determine the connectivity of a 265 

sill-complex. So that we are isolating the impact of sill connectivity and not, for example, 266 

imaging amplitude variations associated with a heterogeneous host rock, we only use a 267 

homogeneous sandstone host rock. The connected sills within the 45 Hz model are 268 

distinguished by a break in the basal Sill 1 reflection (Fig. 7B). However, when the two sills 269 

are separated by 10 m or 50 m, the basal Sill 1 reflection is continuous (Figs 7F and J). In 270 

each 45 Hz model, the amplitude of the top Sill 2 reflection increases as it approaches Sill 1 271 



(Figs 7B, F and J). Amplitude variations are only observed along the basal Sill 2 reflection 272 

when a gap between the two sills is present (Figs 7F and J) and not when the sills are 273 

connected (Fig. 6B). At 26 Hz (Figs 6C, G and K), and particularly at 13 Hz (Figs 7D, H and 274 

L), the detail of the sill junction becomes harder to resolve. Figures 7D, H and L highlight 275 

that the top reflection of Sill 1 in the 13 Hz models, denoted by a yellow line, is more 276 

perturbed when the two sills are connected. Although only three of the generated seismic 277 

sections correspond to a connected sill (i.e. Figs 7B-D), most of the synthetic reflection 278 

configurations, perhaps with the exception of Figure 7J, appear to resemble sill-sill junctions.  279 

 280 

3.2. Seismic expression of inclined limbs 281 

Pseudo-steps occur in the seismic sections of planar inclined limbs encased by an interbedded 282 

host rock stratigraphy regardless of frequency, although they are more prominent at lower 283 

frequencies (Figs 5, 6 and 8). Figures 8H and L demonstrate that the lateral extent of 284 

individual pseudo-steps decreases as bed thickness decreases. A similar decrease in the lateral 285 

extent of pseudo-steps occurs in response to a reduction in inclined limb thickness (Figs 8H 286 

and P). In addition to the abrupt changes in amplitude associated with pseudo-steps, the 287 

‘apparent thickness’ of an intrusion (i.e. the vertical distance between the maximum peak and 288 

trough positions of the prominent top and basal reflections) varies with respect to the vertical 289 

thickness of the input model (Fig. 8). For example, the apparent thickness measured at the 290 

top-left termination of each inclined limb is greater than the vertical thickness of the input 291 

models (Fig. 8). Within individual models, across the rest of the intrusion, regardless of 292 

whether the top and base reflections are discretely defined, the apparent thickness appears to 293 

fluctuate (Fig. 8). In some instances the apparent thickness decreases below the vertical 294 

thickness of the input model (e.g., Figs 8F, G, H, N and O), although most seismograms 295 

demonstrate that apparent thicknesses greater than the vertical thickness of the input model is 296 



dominant. Despite all synthetic seismograms modelled with a heterogeneous host rock 297 

stratigraphy displaying variations in both apparent thickness and amplitude, there appears to 298 

be no systematic relationship between the two measured parameters. Several observations 299 

are, however, worth highlighting: (i) the apparent thickness of the inclined limb is greater 300 

than the vertical thickness of the input model (i.e. 75 m) for all synthetic seismograms 301 

generated from Figure 8I where the bed thickness is only 25 m (i.e. Figs 8J, K and L); (ii) 302 

maxima in the amplitude of top reflection in Figure 8L correspond to increases in apparent 303 

thickness; and (iii) conversely, peaks in apparent thickness along the inclined limb in Figure 304 

8K correlated to amplitude minima. 305 

 306 

3.3. Resolving magma flow indicators 307 

3.3.1. Intrusive steps 308 

Within a homogeneous host rock, intrusive steps are easily recognizable and the only 309 

fluctuations in amplitude occur at the magmatic segment connections (Figs 9B-D). Reducing 310 

the frequency of the data produces an increase in apparent thickness of the intrusion (Figs 311 

9B-D). The presence of a heterogeneous host rock stratigraphy, with beds parallel to the 312 

modelled intrusive segments, alters the seismic expression of the sill (Figs 9E-L). Depending 313 

on the bed thickness and the position of the segments relative to the different host rock 314 

lithologies (i.e. whether segments are immediately overlain by sandstone or shale), there are 315 

significant variations in: (i) the amplitude of each magmatic segment in individual models, 316 

with some segments seeming to ‘blend’ into the background stratigraphic reflections (e.g., 317 

