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Although subparallel swarms of dikes are thought to be the primary feeders to voluminous volcanic 
eruptions, increasing recognition of volumetrically significant sill complexes suggests that they too play 
an important role in magma ascent through the shallow crust. However, the extent to which sills and 
interconnected, sill-fed dikes actually transport magma to the earth’s surface in many large igneous 
provinces (LIP) is presently unclear. By analyzing field relationships and dimensions of intrusions of 
the Ferrar LIP in South Victoria Land, Antarctica, we show that sill-fed dikes were the likely feeders for 
voluminous flood basalt eruptions. These intrusions are small but numerous, with cumulative dimensions 
equivalent to a feeder network 308,000 km long and 1.8 m wide. Due to the tremendous aerial extent 
of this intrusive network, each individual dike-feeder segment would only be required to actively feed 
magma for 2 to 3 days on average to erupt the 70,000 km3 of flood lavas represented by the Kirkpatrick 
basalts. The Ferrar intrusions form a broadly-distributed array of small, moderately dipping dikes (<2 km 
long, 1.8 m wide, 56◦ mean dip) exhibiting almost any orientation. This sill-fed dike network contrasts 
with dike swarms conventionally depicted to feed flood basalt provinces, and has the appearance of a 
variably “cracked lid” atop a sill complex. The cracked lid model may apply to a range of shallow feeder 
systems (<4 km depth) intruding sedimentary basins, where the effects of far-field tectonic stresses 
are negligible and sill intrusions exert the dominant control on dike orientations. We conclude that sill 
inflation, and resulting deformation of surrounding host rock, plays a critical role in the ascent of magma 
in shallow volcanic systems that span the full spectrum of eruptive volumes.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Dike intrusion is conventionally considered the dominant pro-
cess by which magma ascends through cold lithosphere to feed 
eruptions at the surface (Anderson, 1951; Lister and Kerr, 1991;
Rubin, 1995). In particular, giant dike swarms (20–40 m wide, 
100s–1000s of km long) are often invoked as the primary feed-
ers to flood basalt eruptions (Ernst et al., 1995; Self et al., 1997;
Coffin et al., 2006; Ray et al., 2007; Bryan and Ernst, 2008;
Hooper et al., 2010). This key role of regionally extensive, collinear 
swarms of dikes has been further supported by thermo-mechanical 
modeling of large-scale intrusions (Fialko and Rubin, 1999) and 
geochemical links between dike swarms and overlying flood basalt 
lavas (Hanghøj et al., 2003).
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Recent field observations, however, point to limitations in this 
model. Although most observations of giant dikes occur in Precam-
brian shields, where they are inferred to have intruded at paleo-
depths of 6–15 km (e.g. Proterozoic dikes of the Canadian shield: 
Ernst et al., 1995), sills are volumetrically dominant at shallower 
paleodepths (<4 km) in many flood basalt provinces. Examples in-
clude the 250 Ma Siberian Traps (Hawkesworth et al., 1995), 1.1 Ga 
Mid-Continental Rift, Canada (Hollings et al., 2010), and 183 Ma 
western Karoo igneous province, South Africa (Marsh et al., 1997;
Chevallier and Woodford, 1999; Hastie et al., 2014). Seismic reflec-
tion studies by Cartwright and Hansen (2006) have also revealed 
interconnected sills over vertical distances of 8–12 km in the Møre 
and Vøring Basins, offshore Norway. These results imply that sill 
complexes may play a more important role in shallow magma as-
cent than generally considered.

However, the extent to which sills and sill-fed dikes are able 
to feed voluminous lava eruptions at the Earth’s surface remains 
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unclear (Larsen and Marcussen, 1992; Hald and Tegner, 2000;
Cartwright and Hansen, 2006). For many LIPs, the sub-vertical 
conduits (dikes) connecting flood lavas to underlying sills have 
not been recognized (e.g., the 1270 Ma Mackenzie and 723 Ma 
Franklin LIPs: Ernst and Baragar, 1992; Bedard et al., 2012). This 
owes in part to a lack of preservation at relevant stratigraphic 
levels. Consequently, the processes controlling the upward trans-
port of magma and the geometric relationships between sills, dikes 
and lavas are poorly constrained for many sill-dominated LIPs. For 
example, the 250 Ma Siberian LIP comprises a shallow (<5 km pa-
leodepth) intrusive system dominated by sills (Czamanske et al., 
1995; Arndt et al., 1998; Li et al., 2009). Although the intrusive 
and extrusive components of the system are geochemically linked 
(Fedorenko and Czamanske, 1997), little has been published about 
their physical connections. Geochemical studies demonstrate that 
sills formed the lateral component of the conduit system for the 
Siberian trap lavas (Naldrett et al., 1995). However, questions re-
main regarding: (1) the geometrical relationships between sills, 
dikes and lavas, (2) the processes driving the formation of dikes, 
and (3) the eruption feeding capacity of the sill-fed dike network 
that possibly fed the Siberian lavas.

