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Abstract

Physical volcanological features are presented for a 710-m-thick section, of the Naude’s Nek Pass, within the lower part of the
Lesotho remnant of the Karoo Large Igneous Province. The section consists of inflated pahoehoe lava with thin, impersistent
sedimentary interbeds towards the base. There are seven discreet packages of compound and hummocky pahoehoe lobes
containing flow-lobe tumuli, making up approximately 50% of the section. Approximately 45% of the sequence consists of
14 sheet lobes, between 10 and 52-m-thick. The majority of the sheet lobes are in two packages indicating prolonged periods of
lava supply capable of producing thick sheet lobes. The other sheet lobes are as individual lobes or pairs, within compound flows,
suggesting brief increases in lava supply rate. We suggest, contrary to current belief, that there is no evidence that compound
flows are proximal to source and sheet lobes (simple flows) are distal to source and we propose that the presence of flow-lobe
tumuli in compound flows could be an indicator that a flow is distal to source. We use detailed, previously published, studies of
the Thakurvadi Formation (Deccan Traps) as an example. We show that the length of a lobe and therefore the sections that are
‘medial or distal to source’ are specific to each individual lobe and are dependent on the lava supply of each eruptive event, and as
such flow lobe tumuli can be used as an indicator of relative distance from source.

Keywords Karoo - Tumuli - Hummocky pahoehoe - Continental flood basalt - Naude’s Nek - Horizontal vesicular sheets -
Deccan - Thakurvadi

Introduction Reichow et al. 2005; Saunders and Reichow 2009), Central
Atlantic Magmatic Province (e.g. Knight et al. 2004; El
Continental flood basalt (CFB) sequences, especially the giant ~ Hachimi et al. 2011), Karoo-Ferrar (e.g. Marsh et al. 1997
Mesozoic provinces such as Siberia (e.g. Sharma 1997; Duncan and Marsh 2006), Parana-Etendeka (e.g. Peate 1997,
Waichel et al. 2006; Rossetti et al. 2017) and Deccan (e.g.
Beane ct al. 1986; Walker 1999), are manifestations of conti-
nental mafic magmatism of a scale unknown in modern vol-
Electronic supplementary material The online version of this article canic systems. They are characterised by subaerial emplace-
(https://doi.org/10.1007/s00445-017-1189-6) contains supplementary . .
material, which is available to authorized users. ment of very large volumes of basaltic lava flows, dominantly
pahochoe (e.g. Bryan et al. 2010; Self et al. 2015), in thick
52 Anne E. Jay pagkagezs spread over areas frfequently in excess ofalx
anne.jay @open.ac.uk 10 km* (Self et al. 2015), with very short time spans of
emplacement (~ 1 Ma; Bryan et al. 2010). They present chal-
lenges to understanding the sources of their magmas, tempo-
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School of Environment, Earth and Ecosystem Sciences, The Open . . . .
University, Walton Hall, Milton Keynes MK7 6AA, UK ral and spatial relationship to supercontinents (Svensen et al.

Fquipe de paléomagnétisme, Institut de Physique du Globe de Paris, 2017), cogtlnental rifting and possible mantle plumes (Burke
UMR 7154, Sorbonne Paris Cité, 1 rue Jussieu, 75238 Paris cedex ~ and Torsvik 2004; Ernst and Bleeker 2010), magma supply
5, France and distribution systems such as dyke and sill complexes, and

Department of Geology, Rhodes University, Grahamstown, South not least lava flow emplacement and lava pile construction
Africa (Walker 1971; Jay et al. 2009). The latter is important and
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raises a number of questions. How, in a short space of time,
does one inundate 1 x 10° km?® or more of continental surface
areas with lava (Thordarson and Self 1998)? Are the emplace-
ment mechanisms inferred from young, small-volume sys-
tems applicable (e.g. Bondre and Hart 2008; Bondre et al.
2004; Sheth 2006)? If so, what are the implications for vent
distribution and magma supply? Whether such inferences are
valid requires detailed observations of the lava flow features
of the older CFBs and careful comparison with the modern
systems (Thordarson and Self 1998). One issue facing such
comparisons is the fact that in the older lava sequences obser-
vations are usually confined to two dimensions whereas in
modern systems observations relating to three spatial dimen-
sions are usually possible. If we take the modern analogue to
hold true, is it possible to use observations of features in mod-
e three-dimensional volcanic fields to understand the rela-
tive location of a two-dimensional CFBP outcrop within its
flow field and hence provide a better understanding of the
growth and development of the CFBP as a whole.