Figs 9F-H); (ii) the apparent thickness of individual segments (e.g., Fig. 9H); and (iii) the 318 

vertical offset, or step height, between segments (e.g., Fig. 9K). 319 

 320 

3.3.2. Magma fingers 321 



Across all the models there are prominent variations in amplitude along the top and basal 322 

magma finger reflections, which spatially correlate to changes in the actual and apparent 323 

intrusion thickness (Fig. 10). Within homogeneous host rocks the true geometry of the 324 

magma fingers becomes less recognizable with a decrease in frequency, particularly for those 325 

with a higher aspect ratio (Figs 10B-D). The resolvability of magma finger geometries is 326 

further compounded by the addition of alternating sandstone and shale beds (Fig. 10). For 327 

example, the basal reflection of the magma fingers expressed in Figure 10H have a more 328 

prominent curvature than that of the top magma finger reflection. In Figure 10P it is the top 329 

magma finger reflection that displays a greater curvature. In both of these examples, the 330 

contact reflection displaying the greater curvature is primarily hosted by shale beds (Figs 10H 331 

and P). From the models presented in Figures 10H and P, it is also difficult to discern the 332 

high-aspect ratio magma fingers from the background stratigraphic reflections. Where the 333 

magma fingers cross-cut lithological boundaries, the synthetic seismic reflections 334 

corresponding to the host rock strata appear to onlap onto or are truncated by the intrusion. 335 

 336 

4. Discussion 337 

 338 

Whilst seismic data has revolutionized our understanding of magma plumbing systems within 339 

sedimentary basins, we rely upon qualitative visual comparison with field analogues to 340 

interpret the origin of intrusion morphologies imaged. For example, sill-sill junctions, subtle 341 

inclined limb geometries and magma flow indicators, all of which are key to elucidating the 342 

connectivity and emplacement of entire sill-complexes, are interpreted in seismic data based 343 

on field analogues. There are, however, two key problems associated with qualitative 344 

comparisons between seismic and field data: (i) seismic data is restricted in its resolution, 345 

such that smaller scale (typically <10–20 m) structures are not fully resolved; and (ii) the 3-D 346 



geometry of intrusions exposed in the field is commonly limited. By demonstrating that 347 

synthetic seismograms can generally reproduce the geometry of the input intrusion models, 348 

which incorporate a variety of field observations, our results represent an important first step 349 

in bridging the resolution gap between seismic and field data (Figs 5-10). 350 

In this section, we discuss the implications of our results in light of how the synthetic 351 

seismic produced relates to both real seismic and field examples. Overall, if the host rock is 352 

homogeneous, individual intrusion geometries are particularly well defined (e.g., Fig. 5). In 353 

these models it is apparent that variations in the amplitude profiles correspond to interference 354 

between the upper and lower contact reflections (Fig. 5). This tuning response occurs below 355 

the limit of separability and is a function of the intrusion thickness and frequency content of 356 

the seismic data (Widess, 1973; Smallwood and Maresh, 2002). The seismic expression (i.e. 357 

geometry and amplitude) of different intrusions may vary in response to changes in the 358 

frequency, the thickness of the intrusion, and the presence of interbedded strata (Figs 5 and 359 

6). Addition of a heterogeneous host rock stratigraphy complicates the seismic expression, 360 

i.e. the reflection configuration and amplitude, of igneous intrusions. These affects are 361 

considered in more detail below.  362 

 363 

4.1. Can seismic data be used to determine connectivity in sill-complexes? 364 

Extensive sill-complexes have been recognized in a variety of sedimentary basins (e.g., 365 

Karoo Basin, South Africa, Chevallier and Woodford, 1999; the Vøring and Møre basins, 366 

offshore Norway, Cartwright and Hansen, 2006; South Yellow Sea Basin, offshore China, 367 

Lee et al., 2006; offshore NW Australia, Rohrman, 2013; Rockall Basin, NE Atlantic, Magee 368 

et al., 2014a). In seismic data, these intrusion systems consist primarily of strata-concordant 369 

and/or saucer-shaped sills (Cartwright and Hansen, 2006), which appear to be connected via a 370 

range of sill junctions (e.g., Fig. 7A) (Hansen et al., 2004; Thomson and Hutton, 2004). 371 