Additional challenges in studies of sill-fed dike networks arise 
from the limitations of seismic reflection methods, which are key 
tools for visualizing the 3-D geometry of sill complexes in LIPs 
(e.g., Malthe-Sørensson et al., 2004; Thomson and Hutton, 2004;
Hansen and Cartwright, 2006; Schofield et al., 2012a; Magee et 
al., 2013). For example, seismic reflection cannot discern thin 
(<10 m), sub-vertical structures such as dikes, which may be in-
strumental for transporting magma between sills and the Earth’s 
surface in these systems. Despite these limitations, seismic re-
flection surveys have successfully detected volcanic constructs a 
few hundred meters above the lateral terminations of sills in the 
Ceduna basin, offshore Australia (Magee et al., 2013), and the 
Faeroe-Shetland basin, offshore UK (Davies et al., 2002). Geophysi-
cal studies such as these support the role of sills and sill-fed dikes 
in feeding eruptions, with the Ceduna examples having relatively 
small eruptive volumes (typically <10 km3: Magee et al., 2013).

Here we take a novel approach to investigate the eruption-
feeding capacity of sill complexes using observations from shallow 
(<4 km paleodepth), sill-fed intrusions of the 183 Ma Ferrar LIP, 
Antarctica (Encarnación et al., 1996). Previous models did not con-
sider the role these intrusions played in feeding the overlying flood 
lavas (Elliot and Fleming, 2004). It is instead inferred that >100 m-
thick megadikes or subparallel dike swarms transported magma 
upward through the shallow crust to eruption. However, to date, 
neither have been discovered (Elliot and Fleming, 2004, 2008). To 
re-examine the necessity of such regionally-extensive, subparallel 
dike swarms, we ask the following question – might the observed 
network of sill-fed dikes be responsible for bringing magma to the 
surface from shallow depths?

2. Review of intrusion dynamics of the Ferrar LIP

The Ferrar LIP is exposed for 3500 km along the Transantarctic 
Mountains (Elliot and Fleming, 2004). Post-Ferrar uplift has pro-
duced a series of tilted fault blocks, and exhumation of the Ferrar 
intrusions with relatively little deformation (Gleadow and Fitzger-
ald, 1987; Marsh, 2004). Volume estimates of the Ferrar LIP yield 
∼300,000 km3 of magma (Ross et al., 2005), with dikes compris-
ing <1% (Fig. 1). The greatest proportion of magma was emplaced 
as sills (170,000 km3), while the Dufek layered mafic intrusion and 
Kirkpatrick flood basalts represent approximately 60,000 km3 and 
70,000 km3 of magma, respectively (Ross et al., 2005, and refer-
ences therein).

South Victoria Land, Antarctica, provides superb exposures of 
the shallow (<4 km paleodepth) plumbing system of the Ferrar LIP 
Fig. 1. Pie chart illustrating the relative volumes of the various components of the 
Ferrar LIP. Volume estimates from Ross et al. (2005). The inferred volume of dikes 
is calculated from this study.

(see Muirhead et al., 2012, for a detailed review) (Figs. 2 and 3). 
Up to 2000 m-high vertical exposures of interconnected dikes and 
sills are present over a ∼10,000 km2 area, and some sills can be 
traced laterally >50 km along their lengths (Marsh and Zeig, 1997;
Marsh, 2004). Key areas along the Transantarctic Mountains (i.e., 
North Victoria Land and Central Transantarctic Mountains) ex-
hibit similar intrusive networks, suggesting that the Ferrar LIP 
forms an interconnected sill network within the Beacon Super-
group along its entire length (Elliot and Fleming, 2004; Leat, 2008;
Muirhead et al., 2012). In South Victoria Land, Ferrar dike intru-
sions are hosted by a ∼2.5 km-thick sequence of sedimentary 
rocks (Beacon Supergroup) and volcaniclastics (Mawson Forma-
tion), and are rarely observed dissecting the underlying basement 
granitoids (Table 1). The Beacon Supergroup dips shallowly, 1–2◦
to the west (Gleadow and Fitzgerald, 1987), although significant 
local variations exist where strata have been buckled and tilted 
from the forceful intrusion of Ferrar sills (Grapes et al., 1974;
Korsch, 1984; Pyne, 1984; Airoldi et al., 2011). While no re-
gionally distributed, sub-parallel dike swarms are known (Elliot 
and Fleming, 2004, 2008), swarms of moderately dipping, sill-
fed dikes extend from sills at a number of locations, including 
Coombs Hills, Mt Gran, Terra Cotta Mountain, Allan Hills, and 
Pearse Valley (Elliot and Fleming, 2004, 2008; White et al., 2009;
Muirhead et al., 2012: Figs. 3 and 4).