This paper provides the first documentation of the physical
volcanology of the Lesotho remnant of the Karoo (Fig. 1)
continental flood basalt province (CFBP). It is temporally
linked to the second-order mass extinction events at the
Pliensbachian-Toarcian boundary and the early Toarcian and
coeval environmental perturbations (Wignall 2001; Wignall
and Bond 2008). We provide a description of the field area
and of the physical volcanological features found along the
Naude’s Nek section. These are described from oldest to
youngest.

We focus on lava flow morphology and characteristics and,
in particular, the preservation of flow-lobe tumuli in some of
the flows, and discuss these observations in the context of
other CFBPs.

Thordarson and Self (1998) state that volcanological fea-
tures ‘scale up’ from modern Hawaiian scales to those found
in CFBPs, in that the same features at different scale are
caused by the same processes. We use this fact to discuss what
the presence or absence of flow-lobe tumuli in a CFBP can tell
us about the emplacement rate of pahoehoe flows in CFBPs
and how they can be used to qualitatively assess the relative
position of a flow from its source. We also aim to disprove the
statement that the presence of compound flows is indicative of
proximity to source (Deshmukh 1988; Viereck et al. 1988;
Lesher et al. 1999; El Hachimi et al. 2011), and suggest that
flow-lobe tumuli can be used to indicate that a flow is medial
or distal to source.

Geological setting
The Karoo CFBP is dominated by tholeiitic basaltic lavas

which currently occur in erosional remnants scattered across
2 x10% km? in southern Africa (Cox 1970). The Lesotho
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remnant contains a well-exposed horizontal sequence of sub-
aerial basaltic lava flows, the Drakensberg Group, about
1.7 km thick. The sequence has been the subject of numerous
studies relating to petrology, geochemical stratigraphy,
palacomagnetism, and duration of emplacement (e.g. van
Zijl et al. 1962; Cox et al. 1967; Marsh and Eales 1984;
Marsh et al. 1997; Duncan et al. 1997; Jourdan et al. 2007;
Moulin et al. 2011; Moulin et al. 2017). In contrast, physical
volcanological aspects of the Lesotho remnant and the Karoo
province as a whole have received little attention with the few
studies being focussed on phreatomagmatic complexes (near
Sterkspruit, Fig. 1) in the Karoo sedimentary sequence imme-
diately underlying the lava pile (Ross et al. 2005; Svensen
et al. 2006; Holzforster 2007; McClintock et al. 2008a,b).
There are no accounts of the physical volcanology of the lava
flow sequence of the Lesotho remnant.

The 710-m-thick sequence of lavas documented in this
study comprises the lower part of the Drakensberg Group as
exposed along the Naude’s Nek pass (Fig. 2; hereafter referred
to as Naude’s Nek), between 30.7806°S 28.0005°E (base) and
30.7614°S 28.0907°E (top), ENE of the village of Rhodes in
the southern part of the Lesotho remnant, Eastern Cape
(Figs. 1 and 2). This study was conducted in conjunction with
a detailed palacomagnetic investigation (see Moulin et al.
2011). In terms of the geochemical stratigraphy (Fig. 3a)
established by Marsh et al. (1997), the sequence includes an
informal unit, the Druid’s Temple basalt (Fig. 3b), which over-
lies aeolian sandstones of the basal Clarens Formation,
followed upwards by the Moshesh’s Ford unit of the Barkly
East Formation and the overlying Mafika Lisiu unit of the
Lesotho Formation. The upper part of the Lesotho
Formation (Maloti, Senqu and Mothae units) is not exposed.
The section includes the basement contact, pillow lavas,
siliciclastic sandstone layers, altered lava flow tops and lobes,
toes and sheet lobes.

