
1. Introduction
Predicting volcanic eruption locations is critical for hazard assessment and prevention. Flank eruptions, which 
are fed by magmatic intrusions that often propagate several kilometers from a central vent before breaching the 
surface, are among the most common and societally disruptive type of volcanic event. In May 2021, for example, 
the eruption of at least two lava fissures on the lower southern slope of Nyiragongo volcano destroyed roughly 
1,000 homes, displaced about 25,000 residents, and killed over 30 people in the Democratic Republic of the 
Congo (Global Volcanism Program, 2021b). Four months later, a dike-fed eruption on the southern slope of La 
Palma volcano in Spain's Canary Islands required the evacuation of over 5,000 people and destroyed over 100 
buildings (Global Volcanism Program, 2021a). In 2018, the largest eruption of Hawai'i’s Kīlauea Volcano in 

Abstract Understanding the stress evolution of extinct volcanoes can improve efforts to forecast flank 
eruptions on active systems. Field, petrographic, and seismic data are combined with numerical modeling 
to investigate the paleo-stress field of New Zealand's Akaroa Volcano, or Akaroa Volcanic Complex. Field 
mapping identifies 86 radially oriented dikes and seven lava domes found only within a narrow elevation range 
along Akaroa's erosional crater rim. These observations suggest that crater rim dike emplacement resulted 
from lateral deflection of vertically ascending intrusions from a centralized magma source, which in turn may 
have facilitated formation of the lava domes, as well as two scoria cones. We postulate that dike deflection 
occurred along a stress barrier, as neither a compositional change nor structural boundary are present. We 
use a finite element model (FEM) simulating Akaroa to test how different factors may have influenced the 
system's stress state and dike geometry. Elastic, non-flexural (“roller”) model configurations containing a 
large, oblate, and shallow magma chamber produce stress barriers most conducive to radial dike emplacement 
along Akaroa's crater rim. These configurations also simulate rapid edifice construction above a preexisting 
lithospheric “bulge.” Conversely, simulating flexural stresses exerted on the lithosphere by Akaroa's large mass 
hinder rather than promote radial dike emplacement. Temperature-dependent viscoelastic relaxation promotes 
gradual increases in stress barrier elevation, though this effect is strongly dependent on magma chamber 
parameters. These results suggest that Akaroa was constructed rapidly (within ∼100 kyr) prior to crater rim 
dike emplacement, which occurred throughout the volcano's remaining active lifespan.

Plain Language Summary Fully understanding how magma moves within active volcanoes 
requires scientists to study solidified remnants of once-molten magma “plumbing systems” that have been 
unearthed by the erosion of extinct (i.e., no longer active) volcanoes. Here we present new observations of New 
Zealand's Akaroa Volcano, an extinct volcanic mountain or “edifice” built from lava eruptions and underground 
magma movement that occurred in multiple regions rather than one central summit vent. Observations include 
on-the-ground measurements of rock formations, microscope analysis of rock samples, satellite-derived 
elevation data, and underground properties inferred from earthquake-generated seismic waves. We incorporate 
these observations into a computer model of the once-active volcano to understand why magma followed the 
paths it did, erupting on Akaroa's sides, or flanks, rather than its central summit region. Based on the results of 
our computer model, these eruptions occurred throughout Akaroa's one-million-year lifespan, after the volcano 
itself was constructed in the geologically “brief” period of roughly 100,000 years. Our computer simulations 
also provide a framework for improving scientists' assessments of future eruption risks on the slopes of active 
volcanoes with a similar shape and chemical composition to Akaroa, such as Sicily's Mt. Etna or the Galapagos' 
Fernandina volcano.
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over 200 years produced 24 dike-fed fissures that erupted lava flows covering over 35 km 2 of land, requiring the 
evacuation of roughly 2,500 residents and destroying over 700 buildings (Williams et al., 2020).

Flank eruptions increase the area of an active volcano that volcanologists must monitor for signs of unrest. 
However, understanding the factors governing intrusion formation and propagation can potentially reduce the 
spatial uncertainty of eruption forecasts. The magnitude and orientation of stresses acting within a volcano typi-
cally control where active intrusions will propagate (Anderson, 1939; Nakamura, 1977; Rubin & Pollard, 1987). 
Thus, gaining improved insight into the stress fields of active volcanoes can lead to improved forecasts of where 
new flank eruptions will occur. By the same token, observations of solidified intrusions exposed within an 
ancient, eroded edifice provide insight into how magma moved beneath the subsurface, and thus into how that 
volcano's stress field was configured when the volcano was active.

Here we use field, petrographic, and seismic data from New Zealand's Akaroa Volcano to constrain elastic and 
viscoelastic finite element models that simulate the ancient volcano's paleo-stress field. Akaroa provides an 
ideal system to investigate whether volcanic edifice stress fields can control flank eruptions because of exten-
sive erosion exposing numerous dikes. We focus our investigation on a sequence of radial dikes and lava domes 
observed around Akaroa's erosional crater rim that occur within a narrow elevation range (Figure 1; Forsyth 
et al., 2008). We infer that the lava domes were fed by the compositionally related radial dikes, and thus postu-
late that the locations of both features were controlled by the same mechanism. There is no pervasive field or 
tomographic evidence of a significant mechanical boundary, of either structural or compositional origin, that 
could have controlled the emplacement elevation of the dikes and lava domes. Thus, we test the hypothesis that 
the geometry of the Akaroa edifice created a “stress barrier” (Gudmundsson, 1990; Martí et al., 2017; Poland 
et al., 2008) that may have deflected vertically ascending feeder dikes laterally away from the (paleo) summit. 
Some of these deflected dikes may then have erupted to form lava domes that are only observed along the crater 
rim at elevations 400–600 m above (present-day) sea level (a.s.l.). While vertical dike emplacement is also possi-
ble (e.g., Porreca et al., 2006), we limit our focus to testing the viability of lateral deflection. We assume that the 
pre-erosion summit was located above what is now Akaroa Harbor (Figure 1b) based on the location of a Bouguer 
gravity anomaly maximum, which suggests an accumulation of dense intrusive rocks, and thus a centralized 
magma body, beneath the harbor (Dorsey, 1988).