Early work on intrusion mechanics of the Ferrar LIP highlighted 
the governing role of sills (Grapes et al., 1974; Korsch, 1984;
Pyne, 1984). A later study by Wilson (1993), however, suggested 
that dike orientations in South Victoria Land were controlled by 
a far-field transtensional environment. Recent work has tested 
both models by combining structural analyses (White et al., 2009;
Airoldi et al., 2011; Muirhead et al., 2012) and anisotropy of 
magnetic susceptibility (AMS) analysis of magma flow directions 
(Guegan, 2006; Airoldi et al., 2012). These studies point to a sill-
driven model for Ferrar dike emplacement, and suggest that evi-
dence for a far-field extensional, or trans-tensional, tectonic regime 
during Ferrar emplacement is lacking.

The current line of thinking is that dike intrusions in the up-
per 4 km of the plumbing system represent the response of the 
country rock to forceful intrusion of sills (Muirhead et al., 2012). 
Ferrar dikes are typically sandwiched between larger sills, produc-
ing stepped, dike–sill geometries (Fig. 4A). Field observations show 
that country rock at the lateral ends of sill segments was buck-
led upward (Grapes et al., 1974; Korsch, 1984; Airoldi et al., 2011: 
Fig. 4F), generating local extensional stresses (Johnson and Pollard, 
1973; Goulty and Schofield, 2008). These stresses led to the forma-
tion of fractures that could be exploited by magma that ascended 
the stratigraphy before deflecting back into sills at higher strati-
graphic levels (Thompson and Schofield, 2008; Airoldi et al., 2011;
Muirhead et al., 2012: Fig. 4A and E). AMS studies support these 
assertions, demonstrating that magma was “passively” drawn into 
localized zones of high stress generated from underlying sills, 
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Fig. 2. DEM image of areas of South Victoria Land examined in this study. Areas of persistent ice cover are annotated white. Dikes were only examined at locations where 
Beacon Supergroup and/or Mawson Formation rocks are present. Rose diagrams are of dike strikes. Only areas where >20 dikes were measured are presented here, and 
include Allan Hills (A), Coombs Hills (B), Head Mountains (C), Olympus range (D), Asgard Range (E), Fenrir Valley (F), Beacon Heights (G), and Terra Cotta Mountain-Mt 
Kuipers (H). Inset (top right) shows the location of the study area in Antarctica. TAM = Transantarctic Mountains.
rather than actively forming fractures ahead of the dike tip (Airoldi 
et al., 2012). In these instances, advancement of the crack in 
front of the dike did not depend solely on magma pressures 
in the inflating dike tip, and subsequent widening of dike seg-
ments was enhanced by jacking-up of the crust above underly-
ing sills (Fig. 4A and D). The proposed process of intrusion is 
consistent with dike and sheet formation in sill complexes else-
where, based on field observations (Johnson and Pollard, 1973;
Polteau et al., 2008), numerical simulations (Malthe-Søresson et 
al., 2004), laboratory experiments (Galland et al., 2009), and seis-
mic reflection studies (Thomson and Hutton, 2004; Hansen and 
Cartwright, 2006; Thompson and Schofield, 2008; Magee et al., 
2014).

In line with analogue modelling of sill-fed dike intrusions 
(Galland et al., 2009), Ferrar dikes exhibit a component of reverse 
shear along the dike plane (Muirhead et al., 2012). For example, 
exposures of dikes at Terra Cotta Mountain and Pearse Valley show 
that dikes dissected by later intrusions were uplifted on the hang-
ingwall side (Morrison, 1989: Fig. 4E). Striated surfaces along dike 
margins further support a component of shear during the intrusion 
process (Fig. 4G), although the timing of these shearing events rel-
ative to dike emplacement is difficult to constrain (Muirhead et 
al., 2012). Similar kinematic models have been invoked for cone 
sheet intrusions on the Canary Islands (Schirnick et al., 1999), and 
laterally-emplaced regional dikes deflected into inclined sheets at 
Ardnamurchan, Scotland (Magee et al., 2012). In all, these recent 
insights add to a growing body of evidence that the shallowly 
intruded dikes of the Ferrar LIP formed under a dominantly sill-
driven process.