Methodology

Most observations of lava features were made in road cuts
with minor use of stream sections and small quarries. The
latter provided some degree of 3-D exposure. Altitudes and
flow thicknesses used to construct the stratigraphic log of the
section (Fig. 4) were derived by combining data from repeated
measurements utilising an aneroid altimeter, GPS altimeters
and a Jacob Staff with a Dumpy Level. Samples for whole-
rock geochemical analysis were collected in road cuts and
analysed for major and trace elements by wave-length disper-
sive X-ray Fluorescence spectrometry using a Philips 1480
spectrometer at Rhodes University, South Africa. During sam-
ple preparation care was taken to remove any amygdales.
Duncan et al. (1984) provide full details of the analytical
procedures.
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Pahoehoe flows and associated terminology

The identification of inflated pahoehoe flow lobes in the field
is derived from a tripartite internal structure, consisting of an
upper crustal zone, a lava core and a basal crust. This is based
upon the internal distribution of vesicles, crystallinity and
joints (Self et al. 1998) with or without other internal and
surface features, such as a pahoehoe ropey surface.

The terminology used is that proposed by Thordarson and
Self (1998; their Table 1). The products of an eruption are
divided into three levels: flow field, lava flow and flow lobe.

As this study was carried out along a single traverse providing
a 2D view of the lavas, lateral correlation of flows, and there-
fore identification of flow fields is not possible. However,
flows have been grouped together as either compound flow
(possibly hummocky pahoehoe) or sheet lobes.

The term flow lobe is used to describe an individual unit of
lava which is bounded top, bottom and sides by a glassy rind
or selvage. In CFBPs, flow lobes can vary in size from 10 ' m
(also called toes) to 10° m in thickness. Where a single flow
lobe is a large-scale feature, i.e. wider than outcrop (107 to
10° m) and significantly wider and longer than it is thick

@ Springer
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Fig. 2 Topographic map showing location of the Naude’s Nek. The two
sample locations mark the top and bottom of the section. AV traverse is
the alternative valley traverse shown in Fig. 4 Topographic map is based

(Thordarson and Self 1998), the term sheet flow lobe (short-
ened to sheet lobe) is used. We do not use the term simple flow
(as suggested by Walker 1971); sheet lobe is used instead.
However, we do use the term compound flow, especially
where it has been used by previous authors. It describes mul-
tiple thin lobes and toes observed as part of a single lava flow.

Hummocky pahoehoe is characterised by multiple flow-
lobe tumuli on a sheet lobe or flow field. Flow-lobe tumuli
are round, elongate or whale-back-shaped mounds 1-10 m
high and >5 m long, with axial clefts. They are formed by
uneven inflation when the lava’s passage is blocked, and it is
easier for the lava to flow vertically than horizontally
(Anderson et al. 2012). As the internal pressure increases the
upper crustal zone of the pahoehoe lobe is pushed up (Walker
1991). Thus, the upper crustal zone of the lobe dips at a much
steeper angle than when it was originally emplaced. The frac-
tures in the upper surface are infilled, either by squeeze-outs of

28.06

I &  Farm

28.08 28.10

upon Shuttle Radar Topography Mission 2 (Rodriguez et al. 2005;
Moulin et al. 2011)

lava from below or by subsequent sheet lobes or sediment
(Passey 2008).