2. Geology of Akaroa Volcano
Akaroa is a large composite volcano with shield-like morphology that formed in the late Miocene between 9.4 
and 8 Ma (Sewell, 1988; Timm et al., 2009). Akaroa makes up the southeastern portion of the Banks Peninsula, 
while the northwestern portion consists of the Lyttelton composite volcano (11.0–9.7 Ma) and several smaller 
volcanic groups (Hampton & Cole, 2009; Stipp & McDougall, 1968). Both Lyttelton and Akaroa are intraplate 
volcanoes that likely formed as a result of two distinct episodes of lithospheric delamination (Timm et al., 2009), 
and each contains a harbor within a large central “erosional caldera” (Stipp & McDougall, 1968; Williams, 1941), 
which we refer to as a crater rim. While early studies of both volcanoes posited that each formed from a single 
conical edifice (Sewell, 1988; Shelley, 1987), Hampton and Cole (2009) identify multiple eruptive centers along 
Lyttelton Volcano and conclude that its central caldera-like morphology resulted from the combined erosion of 
localized crater rim segments around each of Lyttelton's vents. Similarly, field and remote sensing observations 
conducted over the last decade suggest that Akaroa's present-day morphology resulted from the erosion of local-
ized crater rim segments, as illustrated in Figure 1a (Hampton & Gravley, 2020). Thus, Akaroa Volcano is also 
referred to as the Akaroa Volcanic Complex (AVC; Hampton & Gravley, 2020). However, the fact that the AVC's 
discrete cone sectors overlap to form a single, roughly radially symmetric edifice structure allows us to treat 
Akaroa as a single volcano (henceforth “Akaroa Volcano”) in the numerical model of this study.

Seismic observations indicate that the Akaroa Volcano extends 10s of km offshore (Figure 1) and is underlain 
by a conical “bulge” of basement material that is elevated 870 m above its typical depth. This bulge is part of a 
larger swell, roughly 70 km in diameter, that exists beneath the entire Banks Peninsula and elevates the basement 
by as much as 1 km beneath Lyttelton Volcano relative to the Canterbury Plains (Lee et al., 2017; Figure 12). The 
basement is overlain by two additional sedimentary units with an average combined thickness of roughly 200 m 
that follow the dip of the basement's upper boundary. Although our study does not directly simulate the bulge's 
formation, given the dip of the overlying sediment we assume that it occurred prior to construction of Akaroa 
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Figure 1.
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Volcano. We reflect on two possible mechanisms for how the bulge formed in our Discussion, given its influence 
on the elevation and slope-parallel dip of the stress barrier simulated in most of this study's numerical model 
configurations (Section 4).

Akaroa's volcanism consists of a bimodal distribution of basaltic and trachytic deposits. These include widespread 
basaltic lava flows, scoria cones distributed throughout the volcano, and lava domes concentrated along Akaroa's 
erosional crater rim (Hampton & Gravley, 2020). Trachyte magmatism and its associated lava dome eruptions 
were originally considered to be late-stage events in the construction of Akaroa Volcano (Dorsey, 1988). This 
interpretation was further explored by Hartung  (2011), who postulated that the compositional “gap” between 
basaltic and trachytic magmas was caused by extraction of two spatially and temporally distinct magma bodies 
from an evolving crystal mush located at depths of 10–20 km. By contrast, Bertolett (2019) provides geochem-
ical, cathodoluminescence, field, and petrologic evidence for a multi-compositional, shallow crustal magma 
plumbing system that fed cyclic eruptions of basalt and trachyte on Akaroa.

The rate of Akaroa Volcano's construction may have been as rapid as 0.1–0.3 Ma (Stipp & McDougall, 1968) or 
as long as 1 Ma (Timm et al., 2009). However, evidence for rapid growth is limited to one K/Ar age for a single 
hawaiite lava dome belonging to the contemporaneous, but magmatically distinct, Mt. Herbert volcanic group 
located between Lyttelton and Akaroa (9.7–8 Ma, Sewell, 1988). Conversely, the 1 Ma growth proposed by Timm 
et al. (2009) is supported by  40Ar/ 39Ar ages obtained from five volcanic rocks sampled from a variety of eleva-
tions and regions within Akaroa Volcano.

2.1. Constraining Dike Propagation Paths From Field and Petro-Fabric Observations

Systematic field, geomorphology and petrology data constrain dike propagation paths within the Akaroa edifice. 
Observations range in scale from tens of kilometers, as in the digital elevation model (DEM; Figure 1), to milli-
meters, as seen through a petrographic microscope (Figure 2). Comparing topography with field observations 
(Figure 1) reveals that six trachyte domes, one basalt dome (Montgomery), and one scoria cone (Purple Peak) are 
concentrated on or near Akaroa's erosional crater rim. Five trachyte domes and the Purple Peak scoria cone exist at 
elevations from 400 to 600 m a.s.l., while the Montgomery and View Hill lava domes are found above 650 m. One 
trachyte dome, Panama Rock, was constructed within a partially eroded scoria cone (Lewis & Hampton, 2015). A 
radial swarm of 86 dikes is also observed around the crater rim perimeter (Figure 1a), consisting of 32 basalt, 48 
trachyte, and 6 dikes of unverified composition (Goldman, 2022a, 2022b). Most of these dikes are found between 
elevations of 350 and 650 m.

The similarities in elevation and composition between the dikes and lava domes or scoria cones of the crater 
rim suggest that each dome or cone was fed by a radially aligned dike of the same composition. The strongest 
evidence for dome formation from a radial dike is an ENE-trending trachyte dike that terminates inside of Panama 
Rock, located 583 m a.s.l. on the northeastern crater rim (Figure 2; Lewis & Hampton, 2015). Two observations 
suggest that magma transported by this radial dike erupted to feed Panama Rock: the dike terminates inside the 
dome and there are clear petrologic similarities between the two features (63% silica and a fine-grained trachytic 
texture dominated by alkali feldspar needles with rare augite and olivine). The eruption of Panama Rock within 
a partially eroded scoria cone (Lewis & Hampton, 2015) indicates that the same background stress field acted on 
both the trachytic and basaltic intrusions that fed the dome and cone, respectively.

Field observations of crater rim dikes are complemented by observations of mineral alignment, or petrofabrics, 
within petrographic thin sections sampled from these dikes. The textural alignment of elongate minerals like 
plagioclase is often used to constrain magma flow direction within a dike, due to shearing that occurs along the 
dike's margins and aligns high-aspect-ratio plagioclase crystals into a similar orientation as the original flow 
direction (Harp & Valentine, 2018; Philpotts & Philpotts, 2007; Poland et al., 2004; Shelley, 1985). However, 