3. Methods

To establish a regional picture of the orientations and dimen-
sions of intrusions in South Victoria Land, we analyzed 644 sill-fed 
dikes, comprising a number of irregular or en echelon stepping 
segments (Appendix A). Dike lengths, widths and strikes were 
collected from a combination of published maps and datasets 
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Fig. 3. Photos illustrating the shallow (<4 km paleodepth) plumbing system of the Ferrar LIP in South Victoria Land. A: Dikes at Terra Cotta Mountain ascend the stratigraphy 
and connect to an overlying sill. B: Exposure of a thick sill at Coombs Hills with country rock rafts near the upper contact. C: Exposures of extensive sills and dike swarms 
near Taylor Glacier. D: Sills intruding Beacon Supergroup rocks in the Beacon Heights region.
(Korsch, 1984; Pyne, 1984; Guegan, 2006; Airoldi et al., 2011;
Muirhead et al., 2012; Cox et al., 2012) and DigitalGlobe satellite 
imagery (1 to 2 m-horizontal resolution) courtesy of Google Earth 
(Fig. 5).

As a result of the data-mining method and the nature of the 
exposures, certain limitations exist in our dataset. Scree and ice 
cover limited traceability of ∼75% of dikes, so the reported lengths 
are minimum values. However, since no dikes can be traced across 
glaciers into neighboring nunataks, we do not expect that many 
intrusions exceed lengths of a few km. Dike segment widths were 
acquired from four previous field studies (Appendix A), and in 
many instances are not matched with our length data, so we were 
unable to calculate dike aspect ratios for most intrusions. The seg-
ment width data presented here (n = 401) is not as complete as 
the length and strike data, as true dike widths must be collected in 
the field. Nonetheless, the calculated 1.8 m mean width from 401 
dike segments is in agreement with assertions of previous authors, 
estimating Ferrar dikes to be between 1 and 2 m wide (Pyne, 1984;
Wilson, 1993; Ross et al., 2008).
4. Results

Dikes mapped in this study are exposed in the Beacon Su-
pergroup and Mawson Formation over an area of 458 km2. The 
dikes are broadly distributed, with mean lengths and widths of 
550 m and 1.8 m, respectively (Fig. 6). Field analyses at Allan 
Hills and Terra Cotta Mountain (Airoldi et al., 2011; Muirhead et 
al., 2012) show that dikes are moderately dipping (56◦ mean; 
Fig. 6C). Where dikes form local, subparallel arrays (e.g., Allan 
Hills and Terra Cotta Mountain), they also exhibit common dip di-
rections (Figs. 4B and 5F), consistent with intrusion under local, 
magma-induced stresses (Klausen, 2004; Muirhead et al., 2012). 
The complete catalogue of dike strikes shows that all orientations 
are well represented and, similarly, length-weighted histograms of 
dike strikes show a wide range of orientations (Fig. 7). A weak 
NNW–SSE alignment is, however, observed in the length-weighted 
strike data, the implications of which are discussed further in Sec-
tion 5.3.

We calculate the aerial extent and volume of Ferrar dikes by 
first considering the ratio of dikes to country rock in the study 
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Table 1
Simplified stratigraphy of South Victoria Land, Antarctica. Table modified from McClintock (2001) and Airoldi et al. (2011).
area. The 595 dikes mapped in plan view represent a combined 
aerial extent of 0.56 km2. This gives an average dike to country 
rock ratio of 1:815. Applying the same ratio over the full extent of 
the Ferrar province (3000 × 150 km: Ross et al., 2005), we infer 
that Ferrar dikes covered a total area of 550 km2, corresponding to 
a volume of 1380 km3 within the 2.5 km-thick Beacon Supergroup 
and Mawson Formation host rocks. For comparison, a single fissure 
of equivalent size would be 3000 km long × 184 m wide, or, us-
ing the mean width of 1.8 m, a cumulative dike network totaling
308,000 km in length.

5. Discussion

5.1. Did the inferred Ferrar dike-fissure network feed the flood basalts?

Two basic conditions must be met to conclude that sill-fed 
dikes of the Ferrar large igneous province fed flood basalt lavas: 
(1) the intrusions must have extended all the way to the surface; 
and (2) the size of the network must be sufficient to erupt the 
70,000 km3 of flood lavas on a reasonable timescale.