Observations
Description of the Naude’s Nek succession

The lavas along the Naude’s Nek (Figs. 1, 2 and 4) are inflated
pahoehoe flows, consisting of small lobes and toes, tens of
centimetres to a few metres thick, thin flow lobes up to 10 m
thick, but at least 50 m wide, and sheet lobes 10-52 m thick.
Where visible, all the lavas have the characteristic pahoehoe
tripartite division as defined by Self et al. 1998 which consist
of (i) upper crust, showing increased vesicularity towards the
upper surface and horizontal vesicular zones; (ii) a core which
is massive, poorly vesicular, contains various degrees of

Fig.3 a A schematic summary of a b
the stratigraphy of the
Drakensberg Group Lavas. Note NN Moathae
that the Barkly East formation is ] Senque -
formed of different units in the 3 e Mafika Lisiu
northern and southern parts of the Lesotho Fm
outlier. b Sketch of the Mafika Lisiu
stratigraphy of the lavas along the 1
Naude’s Nek Pass R Moshesh’s Ford
au Wonderkop n Kraai River’
Sani ‘ Vaalkop!
Cetelo Omeaa Barkly East Fm
Roma Roodehoek _—
Golden Gat Moshesh's Ford Druid’s Temple
lood lahars
Clarens Sst Fm
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jointing and may show vesicle cylinders and horizontal vesic-
ular sheets (HVS); and (iii) a basal crust which is vesicular,
and often has pipe vesicles, which are mostly amygdaloidal.

Figure 4 summarises the sequence and gross characteristics
of the flow lobes encountered in this study. Within the section
there are 14 sheet lobes: 12 are between 10 and 24 m thick
(flows NN34, NN32, NN27, NN22, NN21, NN20, NNI18,
NN17, NN16 NN15,NN14, NNO6-see Fig. 4); one sheet lobe
is 40 m thick (NN57); and one is unusually thick (approxi-
mately 52 m thick, NN35).

Basal contact

Throughout the Lesotho remnant there is an undisturbed, gen-
erally horizontal contact between the aeolian sandstone of the
Clarens Formation and the lowermost basaltic flows of the
Drakensberg Group. However, in detail there is modest topo-
graphic relief on the pre-volcanic palacosurface resulting from
the presence of dune forms and from erosion (e.g. at the base
of the pass at Druid’s Temple, 30.7806°S; 28.0583°E).
Generally, in the southern part of the Lesotho Remnant, the
lowermost flows immediately overlying the Clarens
Formation are those of the Moshesh’s Ford unit (Marsh and
Eales 1984), but at the base of the Naude’s Nek this unit is
underlain by an informal unit, the Druid’s Temple Flow (Fig.
3b), which has demonstrably ponded in a topographic hollow.

Sedimentary layers

Thin, discontinuous sedimentary deposits are interbedded
with the lowermost lavas throughout the Lesotho remnant.
At Naude’s Nek several sedimentary layers occur between
the base of the lavas (1866 m) and an altitude of 2075 m
(Fig. 4). They are dominantly fine-grained, quartz-rich sand-
stones and minor siltstones with variable amounts of clays and
volcaniclastic clasts (plagioclase, pyroxene, devitrified glass;
Moulin et al. 2011). Many of the sandstones resemble Clarens
Formation (Fig. 3b) sandstone and may have a dominantly
distal derivation (originating from the source of the Clarens
Formation, far to the west), or of local derivation, having
formed by erosion of unconsolidated Clarens deposits
projecting above the thickening lava pile. Those sandstones
with a volcanic component are probably locally derived. The
lowermost 30—40-cm-thick siliciclastic deposit at 1880 m al-
titude underlies a thin sequence of pillow lavas and presum-
ably accumulated in a pond or lake. At 2045 m altitude, red-
dish sandstone partially covers a flow and has infilled gashes
and clefts in a tumulus that penetrate several metres into the
underlying lava. The youngest sandstone horizon at 2075 m
altitude probably represents the time by which lava had cov-
ered all of the Clarens source material in the Karoo basin.

Pillow lavas

A 2-m-thick sequence of pillow lavas associated with a sand-
stone interbed occurs at 1880 m altitude at the base of the
Moshesh’s Ford unit, just above the contact with the Clarens
Formation (Fig. 4). The pillow package is characterised by
substantial alteration with devitrification of the glassy pillow
rinds and extensive alteration and zeolitization of the
hyaloclastite between the pillows. The pillow zone grades
upwards into a 1.5-m-thick zone of small, altered amygdaloi-
dal lobes or toes which in turn passes abruptly upwards into a
massive, 40-m-thick sheet lobe, of which the lower 10 m dis-
plays closely-spaced hackly and fanned joints.