Figure 1. (a) Shaded relief map of Akaroa Volcano indicating the observed location and trends of dikes (lines) and locations of lava domes and scoria cones (dots) 
observed along Akaroa's erosional crater rim. Both sets of features are color-coded by elevation “z” above sea level. Line lengths do not represent actual dike lengths; 
the midpoint of each line indicates the location and elevation at which exposed dike segments were observed. (b) Shaded relief and bathymetric map of Banks 
Peninsula. Light gray region is subaerially exposed Banks Peninsula topography, while the dark gray region shows volcanic deposits either submerged beneath the South 
Pacific Ocean (light blue) or buried beneath Pliocene and Quaternary sediments (light brown). Purple dot: Purple Peak scoria cone. Black dot: Location chosen for the 
center of this study's numerical model. Data provided by GNS. (c) Elevation profile of the Akaroa edifice and underlying basement based on the seismic model of Lee 
et al. (2017), measured along the black line in (b). This profile guides the geometry of our numerical simulations (c.f., Supporting Information). The basement slope 
flattens out at a depth of ∼1.2 km below sea level (b.s.l.); depths below this are treated as part of the lithospheric block in our model.

https://data.gns.cri.nz/server/rest/services/topography/nzdtm/ImageServer
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this shearing decreases with distance away from the margin, meaning that mineral shape preferred orientation 
near a dike's center may reflect late-stage rather than initial magma propagation direction (Baer & Reches, 1987; 
Philpotts & Asher, 1994). Thus, we sampled the margins along transects of two well-exposed crater rim dikes to 
infer the flow directions possible for the entire dike swarm.

At the Panama Rock feeder dike, six trend-parallel oriented samples were collected along the southeastern verti-
cal dike face to determine the radial component of the dike's flow direction. Samples were then petrographically 
analyzed using an optical microscope and cross-polarizing filter to qualitatively identify plagioclase fabrics, or 
patterns in the alignment of the long axis of plagioclase crystals observed in thin section, and constrain the dike's 
flow direction (Figure 2; Table S4 in Supporting Information S1). In the absence of samples collected from other 
faces of the dike, it was assumed that plagioclase crystals with an elongate, rather than equant, shape have their 
long axis oriented within the plane of the thin section they are observed on. In one sample, plagioclase laths dip 
upward and away from Akaroa's centralized region, while in two samples, these laths dip downward from the 
center (Figure 2). These fabrics are interpreted as preserving two dominant flow directions within the shallow 
offshoot of a deeper, laterally propagating dike (Figure 2). No consistent orientation was observed in the remain-
ing three samples.

The vertical fabrics observed from the Panama Rock dike are complemented by horizontal fabrics observed in thin 
sections collected from samples of three well-exposed dikes that cross-cut the Purple Peak scoria cone (Figure S3 
in Supporting Information S1). These samples, whose collection and analysis are described in Supporting Infor-
mation S1, indicate flow directed away from Akaroa's center. This observation is consistent with the hypothesis 
that crater rim dikes propagated laterally away from a central magma source beneath Akaroa's paleo summit vent 
region.

Figure 2. Hypothetical model of feeder dike emplacement and formation of the Panama Rock dome, reflecting Neri et al. (2011, Figure 3a) schematic of lateral 
dike-fed flank eruptions on Mt. Etna. Sample locations are indicated by black circles along the exposed trachyte feeder dike (brown), with dominant plagioclase fabrics 
for samples PD1, PD3 and PD4 presented in the top-left corner. Plagioclase minerals are white in the cross-polarized optical microscope images captured with the 
software Leica Acquire.
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3. Numerical Approach
A two-dimensional, axisymmetric finite element model (FEM) was developed in COMSOL Multiphysics 5.5 to 
estimate the paleo-stress fields within the Akaroa Volcano and underlying lithosphere. The FEM consists of two 
solid components with distinct material properties inferred from the seismic model of Lee et al. (2017): A conical 
edifice and the underlying lithosphere (Figure 3). The lithosphere geometry consists of two components: a large 
cylindrical block representing the elastically deforming region of the lithosphere, and a small cone that sits on 
top of this cylindrical block, representing the bulge observed beneath the base of Akaroa Volcano (Figure 1c). 
For convenience, we define z = 0 as the base of the lithospheric bulge (−1.2 km b.s.l.), which also corresponds 
with the top surface of the cylindrical block of the lithosphere. Approximating Akaroa's shape as a single, axially 
symmetric cone significantly reduces model computation time, allowing thorough testing of factors which may 
have influenced the system's stress state and subsequent dike emplacement. Previously published FEM studies 
(Cabaniss et al., 2018; Del Negro et al., 2009; Galgana et al., 2013; Gregg et al., 2012; Grosfils, 2007; Hurwitz 
et al., 2009; McGovern et al., 2015) provide a framework for defining the geometry and mechanical behavior of 
this study's model. FEM parameters are presented in Tables S1 and S2, and variables in Table S3, in Supporting 
Information S1.

The FEM calculates stresses produced from deformation of the solid model components in response to simultane-
ous gravitational loading from the volcanic edifice and pressurization of an ellipsoidal void, or magma chamber, 
representing Akaroa's shallow magma plumbing system. In each model simulation, an outward normal force 
is applied along the magma chamber wall, increasing its volume until the least compressive principal stress 

Figure 3. Schematic finite element model diagrams with (a) roller and (b) Winkler (i.e., flexural) basal boundary conditions. 
These 2D cross-sections are rotated about the central vertical axis to produce an axisymmetric model. Inset in (a) shows 
magma chamber dimensions and pressurization. The angle 𝐴𝐴 𝐴𝐴 , measured in the r-z plane counterclockwise from the chamber's 
mid-depth, denotes the point of greatest tensile stress where the chamber is expected to rupture and produce a new magma 
intrusion. A constant temperature of 900 °C is applied to the chamber wall, and a background host rock geotherm of −30 K/
km is applied to the volcano and lithosphere. Inset in (b) shows geometry of intrusions expected from the three possible 
orientations of 𝐴𝐴 𝐴𝐴3 (red vectors) used for inferring dike propagation pathways (Figures 5–8). Vectors orthogonal to the 
axisymmetric model plane, while illustrated here, are not displayed in Figures 5–8.
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𝐴𝐴 𝐴𝐴3 increases from a negative (compressional) value, following COMSOL's tension-positive sign convention, to 
0 MPa anywhere along the chamber wall. The location that first reaches this threshold is assumed to be the site of 
tensile failure, producing a new intrusion opening perpendicular to 𝐴𝐴 𝐴𝐴3 . For the chamber pressure at which tensile 
failure occurs, a stress field is calculated by the FEM, mapping potential pathways for the emerging intrusion 
to follow, assuming that chamber pressure remains constant as the intrusion grows. Each path must be inferred 
from the stress field since the FEM does not simulate crack formation and propagation. Detailed magma pressure 
calculations are described in Supporting Information S1. The values of chamber pressure and corresponding 
volume change required for tensile failure in each simulation are available online (Goldman, 2022d).