Although these junctions can also form in response to sill abutment and, thus, may not be 372 

indicative of through-going magma flow pathways (Hansen et al., 2004; Thomson and 373 

Hutton, 2004; Galerne et al., 2011), sill-complexes are typically considered to transport 374 

magma over significant lateral and vertical distances through the upper crust (e.g., Cartwright 375 

and Hansen, 2006; Svensen et al., 2012; Magee et al., 2014a). However, limited seismic 376 

resolution and a paucity of field exposures mean that the assumed connectivity of entire sill-377 

complexes can rarely be physically confirmed. Assessing the degree of connectivity between 378 

sills is crucial to understanding whether sill-complexes can facilitate extensive lateral and 379 

vertical magma transport. This is important because mechanisms of magma migration in 380 

sedimentary basins can influence: (i) volcano distributions (Magee et al., 2013d); (ii) magma 381 

fractionation and contamination; and (iii) compartmentalization of fluids (Holford et al., 382 

2012; Holford et al., 2013).  383 

The modelled seismic expression of a junction between a strata-concordant sill and an 384 

underlying saucer-shaped sill reveals that the continuity and amplitude of intrusion-related 385 

reflections is sensitive to the frequency of the data (Figs 5-7). Within synthetic models with 386 

higher frequency contents, where the sill contacts are clearly resolved, the presence of gaps 387 

between the two intrusions can be inferred from the continuity of the lower Sill 1 reflection 388 

(Figs 7B, F and J). Importantly, our results highlight that slivers of host rock between the two 389 

intrusions, particularly when modelled with low frequencies (e.g., Fig. 7H), could easily be 390 

misinterpreted as a fully connected, sill-feeding-sill relationship (cf. Fig. 7D). However, there 391 

are several nuances in the imaging of the sill junction zone that may allow connectivity to be 392 

assessed. For example, there is a greater deflection in the peak wavelet position of the Sill 1 393 

tuned reflection package where the intrusions are connected (i.e. denoted by a yellow line in 394 

Fig. 7D) compared to those separated by host rock (Figs 7H and L). Figure 11 presents a real 395 

seismic example of a sill (i.e. Sill A) from the Rockall Basin, offshore NW Ireland, whereby 396 



a deflection in the peak wavelet position and a significant decrease in amplitude correspond 397 

to an inferred junction with the underlying Sill B. Although it is difficult to determine 398 

whether this narrow zone of low amplitude and peak wavelet deflection in Sill A corresponds 399 

to an intrusive step or not, the close proximity to and inferred trajectory of the underlying Sill 400 

B bears a similarity to Figure 7D and suggests that sills A and B are connected (Fig. 11). 401 

However, Figure 11 does highlight one issue with real seismic data, in that imaging 402 

immediately beneath a sill is typically poor due to the attenuation of energy in the intrusion. 403 

By determining the frequency content of the seismic data and analyzing variations in 404 

reflection configurations for a series of imaged sill junctions, it may be possible to establish 405 

connectivity across a sill-complex. Interpreted connections could be tested by mapping 406 

magma flow indicators, if present, to see if sills were fed from identified connections. 407 

 408 

4.2. What do inclined limbs tell us about magma emplacement mechanisms? 409 

Inclined limbs provide important magma flow pathways in sill-complexes, facilitating 410 

magma ascent through significant thicknesses (e.g., 2 km) of sedimentary strata (Thomson 411 

and Hutton, 2004; Cartwright and Hansen, 2006; Magee et al., 2013b; Magee et al., 2014a). 412 

Distinguishing whether emplacement of these limbs occurred via either the passive or 413 

forceful intrusion of magma intrusion is important because these mechanisms can result in 414 

different styles of host rock deformation, and thereby potentially control surrounding fluid 415 

flow (e.g., of hydrothermal fluids or hydrocarbons). For example, the forceful intrusion of 416 

magma is typically considered to be associated with the development of new fracture sets 417 

(e.g., Rubin, 1995), which may locally increase the permeability of the host rock. Conversely, 418 

passively emplaced limbs are likely to exploit pre-existing fractures and fractures (e.g., 419 