Tracing subsurface dikes vertically to the surface is challenging 
in the Ferrar, due to rare exposure of the basal contact of the Kirk-
patrick lavas. However, a close kinship is observed between Ferrar 
dikes and volcanic rocks of the Mawson Formation (McClintock 
and White, 2006). Shallowly intruded sills and sill-fed dikes at 
Coombs Hills and Shapeless Mountain transition at their lateral 
ends into intrusive tuff breccias (Korsch, 1984; Elliot and Grimes, 
2011), indicating that these sill-fed dikes did indeed feed surface 
eruptions (Gunn and Warren, 1962; McClintock and White, 2006;
Airoldi et al., 2011; Elliot and Grimes, 2011). Furthermore, our 
study reveals that the dike to country rock ratio remained con-
stant as intrusions ascended toward the surface. This is shown 
in the Coombs-Allan Hills region (∼800–0 m paleodepth: Ross et 
al., 2008), where the dike to country rock ratio of 1:880 is com-
parable with the mean value of 1:815. Consequently, we suggest 
it would be unreasonable to assume that the sill-fed dike net-
work terminated abruptly only a few tens of meters below the 
paleosurface. Lastly, in areas exhibiting evidence for extensive vol-
canism, such as nested diatremes, mafic pyroclastic density cur-
rents, fall deposits, and basalt lavas (e.g. Coombs Hills and Al-
lan Hills: White and McClintock, 2001; Ross and White, 2005;
McClintock and White, 2006; Ross et al., 2008), the shallow plumb-
ing system is dominated by sill-fed dikes; no other potential feed-
ers are recognized. We suggest that, until competing shallow dike-
feeders are discovered throughout the Ferrar LIP, it is fair to as-
sume that the sill-fed dike network locally extended all the way to 
the surface.

A relatively simple approach may be taken to address crite-
rion (2), the feeding capacity of the sill-fed dike network. We apply 
a reasonable lava effusion rate to the cumulative dike network 
(308,000 km long), to establish the time required to produce the 
70,000 km3 Kirkpatrick flood basalts. This method has been simi-
larly applied to dike-feeder systems of the Deccan province (Ray et 
al., 2007). Lava effusion rates are taken from the 1873–74 eruption 
of Laki, Iceland, which produced 14.7 ± 1.0 km3 of lava, represent-
ing the most voluminous basaltic lava eruption of historic time. 
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Fig. 4. A: Stepped dike–sill geometry at Allan Hills. B: Moderately inclined dikes on the northern slopes of Terra Cotta Mountain (photo courtesy of Tony Reay). Contour plot 
of poles to dike planes from Muirhead et al. (2012). C: Schematic of cross-cutting dikes highlighted in B. Half arrows indicate the inferred sense of shear given the offset 
accrued on the early intruded dike (dark grey). D: Simplified kinematic model after Muirhead et al. (2012) for stepped dike–sill intrusions. Opening normal to both the sill 
and dike results in a dilation vector (double sided arrow) oblique to both the dike and sill plane, and a component of reverse shear along the dike plane (half arrows). Bold 
white arrows show the inferred local orientations the least (σ3) and greatest (σ1) compressive stresses. E: Photo of intrusions seen from Pearse Valley. Moderately inclined 
dikes extend from a sill periphery into an overlying sill. Inset illustrates dike kinematics inferred from cross-cutting relationships between dikes. F: Folded strata at the lateral 
termination of a sill segment. G: Mineral striations on a dike selvage at Allan Hills. Double sided arrows indicate the orientation of the striations.
During this eruption, which lasted 8 months, lava erupted dur-
ing discrete events on individual dike-fissure segments that were 
active for weeks to months at a time (Thordarson et al., 1996), 
with maximum effusion rates of ∼ 2 m3 s−1 per meter length of 
fissure (Self et al., 1997). After a few days to weeks of activity, 
lava effusion on each individual segment reduced and focused on 
a few point sources (central magma conduits) along the fissures. In 
some respects, flood basalt eruptions represent scaled-up versions 
of these basaltic fissure eruptions (Bryan and Ferrari, 2013). Indi-
vidual flood basalt lavas erupt for years to decades at a time (Self 
et al., 1997), providing constraints on the timescales over which 
lavas may be fed from individual feeder dikes. Activity across the 
entire fissure network occurs over 105–106 years (Ray et al., 2007;
Bryan and Ferrari, 2013), with decades-long eruptions alternating 
with tens to hundreds of millenia of inactivity. Assigning a con-
servative lava effusion rate of 1 m3 s−1 per meter of dike-feeder 
length in the Ferrar LIP (i.e., mean effusion rates for Kilauea: Self 
et al., 1997), each individual segment (102–103 m long) of the 
308,000 km-long, dike-feeder system requires an average of only 
2 to 3 days of activity to cumulatively produce the volume of the 
Kirkpatrick basalts over the timescale of Ferrar LIP emplacement 
(∼106 years: Heimann et al., 1994). Given that individual fissure 
segments in large-scale basaltic eruptions are observed and the-
oretically demonstrated to have eruptive durations of 2–3 weeks 
(Thordarson et al., 1996; Thordarson and Self, 1998), we conclude 
that it is very likely the Ferrar dike network transported magma 
upward to eruption throughout the area of its shallow plumbing 
system to feed the Kirkpatrick flood lavas.