Stress fields are calculated for numerous geologically plausible configurations of the Akaroa volcanic system. 
Figure  4 illustrates how the baseline FEM is subdivided by the following parameters (Supporting Informa-
tion S1): basal boundary condition, initial stress state, temperature dependence of the host rock Young's modulus, 
and static viscoelastic (“V-E” or “VE”) response. Initial stress state is subdivided into bulge-lithosphere-equil-
ibrated (BLE) and completely-equilibrated (CE) endmembers, while host rock Young’s modulus is defined as 
either temperature-independent (T-ind) or temperature-dependent (T-dep) near the magma chamber wall. For 
each parameter combination, 45 permutations of magma chamber depth (z = −1, −3, −5 km; or Dc = 1, 3, 5 km), 
initial volume (Vm = 1, 5, 15 km 3), and ellipticity (Rz/Rr = 1/2, 2/3, 1, 3/2, 2) are simulated (Figure 3 and Table 
S1 in Supporting Information S1). These values are consistent with geochemically and geophysically-inferred 
characteristics of shallow magma reservoirs beneath several active basaltic volcanoes—Mt. Etna, Sicily 
(Albarède, 1993; Lundgren et  al., 2003; Neri et  al., 2005; Puglisi et  al., 2001), Fernandina in the Galapagos 
(Bagnardi & Amelung, 2012), and Hawai'i’s Kīlauea Volcano (Pietruszka & Garcia, 1999). These parameters 
also correspond with the magma plumbing system of South Korea's Ulleung Island volcano, which, like Akaroa, 
consists of both basaltic and trachytic volcanic products (Brenna et al., 2014). The fifth row of Figure 4 shows 
how many of these permutations result in tensile failure of the chamber wall for the specified sequence of FEM 

Figure 4. Flow charts of all model configurations examined in this study (BLE = “Bulge-Lithosphere-Equilibrated,” CE = “Completely-Equilibrated,” TF = “Tensile 
Failure,” V-E = “Viscoelastic,” T-dep = “Temperature-dependent,” T-ind = “Temperature-independent”). The leftmost column of gray boxes provides a legend 
for each of the rows of the two flow charts. Unless otherwise specified, the flow chart paths below the BLE box apply to both roller and flexural basal boundary 
conditions, which produce nearly identical chamber failure outcomes except for the case of both a T-dep Young's modulus and elastic deformation response. CE model 
configurations only employ a roller basal boundary condition. Boxes are highlighted blue for model configurations where all 45 magma chamber permutations permit 
tensile failure, yellow where only 12 permit failure, and orange where none result in tensile failure.



Journal of Geophysical Research: Solid Earth

GOLDMAN ET AL.

10.1029/2022JB024305

8 of 18

parameters. Elastic deformation is always simulated in a single (“static”) timestep, while viscoelastic deformation 
is simulated over multiple timesteps if both the initial and final static timesteps permit tensile failure. Since the 
magma chamber volume change required for tensile failure is similar between the initial and final viscoelastic 
endmembers (Goldman, 2022d), we fix magma chamber volume to its initial value for tensile failure when calcu-
lating the stress field for intermediate timesteps.

4. Modeled Stress Field Results
Stress fields calculated for each model configuration define regions favorable for the propagation of radial or 
circumferential intrusions (Figures 3 and 5–8). Regions favorable for radial diking have 𝐴𝐴 𝐴𝐴3 oriented orthogonal 
to the cross-sectional plane (white areas in Figures 5–8), while those favoring circumferential intrusions have 

𝐴𝐴 𝐴𝐴3 oriented parallel to this plane (shaded areas in Figures 5–8; Anderson, 1939). Thus, a stress field favoring 
the emplacement of radial dikes on the flanks of Akaroa Volcano would contain a predominantly white region, 
extending from locations at depth near the magma chamber wall up toward the shallow regions where crater 
rim dikes are observed (Figure 5). Likewise, this stress field would be shaded at or above these dike elevations, 
with the lower boundary corresponding to a “stress barrier” (Gudmundsson, 1990; Martí et al., 2017; Poland 
et al., 2008) that may have laterally deflected dikes ascending from depth to their observed locations (Figure 5).

Figure 5 illustrates how stress field results are interpreted. The orange dot on the magma chamber wall identifies 
the first point of rupture (𝐴𝐴 𝐴𝐴3 = 0) for magma to emerge as an intrusion. Orange arrows plot one possible path that 
the leading edge of this intrusion could take, assuming it initially ascends due to magma buoyancy (Rubin, 1995). 
The differential stress 𝐴𝐴 𝐴𝐴1 − 𝐴𝐴3 indicates how likely the plane of an intrusion will rotate, when crossing the bound-
ary between a shaded and non-shaded region, to reestablish an orientation perpendicular to the 𝐴𝐴 𝐴𝐴3 vectors of 
the region it has entered. An intrusion entering a region of high differential stress will be more likely to rotate 

Figure 5. Illustration of how stress field results are interpreted, using a model configuration with a roller basal boundary condition, bulge-lithosphere-equilibrated 
initial stress state, T-ind host rock Young's modulus, and elastic deformational response. Chamber parameters are Dc = 1 km, Vm = 1 km 3, and Rz/Rr = 1/2. Contours 
plot the differential stress 𝐴𝐴 𝐴𝐴1 − 𝐴𝐴3 . Straight or gently curved arrow segments indicate possible magma intrusion pathways; path segments or panels labeled with 
lowercase Roman numerals are described in the main text. Circular arrows indicate an intrusion rotating in a direction orthogonal to the radial r-z plane (i.e., the 𝐴𝐴 𝐴𝐴

-direction, labeled at the bottom of the axis of symmetry).
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sharply over short distances than an intrusion entering a low differential stress region (Chestler & Grosfils, 2013; 
Mériaux & Lister, 2002).

Yellow dots plotted in the upper right region of Figure 5 are crater rim dike elevations superimposed on the 
axisymmetric model as a function of their elevation and radial distance from the center of Akaroa Harbor 
(Goldman, 2022a). The purple dot shows the location of the dike exposure near Purple Peak (Figure 1, Figures 
S3–S10 in Supporting Information S1), while the blue dot indicates the Panama Rock dike (Figures 1 and 2). In 
this model configuration, an intrusion exits the point of rupture initially as an inclined sill, since the gray halo 
around the chamber wall favors circumferential intrusions. After propagating a short distance from the wall, 
the intrusion rotates into a radially aligned dike, a phenomenon observed at the analogous Fernandina volcano 
(Bagnardi & Amelung, 2012; Chestler & Grosfils, 2013). This rotation occurs in accordance with the transi-
tion of 𝐴𝐴 𝐴𝐴3 from radially aligned (in-plane) to circumferentially aligned (out-of-plane). The dike then ascends 
toward the surface until reaching a shallow (gray) region within which circumferentially oriented intrusions are 
favored. From this point, the following scenarios are possible (with lowercase Roman numerals corresponding 
to Figure 5):

1.  Path (i): The dike pushes through the stress barrier to the surface without changing its orientation, if the pres-
sure at the vertical dike tip overcomes external host rock stresses (Corbi et al., 2015; Watanabe et al., 2002) 
and fracture toughness (Parfitt & Head, 1993; Rubin & Pollard, 1987). This scenario is supported by the low 
value of differential stress (<5 MPa) near the surface.