Magee et al., 2012), potentially forming baffles to subsequent fluid flow or influencing later 420 

fault reactivation (Holford et al., 2012; Holford et al., 2013; Magee et al., 2014b). 421 



Furthermore, identifying whether magma exploits pre-existing faults or fractures can provide 422 

important insights into the distribution of volcanoes (Gaffney et al., 2007). 423 

A number of mechanisms, which can be sub-divided into those resulting from either 424 

the passive or the forceful intrusion of magma, have been proposed to explain inclined limb 425 

formation: (i) emplacement of magma into tensile fractures generated by extensional strains 426 

applied to the host rock during intrusion-induced forced folding (Fig. 12A) (Thomson and 427 

Schofield, 2008; Galland and Scheibert, 2013; Magee et al., 2013c; Magee et al., 2014a); (ii) 428 

exploitation of reverse faults instigated by overburden uplift (Fig. 12B) (Thomson and 429 

Schofield, 2008); (iii) intrusion along pre-existing faults (Fig. 12C) (Bedard et al., 2012; 430 

McClay et al., 2013; Magee et al., 2014b) ; or (iv) forceful transgression of a sub-horizontal 431 

sill, hosted within a homogeneous elastic media, in response to asymmetrical stress fields 432 

generated during emplacement (Fig. 12D) (Malthe-Sørenssen et al., 2004). The first three 433 

mechanisms commonly produce relatively planar inclined limbs in cross-section (e.g., Fig. 434 

2A) (e.g., Thomson and Schofield, 2008; Magee et al., 2013b), whereas numerical modelling 435 

suggests that transgression induced by stress field variations results in an inclined limb with a 436 

stepped morphology (e.g., Fig. 2C) (Malthe-Sørenssen et al., 2004). Malthe-Sørenssen et al. 437 

(2004) provide a real seismic example of a sill offshore NW Australia with stepped inclined 438 

limbs, which they use to support their numerical modelling. 439 

Our models demonstrate that planar inclined limbs, which cross-cut stratigraphy, may 440 

appear to consist of prominent strata-concordant steps in seismic reflection data (Figs 6 and 441 

8). Figures 13A-C illustrate that these steps are a geophysical artefact, which we refer to as 442 

‘pseudo-steps’, generated by the interference between the sill and cross-cut bedding 443 

reflections. This cross-cutting relationship between the sill and stratigraphy effectively 444 

produces a series of ‘tuning wedges’ between the two interfaces (Fig. 13A) (cf. Widess, 445 

1973; Brown, 2004). When the vertical thickness of each wedge decreases below the limit of 446 



separability of the data, the corresponding sill reflection is pulled-up or pushed-down relative 447 

to its actual position (Fig. 13C). This tuning effect also superimposes abrupt increases or 448 

decreases in amplitude and apparent intrusion thickness along the length of the inclined limb 449 

(Fig. 13). Figure 14A documents a real example from a 3-D seismic dataset located in the 450 

Rockall Basin, offshore NW Ireland, whereby subtle changes in the dip of the inclined limb 451 

imaged: (i) coincide with reductions in amplitude; and (ii) approximately correlate to 452 

intersections between prominent stratigraphic horizons. Whilst it is difficult to fully ascertain 453 

the true geometry of igneous intrusions expressed by tuned reflections, we suggest that the 454 

inclined limb imaged in Figure 14B is actually planar, based on comparison to synthetic 455 

seismic models of sills observed in the field.  456 

Although the arrangement of the intrusive steps in Figure 8 was designed to test the 457 

seismic expression of magma flow indicators, the model configuration may also be 458 

considered similar to that of the stepped inclined limbs modelled by Malthe-Sørenssen et al. 459 

(2004) (Fig. 12D). In contrast to the planar inclined limb modelled in Figures 5, 6 and 8, 460 

inclined limbs that originally have a stepped morphology and cross-cut stratigraphy (i.e. Figs 461 

2C and 9) appear to consist of discrete, geometric segments with apparently different 462 

properties (e.g., apparent thickness, amplitude and vertical offset). The expression of these 463 

segments is dependent on their position and actual thickness relative to bedding (Fig. 9). Such 464 

variations in the apparent thickness, amplitude and vertical offset of inclined limbs, however, 465 

have not been reported in seismic reflection studies. It is therefore possible that the natural 466 

example of apparently stepped inclined limbs from offshore NW Australia, provided by 467 