Boles and hydrothermally altered horizons.

Boles are altered, weathered material found between sheet
lobes or forming a weathered lava flow top (Rajendran et al.
1996; Sayyed 2014). We found seven boles in this section at
altitudes of 2050, 2155, 2213, 2309, 2349, 2500 and 2516 m
(Fig. 4). The boles are reddish in colour and up to 50 cm thick.
Some are extensive (extending along flow contacts beyond the
exposure of the outcrop >50 m) but others form only small
pockets in undulating flow tops. It is likely that the boles are
weathered flow tops or palacosols that formed in-situ, or in
small depressions where thin sedimentary deposits accumu-
lated (Moulin et al. 2011).

Three hydrothermally altered flow tops occur in the sec-
tion. At 2128 m altitude, an approximately 2-m-thick alter-
ation horizon occurs across the contact between two flows
(Fig. 5). The altered part of the lower flow has the typical
vesicular character of an upper crustal zone and the alteration
has affected the thin basal crust and some of the core of the
upper flow. The alteration front stops abruptly and the remain-
ing core of the upper flow is blocky and jointed. The flow
boundary can be identified by the occurrence of pipe vesicles
in the basal crust of the upper flow. This suggests that the
alteration occurred after the emplacement of the upper lava.
It is probable that the heat of the upper lava flow released
fluids from the lower lava lobes, or from thin sediments be-
tween the lavas. These fluids circulated through both flows
forming an ‘autoclave’ (Martine Gérard, pers. comm. 2006),
resulting in alteration of the basalt across the flow boundary.
Two other hydrothermally altered flow tops occur at 2380 and
2460 m.

Segregation features

Horizontal vesicular sheets (HVS; Fig. 6a) and vesicle cylin-
ders (Fig. 6b) are a relatively common feature of the lavas in
this section. However, with one exception at ~2498 m alti-
tude, they are restricted to lobes that exceed 5 m thick (Fig. 4).
We have found HVS only in the upper part of the section
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<« Fig. 4 Stratigraphic log of the volcanic sequence along Naude’s Nek and
Bell River. The lack of road-side exposure between 1924 and 2000 m is
alleviated by an ‘alternative valley section” (AV-Fig. 2) logged up a side
stream, starting on the road (at 30.779217°S 28.053833°E). Elevation is
in metres above sea level. NNOI etc. are sample locations taken for
palacomagnetic studies, as published in Moulin et al. (2011). 7 Tumuli
defined by axial cleft and dipping upper crustal zone, SL sheet lobe, BBJK
Bobbejaan Kop, brackets define hummocky pahoehoe. In hummocky
pahoehoe sections, those with multiple thin flows are represented sche-
matically on the log

above 2068 m altitude, but this might simply be a function of
the poorer exposures along the Bell River. The HVS are some-
times amygdaloidal, but are mostly free of secondary min-
erals. In some lobes only vesicle cylinders are observed, with-
out HVS (e.g. NN19, Fig. 6b). In two lobes, HVS appear to
occur without vesicle cylinders (2413 and 2475 m altitude).
Table 1 compares XRF analyses of segregation features
(more evolved material) and their associated host in four flow
lobes (NN19, NN34, NN35, NN44). Samples of the host were
collected from the amygdale-free core of each lobe close to the
associated HVS. In all cases the analysed HVSs are clearly
differentiated relative to their hosts, as indicated by enrich-
ment of incompatible elements Ti, P, K, Nb, Zr, Y, Rb and
depleted in compatible elements, such as Mg, Ni, Cr. This is
consistent with the HVSs being formed from the concentra-
tion of differentiated interstitial liquids in sheet-like zones

during crystallisation of the lobes, as has been inferred for
other CFBPs (Greenough and Dostal 1992; Hartley and
Thordarson 2009).

In contrast, in the single lobe with only vesicle cylinders
(NN19), the host and basaltic cylinder fill have identical com-
positions in terms of incompatible elements, and are only
slightly different in differentiation-sensitive compatible ele-
ments, such as Mg, N, and Cr.