2.  Path (ii): The dike rotates or “splits” into a sill upon entering the region of radial and vertical 𝐴𝐴 𝐴𝐴3 , a phenome-
non that has been demonstrated in the analogue models of Galland et al. (2014) for high viscosity magmatic 
intrusions.

3.  Path (iii): The vertical dike tip blunts against the stress barrier, causing the dike to accommodate magmatic 
pressure by increasing its lateral width until exceeding the lateral host rock fracture toughness (Parfitt & 

Figure 6. Effect of adjusting magma chamber size and aspect ratio on the stress field of elastic model configurations with a roller basal boundary, bulge-lithosphere-
equilibrated pre-stress, and T-ind host rock Young's modulus. Shown are results for initial chamber volumes 𝐴𝐴 𝐴𝐴𝑚𝑚 = 1, 5, 15 km 3, crest depth Dc = 1 km, and chamber 
aspect ratios Rz/Rr of (a) 1/2, (b) 2/3, (c) 1, and (d) 2. Contours plot the differential stress 𝐴𝐴 𝐴𝐴1 − 𝐴𝐴3 corresponding to the V = 1 km 3 chamber; results are similar for the 
other chamber volumes of the same aspect ratio. Panel (d) contains two blade-shaped dike pathways; the lighter beige path represents a potential offshoot of the darker 
beige path originating from the chamber wall.
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Head, 1993; Rubin & Pollard, 1987). This would allow the dike to propagate laterally, effectively “deflecting” 
along the stress barrier.

4.  Path (iv): It is also possible for a newly formed dike to propagate both laterally and vertically if its central 
driving pressure is high enough that stress intensities at its lateral and vertical tips exceed the fracture tough-
ness of the surrounding host rock (Parfitt & Head, 1993; Rubin & Pollard, 1987). In this case, a vertically and 
laterally propagating dike could be emplaced along the present-day crater rim without the need for deflection 
along a near-surface stress barrier. In Figure 5, the stress barrier depth is located below the observed elevations 
of most dikes, including at Purple Peak and Panama Rock. Thus, for dikes to have been emplaced above the 
stress barrier in the model configuration of Figure 5, they will need to have ascended past the stress barrier, as 
illustrated in panel (v), after following either path (iii) or (iv).

Key model configurations are summarized in the following subsections and illustrated in Figures 6–8. For these 
results, dike paths following the same principles as paths (iii) and (iv) in Figure 5 are traced to identify model 
configurations consistent with the emplacement of radial crater rim dikes. These paths are favored in our analyses 
since studies of other large composite volcanoes indicate the occurrence of either (a) lateral propagation from a 
central magma chamber or conduit, or (b) deflection of centrally ascending dikes toward those volcanoes' flanks 
(Harp, 2021; Neri et al., 2011; Peltier et al., 2005; Porreca et al., 2006). However, due to the erosion of Akaroa's 
central summit region and the submergence of any intrusions potentially exposed below sea level within Akaroa 
Harbor, it is not possible to evaluate whether dikes may have followed paths (i) or (ii) of Figure 5.

4.1. Roller Basal Boundary, Bulge-Lithosphere-Equilibrated Pre-Stress, T-Ind Young's Modulus, 
Elastically Deformed

This first group of FEM configurations yield shallow stress barriers consistent with observed dike elevations 
(Figures 5 and 6). The existence of a shallow, slope-parallel stress barrier is primarily caused by the similarly 

Figure 7. Comparison of stress fields produced by four pairs of model configurations with Dc = 1 km, Vm = 15 km 3, and Rz/Rr = 1/2. (a) T-ind versus T-dep host rock 
Young's modulus for model with a roller basal boundary, bulge-lithosphere-equilibrated (BLE) pre-stress, and elastic deformation. (b) Same as panel (a) except for a 
completely-equilibrated (CE) prestress. (c) Elastic deformation versus full viscoelastic (VE) relaxation for a model with a roller basal boundary, BLE pre-stress, and 
T-ind Young's modulus. (d) Same as panel (c) except for a flexural basal boundary. Though not illustrated directly, intrusions exiting the halo of radial 𝐴𝐴 𝐴𝐴3 around each 
magma chamber are expected to rotate from circumferentially to radially oriented (c.f., Figure 5).



Journal of Geophysical Research: Solid Earth

GOLDMAN ET AL.

10.1029/2022JB024305

11 of 18

sloping boundary marking the contact between Akaroa Volcano's base and the lithospheric bulge. In the absence 
of this bulge, the volcanic stress field does not permit radial dike propagation at shallow depths (Figure S11 
in Supporting Information S1). Magma chamber geometry and depth do not significantly affect stress barrier 
location near the present-day locations of crater rim dikes (Figure 6, Figure S12 in Supporting Information S1), 
while increasing chamber size at shallow depth raises stress barrier elevation at these locations (Figure 6). The 
stress field immediately surrounding oblate magma chambers, which experience tensile failure after volume 
increases of 1.4–1.7 𝐴𝐴 × 10

−3
Vm , favors the initial formation of horizontal sills or diagonally inclined circumferen-

tial intrusions (Figures 6a and 6b). Due to the high differential stress at depth, sills or circumferential intrusions 
emerging from oblate chambers are expected to sharply rotate into radial dikes upon entering the white region of 
circumferentially oriented 𝐴𝐴 𝐴𝐴3 .

On the other hand, the stress fields surrounding spherical and prolate chambers, which experience tensile failure 
after volume increases of 0.2–0.6 𝐴𝐴 × 10

−3
Vm , favor the emergence of radial dikes without requiring subsequent 

rotation (Figures 6c and 6d). Each prolate chamber also produces a region of radially oriented 𝐴𝐴 𝐴𝐴3 immediately 
above the chamber crest, which we interpret as being a deep-seated stress barrier that would have caused radial 
dikes to deflect in an outwardly ascending diagonal direction (Figure 6d). However, an alternate path is drawn for 
these prolate chamber configurations illustrating the case of an intrusion entering a region of radial 𝐴𝐴 𝐴𝐴3 (Figure 6d); 
the question mark indicates that the model does not constrain whether such an intrusion would rotate into a 
circumferential intrusion (Pansino & Taisne, 2019) or stall without propagating further.