Malthe-Sørenssen et al. (2004) to support their numerical model, may actually represent a 468 

planar inclined limb emplaced passively. This challenges models suggesting inclined sill 469 

limbs are forcefully emplaced (cf. Malthe-Sørenssen et al., 2004). Numerical modelling of 470 

sill transgression in a layered medium, as opposed to a homogeneous host rock (Malthe-471 



Sørenssen et al., 2004), and further comparison to seismic and field examples is required to 472 

test this implication of our results. In particular, analyzing the geometry of the wavelet across 473 

an inclined limb may allow interference between inclined limb and host rock reflections to be 474 

distinguished (Fig. 13C).  475 

 476 

4.3. Can subtle geometric features be interpreted as magma flow indicators? 477 

Figures 9 and 10 indicate that magma flow indicators can be discerned in seismic reflection 478 

data. However, their original morphology may be difficult to distinguish depending on the 479 

frequency of the seismic data and the thickness and composition of strata truncated by the 480 

intrusion (Figs 9 and 10). For example, the variable expression of intrusive steps in the 481 

synthetic seismic sections is discussed above (Fig. 9). Comparing our results in Figure 9 to 482 

the intrusive steps imaged in Figure 1C, we suggest that the real example constitutes a sill 483 

within a thinly bedded or host rock (cf. Figs 9K and L). A thinly bedded host rock, relative to 484 

the intrusion thickness, would explain the consistently higher amplitudes of the sill imaged in 485 

Figure 1C relative to the host rock. However, we note that the actual vertical offset of the 486 

steps is difficult to evaluate (Fig. 1C). It is clear that the apparent morphology of magma 487 

fingers in seismic data can vary greatly. Magma fingers hosted in homogeneous host rock and 488 

imaged in high frequency data may be well resolved (Fig. 10). In contrast, interference with 489 

bedded stratigraphy, particularly at lower frequencies, causes the magma fingers to (Fig. 10): 490 

(i) have a conical appearance if they have a low aspect ratio; and (ii) ‘blend’ in with the 491 

background stratigraphy if their aspect ratio is relatively high. The apparent onlap onto the 492 

magma fingers or truncation of underlying reflections (Fig. 10), produced by the intrusion of 493 

stratigraphic horizons by the intrusion, may mean that they are misinterpreted as extrusive 494 

features such as eye-shaped hydrothermal vents (e.g., Hansen, 2006; Magee et al., 2015). 495 



Although our results suggest magma flow indicators can be interpreted, albeit with caution, 496 

constraining the seismic frequency and the relative bed thickness can help improve certainty. 497 

 498 

5. Conclusions 499 

 500 

We present a series of synthetic seismic forward models that examine how igneous intrusions 501 

observed in the field may be expressed in seismic reflection data. Our results demonstrate 502 

that the appearance of intrusions in seismic data is controlled by a range of parameters, 503 

including the intrusion thickness, frequency of the data, and the style of the host rock (i.e. 504 

whether it is homogeneous or interbedded). Whilst the majority of the modelled geometries 505 

are relatively well defined in synthetic seismograms, geophysical artefacts generated by the 506 

interference between intrusive contact and bedding plane reflections can impact image 507 

quality and, thereby, interpretations. These issues particularly arise when the size of the 508 

intrusive structures imaged (e.g., sill-sill connections or magma flow indicators) are on the 509 

cusp of or below the limit of separability. The broad correlation between field observations 510 

and synthetic seismic models strengthens the importance of seismic reflection data to the 511 

study of igneous systems and suggests seismic forward modelling provides a useful method 512 

for testing interpretations. 513 
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Figure Captions 523 

Figure 1: Field analogues to intrusion morphologies interpreted from seismic reflection data. 524 

(A) Strata-concordant sills observed in the Bight Basin offshore southern Australia (seismic 525 

example) and the Theron Mountains in Antarctica (field example; photo courtesy of Prof. 526 

Donny Hutton). (B) Seismic images of a saucer-shaped sill in 3-D and cross-section 527 