5.2. Additional ascent through conduits and roof collapse

In addition to the dike network, volcanic plugs observed at 
Coombs Hills, Allan Hills, and Shapeless Mountain have been high-
lighted as potential feeders to the flood basalts (Korsch, 1984;
Reubi et al., 2005; Ross et al., 2008). We concur that these plugs 
represent complex conduit structures that could have contributed 
to upward magma transport at shallow depths. They are proba-
bly sites where magma flow in dikes localized into point sources 
(e.g. Delaney and Pollard, 1982), which were enhanced at dike in-
tersections (cf. Appendix 1 of Korsch, 1984). Furthermore, large 
tilted blocks (up to 500 m in diameter), interpreted by White et 
al. (2009) as fragmented sill roofs, have been observed “floating” 
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Fig. 5. Google Earth images of Ferrar dikes intruding Beacon Supergroup and Mawson Formation rocks in South Victoria Land. A: Plan-view image of dikes in Fenrir Valley. 
B: Simplified schematic of A. Rose diagram is of measured dike strikes in Fenrir Valley from this study. C: Plan-view image of dikes at Coombs Hills. D: Simplified schematic 
of C. Rose diagram is of measured dike strikes at Coombs Hills from this study. E: Oblique aerial view of a sub-parallel swarm of moderately dipping dikes at Allan Hills. F: 
Simplified schematic of E. Contour plots are of poles to dike, sill, and bedding planes collected in the field by Muirhead et al. (2012). Note the moderate dip of the dikes as 
well as the common dip direction.

Fig. 6. A: Frequency histogram of dike lengths measured in this study. B: Frequency histogram of measured dike segments. C: Frequency histogram of dike dips.
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Fig. 7. A: Frequency histogram of dike strikes measured in this study. B: Length-weighted frequency histogram (100 m corresponds to a value of 1) of dike strikes.
in shallow sills that intruded a few hundred meters from the pale-
osurface (Fig. 3B). Based on these observations, White et al. (2009)
suggest that wholesale breakup of country rock occurred at some 
localities above shallowly intruded sills. The model presented here 
(Fig. 8) is complementary to this hypothesis, as a variably oriented, 
crosscutting network of dikes extending vertically from a shallow 
sill to the surface, or an overlying partially molten sill, is expected 
to isolate domains of country rock, which can then be engulfed 
in magma. The domains of country rock described by White et 
al. (2009) may, however, represent “bridges” that became isolated 
as adjacent sill segments coalesced (Hutton, 2009; Scholfied et al., 
2012a). The isolated blocks observed in Ferrar sills, up to 500 m 
in diameter, are an order of magnitude larger than broken bridges 
observed in shallow sills elsewhere (e.g. Theron Mountains, Antarc-
tica: Hutton, 2009).

5.3. The cracked lid: an end-member feeder style for flood basalt 
volcanism

The observed dike network of the Ferrar is at odds with the 
traditional model of shallow magma ascent invoked for many LIPs, 
which involve subparallel swarms of large, steep dikes (>100 km 
long, 20–40 m wide, >75◦ dip) (Ernst et al., 1995; Ray et al., 2007;
Bryan and Ernst, 2008). In contrast, the Ferrar’s sill-fed dikes form 
a broadly-distributed array of smaller, moderately dipping intru-
sions (<2 km long, 1.8 m wide, 56◦ mean dip) of any orien-
tation. Although a very weak NNW–SSE trend is present in the 
length-weighted strike data (Fig. 7), it is significantly weaker than 
those produced by dikes forming in extensional tectonic regimes in 
magmatic rifts (e.g., Tertiary rifts of Iceland: Gudmundsson, 1995, 
2002) or giant dike systems (e.g., Okavango and Lembobo dike 
swarms; Aubourg et al., 2008; Klausen, 2009). Rather, Ferrar dike 
orientations have similarities to dike networks that intruded into 
isotropic stress regimes, such as the Nasik-Pune swarm of the 66 
Ma Deccan Province, India (Hooper, 1990; Vanderkluysen et al., 
2011), and dikes of the Navajo volcanic field, USA (Laughlin et al., 
1986). These observations imply that a regional extensional stress 
regime did not influence the orientations of Ferrar dikes at shallow 
paleodepths (<4 km).