Hummocky Pahoehoe

The lobes observed have convex upper surfaces. In some lo-
calities, lobes have relatively flat upper surfaces with only the
sides dipping, whereas in other lobes the whole of the upper
surface dips steeply (Figs. 7 and 8). The steeply dipping nature
and therefore uneven inflation of these features means that
lobes have variable thicknesses laterally (from decimetres up-
wards). We suggest that these lobes are flow-lobe tumuli
(Figs. 7, 8 and 9) and are best represented by the flows at
2517, 2482, 2479, 2206, 2164, 2045 and 2056 m altitude.

In addition, some lobes have deep v-shaped clefts through
their upper crustal zones (Fig. 9) clearly demonstrating these
are flow-lobe tumuli. These clefts are infilled with lava, here-
after called lava fingers following Duraiswami et al. (2005)
and, at one locality by sediment. The lava fingers areup to 1 m

Table 1 Composition of horizontal vesicular sheets (HVS), vesicle cylinder, and host lava

NNI19 NN19-VC NN19-VC NN34 NN34-S NN34-S NN35 NN35-S NN44 NN44-S

Host Vesicle cylinder Vesicle cylinder Host HVS HVS Host HVS Host HVS
Si02 50.41 51.77 54.22 51.91 56.47 56.4 52.69 58.62 51.96 57.71
TiO2 0.93 0.89 0.87 0.829 2.85 242 0.91 1.84 1.02 1.86
AI203 15.4 15.74 14.35 15.65 11.74 11.55 15.32 12.63 15.7 11.58
FeO 10.69 10.13 9.75 9.77 14.55 14.03 9.9 13.21 10.09 13.63
MnO 0.18 0.17 0.19 0.18 0.17 0.27 0.18 0.18 0.18 0.26
MgO 8.3 7.93 7.23 8.25 322 4.44 7.2 291 7.08 3.79
CaO 11.12 10.74 10.52 10.67 6.09 6.69 11.2 5.81 10.95 6.11
Na20 242 2.09 2.31 2.13 2.72 241 1.91 2 221 3.04
K20 0.41 0.39 0.43 0.49 1.73 1.35 0.53 2.17 0.62 1.61
P205 0.15 0.14 0.14 0.13 0.46 043 0.16 0.65 0.20 0.41
Nb 6.1 53 5.6 5 18.2 17 5.6 24.1 9.2 224
Zr 82 81 78 65 228 216 79 304 89 195
Y 24.6 242 23.6 21.7 62.5 59.6 26.3 84.5 27 48.6
Sr 172 172 166 174 167 157 186 176 221 171
Rb 33 3.6 5 9.2 35 25 9.5 45 11.4 32
Zn 88 84 82 75 145 139 81 116 78 143
Cu 74 74 87 81 164 121 83 89 102 108
Ni 102 96 84 100 28 31 84 8 78 23
Cr 297 280 241 330 10 10 397 4 219 24
A" 234 228 233 225 441 389 247 56 239 314
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Fig. 5 Flow boundary with
altered basalt either side, probably
formed by the circulation of hot
fluids (autoclave) induced by the
emplacement of the upper flow.
2128 m and 30.7551°S
20.6317°E