Figure 8. Illustration of the time-dependent evolution in the extent of regions of radial 𝐴𝐴 𝐴𝐴3 for models with a roller basal boundary, bulge-lithosphere-equilibrated 
pre-stress, T-ind host rock Young's modulus, and T-dep host rock viscosity for the following shallow (Dc = 1 km) magma chambers: (a) Vm = 1 km 3, Rz/Rr = 1/2; 
(b) Vm = 15 km 3, Rz/Rr = 1/2; (c) Vm = 15 km 3, Rz/Rr = 2/3; (d) Vm = 15 km 3, Rz/Rr = 2. For each configuration, four timesteps are shown: t = 1, 10, 100 kyr, and 1 
Myr. In panels (b) and (c), the shallow intrusion pathway is only drawn for the 1 kyr timestep since the elevation of the stress barrier does not change significantly for 
subsequent timesteps. In panel (d), an alternate orange path is drawn illustrating the case of an intrusion entering a region of radial 𝐴𝐴 𝐴𝐴3 , similar to Figure 6d. As with 
Figure 6d, the light beige blade-shaped dike pathway in panel 8d is a potential offshoot from the dark beige path.
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4.2. Roller Basal Boundary, Bulge-Lithosphere-Equilibrated/Completely-Equilibrated Pre-Stress, 
T-Ind/T-Dep Young's Modulus, Elastically Deformed

Applying a T-dep host rock Young's modulus to elastic model configurations with a roller basal boundary 
increases the magma chamber volume change required for tensile failure to occur, relative to T-ind configurations 
(Goldman, 2022d). This results in larger haloes of radially oriented 𝐴𝐴 𝐴𝐴3 surrounding oblate chambers (Figures 7a 
and 7b). While these haloes favor the formation of sills or circumferential intrusions, radial dike propagation may 
still be permitted if a sill initiating from the ruptured chamber wall rotated into a radial orientation upon exiting the 
halo, as suggested by the high values of differential stress existing at depth (Chestler & Grosfils, 2013; Mériaux & 
Lister, 2002). Roller model configurations with a completely-equilibrated pre-stress (Figure 7b) produce similar 
stress fields to their bulge-lithosphere-equilibrated counterparts (Figure 7a), except that stress barriers are absent 
within the first 2–3 km of the summit for completely-equilibrated pre-stress.

4.3. Effects of Full (Single Timestep) Viscoelastic Relaxation or Elastic Flexure, T-Ind Young's Modulus

Complete viscoelastic relaxation of the edifice and lithosphere, when host rock Young's modulus is T-ind, 
produces small differences in both the chamber volume increase required for tensile failure and the resulting 
stress field compared with purely elastic deformation (Figures 7c and 7d; Goldman, 2022d). Incorporating a 
flexural basal boundary, on the other hand, produces a significantly different stress field than a roller basal 
boundary (Figure 7d). Flexural model stress fields are inconsistent with Akaroa's observed dike geometry, since 
they contain extensive shaded regions of radially aligned 𝐴𝐴 𝐴𝐴3 that would prevent the lateral propagation of radial 
dikes along Akaroa's present-day crater rim. As shown in Figure 4, defining a T-dep host rock Young's modulus 
prevents tensile failure of the magma chamber for any model configuration with either complete viscoelastic 
relaxation or basal flexure.

4.4. Time-Dependent Viscoelastic Numerical Experiments

Time-dependent viscoelastic model simulations yield significantly different stress field results depending on 
whether a constant or T-dep viscosity is assigned to the host rock. For simulations with a constant viscosity, the 
stress field does not change noticeably over time (Figure S13 in Supporting Information S1), consistent with the 
similarity of the initial elastic and final viscoelastic stress fields (Figures 7c and 7d). For simulations with a T-dep 
viscosity, the stress barrier elevation falls rapidly within the first 1 kyr, before gradually rising over the remaining 
1 Myr of Akaroa's volcanism (Figure 8). The magnitude of stress barrier ascent is strongly controlled by magma 
chamber size and aspect ratio. Model configurations with a small chamber (Vm = 1 km 3) of any aspect ratio do 
not produce a stress barrier within the region of crater rim dikes for any timestep (Figure 8a), while configurations 
with a large oblate chamber (Vm = 15 km 3) produce a stress barrier along the bottom of this region for all time-
steps (Figures 8b and 8c). For a large prolate chamber (Vm = 15 km 3, Rz/Rr = 2), the stress barrier ascends  to  the 
bottom of the region of observed crater rim dikes after 100 kyr (Figure 8d).

5. Discussion
5.1. Optimal Magma Chamber Configuration and Pressurization

Magma chamber size and aspect ratio strongly influence the location of stress barriers observed in 
bulge-lithosphere-equilibrated, roller basal boundary model configurations (Figures 6 and 7). For these scenarios, 
all combinations of magma chamber parameters produce stress barriers above or intersecting nearly half of the 
region where crater rim dikes are observed. However, only the largest (Vm = 15 km 3) and most oblate (ac = 0.5, 
0.67) chambers produce stress barriers that intersect or exist slightly above the dikes observed near Purple Peak 
(Figures 6a and 6b, pink shaded regions), due to the large chamber volume increases required for tensile failure 
(Goldman, 2022d). These large, oblate chambers would also have facilitated emplacement of the near-surface 
Panama Rock dike, since a higher stress barrier decreases the thickness of the (shaded) region of radial 𝐴𝐴 𝐴𝐴3 that 
this dike would have needed to traverse while preserving its radial orientation. While shallow magma chambers 
significantly raise the elevation of stress barriers near Akaroa's paleo-summit compared with deeper chambers, 
they do not strongly affect the elevation of the stress barrier further downslope where crater rim dikes were 
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emplaced (Figure S12 in Supporting Information S1). The highest stress barriers occur in response to the large 
volume increases required for tensile failure of chambers surrounded by rock with a thermally reduced (i.e., 
T-dep) Young's modulus (Figure 7a). However, this thermal weakening prevents all but the most oblate (ac = 0.5) 
chambers from achieving tensile failure for Vm 𝐴𝐴 ≥ 5 km 3, and only the most oblate (ac = 0.5) and prolate  (ac = 2) 
chambers from reaching tensile failure for Vm 𝐴𝐴 = 1  km 3 (Goldman,  2022d). This finding is consistent with 
numeri cal results of Gregg et al. (2012) showing that larger magma chambers thermally buffer their walls against 
tensile failure. Since simulations with a large, shallow, oblate magma chamber produce stress fields conducive 
to crater rim dike emplacement over the largest parameter space, we conclude that these properties represent the 
best-fit configuration for Akaroa's shallow magma plumbing system.