This conclusion is in line with recent studies addressing the 
controls on Ferrar dike formation (White et al., 2009; Airoldi et al., 
2011, 2012; Muirhead et al., 2012). These studies have dismissed 
shallow dike emplacement as part of a far-field extensional stress 
regime based on (1) the predominance of Ferrar sills and sill-fed 
dikes, (2) the moderate dips (∼50◦ mean) exhibited by dikes, and 
(3) the lack of steeply dipping, subparallel dike swarms. Instead, 
Fig. 8. Schematic illustration of end-member, shallow (<4 km depth) feeder systems 
for flood basalt provinces. A: Long, subparallel aligned dikes oriented perpendicular 
to a far-field least compressive stress direction. Note that on the scale of a craton 
(i.e. 1000 s of km), swarms like these can also form a radial pattern (Ernst et al., 
1995). B: The cracked lid model. Short dikes of almost any orientation overlie a 
network of sills.

dikes at Allan Hills, Coombs Hills and Terra Cotta Mountain ap-
pear to have been emplaced into a local magmatic stress regime, 
with dikes forming at the propagation fronts of sills. We therefore 
suspect that the weak NNW–SSE trend in Ferrar dike orientations 
represents a common process related to sill formation, such as a 
preferred propagation direction (White et al., 2005).

This sill-driven, dike feeder system creates a remarkable scene 
in plan view, resembling a variably “cracked lid” overlying a sill 
network (Fig. 8). We propose that this cracked lid model repre-
sents an end-member example of a flood basalt feeder system, 
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where the effects of far-field tectonic stresses are negligible and 
sill intrusions exert the dominant control on dike orientations.

5.4. When does the cracked lid arise?

The cracked lid may be the archetypal model for shallow feeder 
systems of LIPs that intruded sedimentary basins where the in-
fluence of any far-field extensional tectonics is negligible. Seis-
mically observed, sill-dominated LIPs intrude sedimentary basins 
in offshore Australia (Magee et al., 2013; Rohrman, 2013), Nor-
way (Thomson and Hutton, 2004; Cartwright and Hansen, 2006; 
Thomson and Schofield, 2008) and Senegal (Hansen et al., 2008). 
The processes governing dike formation in these provinces are 
strikingly similar to those inferred for the Ferrar sill-fed dikes. 
For example, shallowly dipping, concentric dikes of any orienta-
tion extend from the peripheries of sills and form in response to 
sill-roof uplift (Thomson and Hutton, 2004). Observations of sill-
fed dikes in seismically observed LIPs are, however, restricted to 
thicker (>10 m), shallowly dipping (<40◦) intrusions. Thus, the 
distribution and geometry of thinner dikes (<10 m) comprising 
the vertical component of these feeder systems cannot be easily 
resolved. Nonetheless, the similarity in dike formation processes 
combined with the abundance of sills in seismically observed LIPs 
suggests that a cracked lid feeder system may be present in many 
of these provinces.

Despite the geometric similarities between the Ferrar plumb-
ing system and sill complexes generally, many seismic reflec-
tion studies reveal the presence of “intrusive LIPs” that are not 
demonstrated to have fed voluminous outpourings of flood lavas 
(Rohrman, 2013). Further, it is common for seismically imaged sill 
complexes to be coupled with extrusive components that have 
small eruptive volumes, such as the Ceduna Sub-basin, offshore 
Australia, where edifice volumes are typically <10 km3 (Magee et 
al., 2013).

Given that many sill complexes do not erupt significant lava 
volumes, why did sills and sill-fed dikes of the Ferrar LIP lead 
to eruption of a flood basalt province? Rohrman (2013) demon-
strates that, as magma ascends sedimentary basins, decreasing 
sediment densities produce a corresponding decrease in magma 
overpressure gradients. Consequently, if a sedimentary sequence 
is sufficiently thick magma ascent will terminate. Compared to 
intrusive LIPs observed in seismic reflection surveys (e.g., Rock-
all Basin, offshore United Kingdom: Thomson and Hutton, 2004), 
which are known to have been emplaced in basinal sedimentary 
successions as thick as 12 km (Cartwright and Hansen, 2006), in-
trusions of the Ferrar LIP traversed only a relatively thin sequence 
of sedimentary rocks (∼2.5 km) and, as a consequence, breached 
the surface to feed flood basalt eruptions. This basic observation 
supports the assertion of Rohrman (2013) that sedimentary basin 
thickness has a first-order control on the eruptive capacity of a 
sill complex. In addition to basin thickness, the vertical ascent 
of magma within sill complexes will also be affected by magma 
buoyancy, source pressure and solidification, and by the physical 
properties of the host rock, such as density, rigidity contrasts, pre-
existing structures, fluid pressure, and rheology (Kavanagh et al., 
2006; Thomson, 2007; Schofield et al., 2012b; Le Corvec et al., 
2013; Chanceaux and Menand, 2014; Kavanagh and Pavier, 2014;
Krumbholz et al., 2014).