(modified from Magee et al., 2013c) and an oblique view of the Golden Valley Sill exposed 528 

in the Karoo Basin, South Africa (image from Google Earth). (C) A 3-D view of intrusive 529 

steps with long axes oriented parallel to the dip direction of the inclined sill limb (see also 530 

Magee et al., 2013b) and an orthogonal cross-section from a sill located in the Exmouth Sub-531 

basin offshore NW Australia (seismic example). The field photo is of a sill exposed on Axel 532 

Heiberg Island in the Sverdrup Basin of Arctic Canada (courtesy of Prof. Martin Jackson). 533 

(D) Magma fingers from a sill in the Rockall Trough (modified from Thomson and Hutton, 534 

2004) and the Golden Valley Sill, South Africa. In the three seismic sections, VE corresponds 535 

to ‘vertical exaggeration’ and the measured time in seconds is two-way travel time. 536 

 537 

Figure 2: Synthetic seismic input models based on field observations of igneous intrusions 538 

(e.g., Fig. 1). (A) A strata-concordant sill (Sill 1) underlain by and connected to a saucer-539 

shaped sill (Sill 2). (B) Schematic map-view of Sill 2. Dotted lines (contours) and the dark-540 

to-light red color gradient emphasize that the lateral margin of Sill 2 transgresses upwards to 541 

form an inclined limb around a horizontal inner sill (cf. Thomson and Hutton, 2004). (C and 542 

D) Cross-sections through different magma flow indicators (see Fig. 2B for locations) (based 543 

on Schofield et al., 2012b): (C) intrusive steps (e.g., Fig. 1C); and (D) magma fingers, which 544 



are either isolated or have coalesced. The 0.27 aspect ratios of the magma fingers is based on 545 

field data (Table. 1), whilst the fingers with a 0.65 aspect ratio have been modelled to test 546 

how a different magma finger geometry may be expressed in seismic data.  547 

 548 

Figure 3: Schematic diagrams depicting how intrusive steps (A) and magma fingers (B), form 549 

and can be used to infer magma flow axes (based on Schofield et al., 2012b). 550 

 551 

Figure 4: Plot of peak frequency versus intrusion thickness, highlighting the parameter 552 

combinations required to: (i) resolve both the top and basal sill contacts; and (ii) produce a 553 

tuned reflection package. Below the limit of visibility, particularly if noise were added to the 554 

models, no reflections could confidently be assigned to an intrusion (after Osagiede et al., 555 

2014). The three peak frequencies used in this study are also shown. 556 

 557 

Figure 5: Synthetic seismograms imaging two connected sills (Fig. 2A) encased by a 558 

homogeneous sandstone host rock. Each seismic section is presented in depth and plots of 559 

reflection amplitude across the sills are also displayed. As the frequency of the synthetic data 560 

increases, the resolvability of the sill contacts decreases. Changes in the amplitude of the top 561 

and basal sill contacts relative to the intrusion thickness and limit of separability are shown. 562 

 563 

Figure 6: Synthetic seismograms examining the seismic expression of the two connected sills 564 

imaged in Figure 4 if the host rock consists of interbedded (50 m bed thickness) sandstone 565 

and shale. The mechanical contrast is modelled as either high (B-D) or low (F-H) to assess 566 

the impact of heterogeneity on the intrusions. Amplitude plots for each model reveal that 567 

there are a series of perturbations in amplitude compared to the homogenous host rock 568 



models (cf. Fig. 5); these variations in amplitude correspond to ‘pseudo-steps’ in the inclined 569 

limbs of Sill 2. See Figure 2 for a key to the input models.  570 

 571 

Figure 7: Three models testing the seismic expression of the junction zone between sills 1 572 

and 2 if they are connected (A-D) or separated by gaps of 10 m (E-H) and 50 m (I-L) (see 573 

Fig. 2A for location). In the 13 Hz models (D, H and L), the position of the wavelet peak 574 

corresponding to the Sill 1 tuned reflection package is highlighted by a thin yellow line.  575 

 576 

Figure 8: Zoomed in sections of the left-hand inclined limb of Sill 2 (see Fig. 2A), which test 577 

the influence of interbedded sandstone and shale on the generation of apparent steps 578 