It should be noted that volume changes required for tensile failure in most of this study's simulations correspond 
with values of overpressure, defined as the pressure above lithostatic equilibrium (Supporting Information S1) 
that exceed 40 MPa, a value commonly treated in modeling studies of both basaltic and silicic magma plumbing 
systems as the upper limit for what is geologically feasible (e.g., Cabaniss et al., 2020; Gregg et al., 2012; Jellinek 
& DePaolo, 2003). This value derives from scaling arguments provided by Rubin (1995) in calculating the pressure 
required for magma to intrude a preexisting crack. For this study, however, the host rock is assumed to be unfrac-
tured prior to chamber inflation since our FEM cannot simulate crack propagation. This assumption also avoids 
the problem of arbitrarily defining the location of any chamber-proximal fractures that may have existed prior to 
crater rim dike emplacement, since we do not have the data to constrain these locations. Although overpressures 
>40 MPa are not commonly used in studies modeling magma plumbing systems (Karlstrom et al., 2009), they 
are necessary for chamber wall-rock failure under geologically plausible conditions (Gerbault, 2012; Grosfils 
et  al.,  2015) and consistent with geodetic observations of the Long Valley Caldera magma plumbing system 
(Newman et al., 2001). The Supporting Information (S1) contains additional justification for the magma pres-
sures calculated in this study.

5.2. Timing of Edifice Construction and Dike Emplacement

The bulge-lithosphere-equilibrated and completely-equilibrated pre-stress conditions represent the short- and 
long-term endmembers of Akaroa Volcano's construction, respectively, but do not directly measure the volcano's 
growth rate. However, Stipp and McDougall (1968) and Timm et al. (2009) provide geologically plausible short- 
and long-term growth rates, respectively, for Akaroa that are consistent with the 0.1–1.0 Myr formation time 
for shield-shaped composite volcanoes (de Silva & Lindsay, 2015). Assuming a maximum volume of 3700 km 3 
for Akaroa (based on the FEM model geometry, Figure 3), the average growth rate for “rapid”, 0.1 Myr growth 
would have been 37 km 3/kyr, while the average “slow” 1 Myr growth rate would have been 3.7 km 3/kyr. Akaroa's 
rapid growth rate estimate is comparable to the average growth rate of 40 km 3/kyr for Hawaii's Kīlauea Volcano 
(Lipman & Calvert, 2013), while Akaroa's slow growth rate is comparable to the average 1.6 km 3/kyr rate of 
Sicily's Mt. Etna (Barreca et al., 2018).

The fact that most model configurations with a bulge-lithosphere-equilibrated prestress produce stress barri-
ers within elevations where crater rim dikes are observed (Figures 5–7) strongly suggests that Akaroa Volcano 
was rapidly, rather than gradually, constructed. Conversely, model configurations with a completely-equilibrated 
prestress, which assume a gradually constructed edifice, produce no stress barrier for vertically ascending dikes 
to deflect along (Figure 7b). It should be noted that completely-equilibrated model configurations with an oblate 
magma chamber are still consistent with the emplacement of some crater rim dikes, since chambers with an 
aspect ratio ac < 1 rupture at a sub-horizontal to outwardly ascending angle conducive to the propagation and 
emplacement of crater rim dikes without deflection along a stress barrier (c.f., Figure  5, path iv). However, 
bulge-lithosphere-equilibrated model configurations containing a large oblate magma chamber (Figure 7a) provide 
more pathways for dikes to reach the crater rim than their completely-equilibrated counterparts (Figure 7b). Thus, 
the FEM results most strongly support dike emplacement having occurred shortly after the completion of rapid, 
0.1 Myr edifice growth.

While providing support for the rapid growth endmember of Akaroa's formation, this study's FEM simulations 
do not strictly rule out dike emplacement on intermediate timescales between 0.1 and 1.0 Myr. Specifically, the 
static, single timestep bulge-lithosphere-equilibrated simulations do not constrain how quickly dike emplacement 
occurred following rapid edifice construction. However, several individual static bulge-lithosphere-equilibrated 
results may indirectly represent how Akaroa's stress barrier evolved throughout its active lifespan if each model 
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configuration represents a phase in the evolution of Akaroa's shallow magma plumbing system. For example, 
growth of the main magma chamber feeding the crater rim dikes can be indirectly represented by comparing the 
stress fields of magma chambers of increasing size (Figure 6). The amount of time necessary to grow the largest 
modeled chamber (15 km 3) is on the order of 15 kyr, assuming an average input magma flux of 10 −3 km 3/yr as 
modeled by Annen et al. (2014) for the analogous Soufrière Hills Volcano. Additionally, comparing the stress 
fields produced by model configurations with a constant versus T-dep Young's modulus (Figures 7a and 7b) may 
illustrate changes in the rate of input magma flux over time. This postulation is based on the numerical modeling 
results of Annen et al. (2006) that high magma fluxes produce large “aureoles” of thermally altered country rock, 
analogous to simulating a T-dep, thermally weakened host rock Young's modulus in the current study. While 
calculating the magma fluxes necessary to reproduce each T-ind or T-dep model configuration is beyond the 
scope of this study, the approach may be worth incorporating into future numerical modeling studies of magma 
plumbing systems.

The most direct way this study's FEM constrains the timing of dike emplacement is through time-dependent 
simulations of viscoelastic relaxation, specifically for the T-dep model (Figure 8). The T-ind model (Figure 7c) 
does not produce significant changes to the stress barrier in the vicinity of the crater rim between the initial elastic 
and fully relaxed viscoelastic endmembers. Although applying T-dep viscoelastic relaxation does not produce 
stress barrier elevations as high as those observed in the elastic, bulge-lithosphere-equilibrated model, simulat-
ing T-dep viscoelastic relaxation over multiple timesteps reveals that stress barrier elevation is correlated with 
the degree of relaxation (i.e., length of time passed, Figure 8). These simulations also indicate that applying the 
more realistic, temperature-dependent viscoelastic rheology to Akaroa and its underlying lithosphere lowers the 
stress barrier elevation overall compared with the purely elastic, and thus T-ind, model. This is especially true for 
magma chambers smaller than 15 km 3 (Figure 8a) or with non-oblate geometries (Figure 8d).