An ideal field location to compare and contrast the controls 
on magma ascent in the Ferrar LIP is the contemporaneously em-
placed dikes and sills of the western Karoo basin (Encarnación
et al., 1996; Marsh et al., 1997; Chevallier and Woodford, 1999; 
Schofield et al., 2010). The intrusive pattern in the western Karoo 
is similar to that observed in the Ferrar LIP, exhibiting widespread 
sills and an arrangement of dikes that to some degree mimic the 
cracked lid pattern described in this study (Marsh et al., 1997;
Chevallier and Woodford, 1999; Fig. 8). However, compared to the 
Ferrar LIP, the Karoo Province records a protracted magmatic/tec-
tonic history (∼183–174 Ma) and the geometry of the shallow 
plumbing exhibits greater structural complexity (Hastie et al., 
2014). Although dikes are observed extending from sill peripheries 
in the western Karoo basin, imposed on this dike–sill network are 
broadly distributed (200 to >400 km wide) NW-SE striking dikes, 
indicating a zone of right-lateral shear (Chevallier and Woodford, 
1999). Additionally, long, collinear dike swarms extend along the 
northern and eastern boundary of the Kaapvaal Craton and ap-
pear to form a triple junction (Aubourg et al., 2008; Klausen, 2009;
Hastie et al., 2014). Consequently, linking specific dike-feeder sys-
tems with Karoo flood basalts is challenging. Geochemical analyses 
by Galerne et al. (2008) demonstrate a close kinship between the 
saucer-shaped, Golden Valley Sill and the earliest erupted Lesotho 
lavas. However, it is yet to be determined whether or not flood 
lavas of the Karoo LIP were primarily fed by a sill-fed dike system 
exhibiting a cracked lid pattern, rather than regionally extensive, 
collinear dike swarms.

5.5. Applications to active volcanic systems

Although larger in scale than any of today’s active mafic vol-
canic systems, intrusions of the Ferrar LIP highlight the influence 
of sills on upward magma transport, with potential implications 
for hazard forecasting. Models of shallow, sill-assisted dike in-
trusion (Johnson and Pollard, 1973; Polteau et al., 2008) diverge 
from classic depictions of ascending magma (Anderson, 1951), 
where upward (or lateral) propagation of a dike requires that 
magma pressure in the dike exceeds the regional least compressive 
stress. In a shallow, interconnected sill–dike network, sill inflation 
may promote the ascent of magma in dikes, by creating local-
ized zones of extension at the sill periphery and assisting opening 
of the dike walls as the sill inflates (Johnson and Pollard, 1973;
Goulty and Schofield, 2008; Galland et al., 2009). In these sys-
tems, the timing and location of volcanic eruptions may be related 
to sill inflation/deflation events. Field observations from the Fer-
rar LIP reveal a shallow magma system composed of complex, 
interconnected dike–sill geometries, one in which dikes often em-
anate from the lateral ends of sills (Muirhead et al., 2012; Fig. 4). 
Given these basic geometric relations we assert that, during Fer-
rar magmatism, ground deformation related to sill inflation may 
have been laterally offset from eruption sites. These interpreta-
tions are in line with InSAR deformation studies of recent erup-
tions (e.g., 2004 Asama eruption (Japan), 2005 Fernandina erup-
tion (Galapagos): Chadwick et al., 2011; Aoki et al., 2013), exper-
imental modelling of magmatic intrusions (Galland et al., 2009;
Galland, 2012), seismic reflection observations of sills in the Ce-
duna basin, offshore Australia (Magee et al., 2013), and field ob-
servations in monogenetic basaltic fields (Bakony-Balaton Highland 
Volcanic Field, Hungary: Nemeth and Martin, 2007), where erup-
tion sites occur above the lateral terminations of sills rather than 
above the sill center.

6. Conclusions

This study is the first to catalogue the dimensions and distribu-
tion of regionally exposed sill-fed dike intrusions of the Ferrar LIP 
in South Victoria Land, Antarctica. Dikes of the Ferrar LIP formed 
an aerially extensive dike network, with a cumulative length of 
308,000 km. Applying reasonable effusion rates to this shallow 
dike system, we demonstrate that each individual segment of this 
feeder array could have been active for as little as 2 to 3 days to 
produce the volume of the Kirkpatrick flood lavas. The observed 
sill-fed dike network of the Ferrar LIP is at odds with the tradi-
tional model of magma ascent invoked for many LIPs, and resem-
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bles a variably “cracked lid” atop a sill network. The cracked lid 
may be the archetypal model for shallow feeder systems of LIPs 
that intruded sedimentary basins where the influence of far-field 
extensional tectonics is negligible. This study reveals that shallow 
magma systems composed dominantly of sills are capable of feed-
ing voluminous outpourings of lava, and highlights the important 
role sills likely play in feeding active volcanic system.
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