e

.Flow boundary

wide, and penetrate up to 3 m into the lobe from its upper
surface (Fig. 9). The lava fingers have chilled margins and
are texturally distinct, being hyalopilitic and amygdaloidal.
In some wide lava fingers, pipe vesicles have developed per-
pendicular to the lava finger contacts and curve upwards in the
interior of the lava finger. In the narrow termination of the lava
finger, the cleft may be infilled by secondary zeolite or a
zeolite-cemented basalt breccia (Fig. 10). Some of the lava
fingers occupy a single cleft but others are components of
intersecting cleft systems forming ‘triple junctions’ in plan-
view. There are two possible origins for the lava fingers: (a)
basalt lava from within the flow-lobe tumulus, or its associat-
ed flow, flowed into the cleft during the development of a
squeeze-up (endogenous origin); or (b) lava that flowed into
the clefts from an overlying, later lobe (exogenous origin).
The observation at flow NN38 (2056 m; Fig. 9) of a direct
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connection between the lava finger and the overlying lobe
suggests that the lava fingers represent clefts filled from an
overlying lobe. The incomplete filling of the cleft at its base
(Fig. 10) is also consistent with this hypothesis.
Geochemical analysis also offers the potential to distin-
guish between endogenous or exogenous origins of lava fill-
ing clefts in flow-lobe tumuli. At 2481 m altitude samples of
three thick lava fingers (NN12-V1, V2, V3), their host flow-
lobe tumulus (NN12), and the overlying lobe (NN12-O) were
analysed. The samples were analysed using XRF and the re-
sults presented in Table 2. If the overlying lobe had the same
composition as the lava in the clefts, but differed from the
host, this would be strong evidence for an exogenous origin
for the lava fingers. From Table 2 it is clear that the lobes and
lava fingers have identical compositions, especially when im-
mobile incompatible and compatible elements are compared.



Bull Volcanol (2018) 80: 17

Page 9 of 16 17

Fig. 6 a Horizontal vesicular sheet (HVS) in NN34. 2130 m and
30.75449°S; 28.06330°E. b Plan view of amygdaloidal vesicle cylinders.
2355 m and 30.75398°S; 28.07353°E

These data indicate that both lobes were from the same mag-
ma batch and in this specific instance geochemistry alone
cannot resolve the origin of the lava fingers.

The abundance of flow-lobe tumuli and smaller flow lobes
results in a complex 3-D lava architecture at several places
along the Naude’s Nek section (e.g. at Bobbejaankop 2230—

Fig. 7 Steeply dipping upper crust of a flow-lobe tumuli

2293 m altitude and 30.77819°S 28.06458°E). Such sections
are challenging to log and it is difficult to recognise the correct
chronological sequence. However, 3-D exposures in quarries
and on hairpin bends help to clarify the complexities of the
lava architecture.

For example, in Fig. 11 (~2065 m altitude), a large lobe
appears to occur beneath a pile of smaller lobes, but when the
larger lobe is traced carefully it outcrops again further up the
section and engulfs other smaller lobes and toes and is, there-
fore, younger. Hence, the careful use of localities with com-
plex 3-D exposures is important to avoid misidentification of
stratigraphy.

In the back wall of a small quarry next to the road (2470 m,
30.760167°S 028.08125°E), approximately 1 m above the
quarry floor, the upper crustal zone of a sheet lobe is well
exposed in cross-section (Fig. 12) and clearly displays an
amygdaloidal upper crust. In the side wall of the quarry, the
same upper crustal zone can be seen dipping towards the back
of the quarry. The upper crustal zone of this lobe is approxi-
mately 5 m higher, where it is exposed on the road side, than in
the back of the quarry. This is an excellent example that dem-
onstrates the hummocky and complex nature of pahoehoe
flows lobes.

Discussion
Emplacement of lava flows

Emplacement time for these flows is difficult to measure, but
some estimates can be made. For example, Hon et al. (1994)
proposed an equation to estimate the time required for the
upper crust of a pahoehoe flow to form (i.e. the length of time
the lobe was actively inflating) using observations of upper
crustal zones of active inflating lava flows at Kilauea
(Hawai’1). Hon et al. (1994) state that

t =164.8C* (1)

where ¢ is the time in hours, 164.8 is an empirically deter-
mined constant and C is the upper crust thickness in metres.
Assuming similar cooling rates for Hawaiian and Karoo lavas,
this equation yields emplacement times of 11 to 27 days for
upper crusts of 1.25 to 2 m thick in the Karoo lavas. We note
that there may be differences between the cooling rates of
Hawai’i lavas and the cooling rates in the Karoo lavas, caused
by factors such as annual rainfall (likely to be much higher in
Hawai’i than the semi-arid Karoo at 182 Ma), and differing
thermal properties, such as diffusivity, heat capacity, and latent
heat of crystallisation. At present, though this is the only tool
available for estimating lava emplacement rates.
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Fig. 8 Sketch showing a series of
tumuli with axial cleft at
approximately 2480 m above sea
level