Another insight provided by the T-dep viscoelastic model is the rapid descent of the stress barrier by several 
hundred meters relative to the t = 0 elastic step within the first year of the simulation, followed by a slower 
descent within the first 1 kyr (Figure S14 in Supporting Information S1). This rapid initial descent of the stress 
barrier in the T-dep viscoelastic model weakens the argument that crater rim dikes were only emplaced shortly 
after construction of the entire Akaroa edifice, despite the consistency of the purely elastic model configuration 
with field and petrographic crater rim dike data. The time-dependent evolution of the stress barrier elevation, 
particularly the rapid descent followed by a logarithmically slowing ascent, can be attributed to the progressive 
upward relaxation of the model host rock, with the hottest, deepest rocks near the base of the lithosphere relaxing 
immediately due to their low viscosities, while shallower, cooler rocks relaxed over exponentially greater times-
cales (c.f., Equations S8–S13 in Supporting Information S1). However, the magnitude of stress barrier descent, 
as well as subsequent ascent, is significantly reduced for model configurations with a large, oblate chamber 
(Figures 8b and 8c), which still produce stress barrier locations within the region of crater rim dikes. Thus, the 
T-dep viscoelastic model provides additional evidence that Akaroa's crater rim dikes were fed by a large, oblate 
magma chamber.

5.3. Flexural History and Lithospheric “Bulge”

Akaroa's growth is expected to have caused downward flexure of the lithosphere due to the volcano's large radius 
(40 km) and the moderate, but not large, thickness of the underlying, elastically deforming region of the litho-
sphere (30 km). However, flexural model configurations produce stress fields dominated by radially oriented 𝐴𝐴 𝐴𝐴3 , 
preventing radial dike propagation and emplacement (Figure 7d). This discrepancy is most likely explained by the 
FEM applying edifice loading in a single timestep rather than incrementally. Le Corvec and McGovern (2018) 
demonstrate that stress fields calculated from the incremental construction of a large volcanic edifice are more 
conducive to the propagation of shallow radial dikes than from a volcano built in a single timestep, though their 
model does not include a pressurized shallow magma chamber. While outside the scope of the current study, 
simulating Akaroa's construction in multiple timesteps may yield stress field calculations that do allow shallow 
radial diking to occur, which would lend support to the gradual, 1 Myr edifice growth timescale presented by 
Timm et al. (2009).

It is also possible that conditions at the base of the lithosphere may have prevented significant flexure if mantle 
upwelling resulting from lithospheric delamination occurred (Timm et al., 2009). In fact, Timm et al.  (2009) 
hypothesize that the Banks Peninsula's volcanism was fueled by post-delamination uplift of the lithosphere. 
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Therefore, the 70-km wide bulge of raised basement material beneath the Banks Peninsula may have been pushed 
upward by an underlying mass of upwelled asthenosphere. However, testing this hypothesis is outside the scope 
of the current study since the upwelled asthenosphere replaced portions of the preexisting lithosphere, a process 
that this study's spatially continuous FEM cannot simulate.

Understanding the formation of the lithospheric bulge beneath Akaroa Volcano is necessary for explaining the 
shallow, slope-parallel shape of the stress barrier for most elastic and viscoelastic model configurations (Figure 
S11 in Supporting Information S1). If not a product of asthenospheric upwelling, this bulge may be related to 
the formation of the Cretaceous Mid Canterbury Horst, an east-to-west-trending fault block that extends from 
the Canterbury Plains through the Banks Peninsula (Ring & Hampton,  2012). The pre-Cenozoic age of this 
horst is consistent with the modeling assumption of lithostatic equilibration between the bulge and underly-
ing lithosphere prior to edifice construction in the Miocene. Moreover, the difference in elevation between the 
Torlesse greywacke basement beneath the Banks Peninsula and the Canterbury Plains sediments located just 
northwest of Lyttelton (Lee et al., 2017, Figure 12) is roughly consistent with the location of the northern fault 
boundary of the horst (Ring & Hampton, 2012, Figure 2). In fact, Ring and Hampton (2012) argue that the Mid 
Canterbury Horst spatially constrained Banks Peninsula volcanism, specifically by focusing volcanism along the 
intersection between the horst and local faults. Although this study's FEM does not incorporate local faults, it 
demonstrates a causal link between the presence of a conical lithospheric bulge, which spatially coincides with 
the Mid Canterbury Horst, and the occurrence of a stress barrier near the edifice surface, rather than at its base 
(Hurwitz et al., 2009; Poland et al., 2008). Based on the evidence provided by Timm et al. (2009) and Ring and 
Hampton  (2012), it is possible that a combination of the Mid Canterbury Horst and post-delamination uplift 
contributed to the formation of the conical bulge.

6. Conclusions
This study combines field, petrographic, and seismic data from New Zealand's Akaroa Volcano with a finite 
element model (FEM) to investigate the volcanic system's paleo-stress field. Field mapping indicates that the 
dikes exposed along Akaroa's erosional crater rim have predominantly radial orientations and are found within 
a narrow elevation range, suggesting the existence of a stress barrier along which ascending, radially aligned 
dikes deflected before emplacement. Numerical simulations of the Akaroa system suggest that the edifice was 
constructed relatively quickly (within 0.1 Myr), while dikes were emplaced either shortly after edifice construc-
tion or throughout Akaroa's remaining ∼1 Myr eruption lifespan. This study builds upon previous elastic, 
non-flexural, T-ind FEM studies of large composite and shield volcano systems by demonstrating how stress 
fields are affected by (a) the existence of a sloping, rather than flat, initial surface upon which the volcano is 
constructed, (b) a T-dep Young's modulus near the magma chamber wall, (c) viscoelastic relaxation (for model 
configurations with or without a geothermal gradient), and (d) flexure at the base of the lithosphere. This study's 
results can be further tested and refined through FEM simulations incorporating the sequential, rather than instan-
taneous, construction of Akaroa Volcano, as well as the temporal evolution of the magma plumbing system that 
produced Akaroa's crater rim dikes. More generally, FEMs building off this study's approach of mapping poten-
tial dike pathways through calculated principal stress orientations can complement geologic and geophysical data 
from active volcanoes to improve assessment of the hazards they may pose to nearby populations.

Data Availability Statement
Finite element model creation, simulations, and output results for this study were performed in COMSOL 
Multiphysics version 5.5, with the Structural Mechanics and Heat Transfer modules installed, available with 
a paid COMSOL license at https://www.comsol.com/. Input text files used for FEM simulations are available 
on FigShare (Goldman,  2022e). Results of FEM calculations of magma chamber pressure, volume change, 
and tensile failure location, as well as stress field visualizations exported from COMSOL, are also available 
on FigShare (Goldman,  2022c,  2022d). Additionally, field observations of Akaroa's dikes, including those 
located along the volcano's crater rim, and the ArcMap parent file, shapefiles, and other datasets used to 
generate the maps in Figure 1 and produce the topographic profile used in the FEM are available on FigShare 
(Goldman, 2022a, 2022b). The ArcMap file Akaroa_JGR_map.mxd and its associated shapefiles and data were 
generated in ArcGIS Desktop version 10.7.1, available with a paid license at https://www.esri.com/.

https://www.comsol.com/
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