(‘pseudo-steps’) in the seismic expression of the intrusion. Both bed thickness and limb 579 

thickness are varied. The 25 m thick beds are barely resolved in the 13 Hz models (L, and P) 580 

because they are below the limit of visibility (Fig. 4). The graphs also incorporate the relative 581 

difference between the modelled intrusion thickness and the apparent thickness measured 582 

from the synthetic seismic data (grey shaded areas).  583 

 584 

Figure 9: Synthetic seismograms corresponding to intrusive steps (Fig. 2C). For simplicity, 585 

only the amplitude of the reflection peak (blue) is plotted. 586 

 587 

Figure 10: Synthetic seismograms of magma fingers (Fig. 2D). Magma fingers with aspect 588 

ratios of 0.27 and 0.65 are modelled; for each aspect ratio, one finger is isolated and the 589 

others are coalesced (i.e. a magma lobe). Because it is clear that the interbedded host rock 590 

significantly influences the seismic expression of the magma fingers, the right-hand models 591 

(M-P) contain a ‘reversed’ stratigraphy. 592 

 593 



Figure 11: An example of a junction between an overlying strata-concordant sill and an 594 

underlying inclined sheet observed in seismic data from the Rockall Basin, offshore NW 595 

Ireland (see Magee et al., 2014a). Note that the inferred connection site corresponds to an 596 

undulation in and significant amplitude decrease of the Sill A reflection. 597 

 598 

Figure 12: Schematic models showing the evolution of inclined limbs via: (A) intrusion of 599 

tensile fractures produced during forced folding (after Thomson and Schofield, 2008); (B) 600 

intrusion of a reverse fault formed to accommodate roof uplift (after Thomson and Schofield, 601 

2008); (C) exploitation of a pre-existing fault (after Magee et al., 2013b); and (D) formation 602 

of, and intrusion along, new fractures in areas of locally increased stress (dashed circles) 603 

(Malthe-Sørenssen et al., 2004). (A-C) are typically considered as passive emplacement 604 

mechanisms whereas (D) requires forceful intrusion of magma. 605 

 606 

Figure 13: Comparison between the input model (A) and seismic expression (B) of an 607 

inclined limb that cross-cuts stratigraphy. This configuration produces a series of ‘tuning 608 

wedges’ (Widess, 1973) above and below the inclined limb. The limb thickness is 75 m and 609 

the bed spacing is 50 m. (C) Wiggle traces of the synthetic seismogram overlain by the input 610 

model highlight areas where the peak and trough of the tuned reflection package (yellow line) 611 

deviates from the expected position (i.e. that of the modelled limb). 612 

 613 

Figure 14: (A) An inclined sill limb potentially displaying pseudo-steps observed in seismic 614 

data from the Rockall Basin, offshore NW Ireland (see Sill 21, Figure 3C of Magee et al., 615 

2014a). (B) Planar inclined limb of the Golden Valley Sill, South Africa. 616 

 617 
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TABLE 1. MAGMA FINGER FIELD MEASUREMENTS 

Location Width     
(m) 

Height   
(m) 

Ratio Reference 

Golden Valley 500.0 100.00 0.20 

Schofield et al. (2012b) 

Ardnamurchan 005.4 002.30 0.43 

Raton 005.0 001.00 0.20 

Whin sill 003.0 000.75 0.25 

Shonkin sag (proximal to source) 005.0 002.00 0.40 Pollard and Johnson (1973) 

Shonkin sag (distal to source) 003.0 001.20 0.40 

Trachyte Mesa 008.0 001.25 0.16 Morgan et al. (2008) 

Trachyte Mesa 010.0 001.25 0.13 
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 TABLE 2. ROCK PROPERTIES 
Rocks Porosity Grain 

density  
(g cm-3) 

Bulk 
density 
(g cm-3) 

Matrix bulk 
modulus 

(GPa) 

Matrix shear 
modulus 

(GPa) 

Bulk 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 

Sonic 
velocity 
(km s-1) 

Igneous 
 

- - 2.8 - - - - 5.55 

Sandstone 0.25 2.65 2.24 36  
(Quartz) 

45  
(Quartz) 

7.45 0.60 1.92 

Shale 0.18 2.45 2.19 17.8 
(Smectite) 

4.7 
(Smectite) 

7.92 0.83 2.03 
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