Pahoehoe: scale and features

CFBP eruptions are orders of magnitude larger than witnessed
monogenetic basaltic eruptions but the volcanological features
observed are similar, and ‘scale-up’ with flow size
(Thordarson and Self 1998). However, sheet lobes > 10 m
thick are very rare in modern systems (flows up to 25 m thick
are observed in the active volcanic zone of Iceland;
Thordarson, 2017 pers. comm.), but are relatively common
in CFBPs. The volcanological features observed along the
Naude’s Nek concur with these observations and generally
span the same size range as that of modern basaltic
pahoehoe lobes.

~

Fig. 9 Cleft in the upper crust of a flow-lobe tumulus, infilled by the
subsequent flow, note hammer for scale. 2056 m and 30.757583°S
28.059194°E
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Many of the lava lobes encountered in the Naude’s Nek
section (Fig. 4) are relatively thin (decimetres to 10 m), and
have convex upper surfaces (Fig. 7). Restricted exposure on
the section presents difficulties in determining the lateral

Fig. 10 Narrow termination of an axial cleft in a tumulus, partially in-
filled by the subsequent flow-lobe. Secondary mineralization has in-filled
the vesicles within the lobe and the end of the cleft which was too thin to
be filled with lava. 2470 m and 30.76000°S; 28.08335°E
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Table2 Composition of lava in clefts and their host tumulus
NNI2-H NNI12-O NNI12-V1 NNI2-V2 NNI12-V3
Host Overlying flow Vein Vein Vein
Si02 52.34 52.41 53.96 53.69 54.72
TiO2 0.89 0.85 0.87 0.87 0.89
AIRO3 1531 15.51 14.68 15.08 14.68
FeO 10.27 10.15 10.1 9.87 9.58
MnO 0.17 0.15 0.17 0.15 0.18
MgO 7.32 7.22 7.21 7.08 7.08
CaO 10.57 10.33 8.86 9.46 8.9
Na20 229 241 3.02 3.03 3.14
K20 0.68 0.82 0.96 0.61 0.68
P205 0.15 0.15 0.16 0.15 0.16
Nb 83 8.1 7.6 7.7 8.1
Zr 94 92 94 91 96
Y 244 26.1 242 234 242
Sr 180 190 105 79 154
Rb 10.4 15.1 17 112 11.8
Zn 85 84 85 82 86
Cu 82 83 78 80 51
Ni 84 87 78 72 79
Co 44 44 43 43 45
Cr 260 251 249 242 250
Vv 238 235 255 246 264

extent of lava lobes (Fig. 11). Given that many lobes and toes
are only a few metres thick (Fig. 4) the lateral extent is likely
to be of the order of only 10s to 100s of metres. However,
there are 14 lobes (SL on Fig. 4) that are more than 10 m thick
and these have been classified as sheet lobes. Tracing these
sheet lobes laterally is difficult due to the poor exposure, but
the thickest, a 52-m-thick lobe (NN35), is visible for a lateral
distance of about 1.5 km. These 14 sheet lobes make up 314 m
of the section (45%). The bulk of the thick sheet lobes occur in
two groups (Fig. 4) at respective altitudes 2085-2180 m and
2335-2460 m, the others being either discrete individual sheet
lobes or occurring in groups of two sheet lobes within a stack
compound lobes. This suggests that there were two periods of
extended and relatively high lava supply allowing multiple
sheet lobes to grow to considerable thicknesses (> 10 m).

The individual and double sheet lobes within compound flows
indicate one or two eruptions with extended and higher lava
supply rates, before returning to a lower supply rate.

Research in the Miocene Columbia River Basalt Group,
NW USA, on the Roza Member, demonstrates that sheet lobe
thickness does not correlate with distance from vent
(Thordarson and Self 1998). Thus, these 14 thick sheet lobes
must be the result of periods of higher and more prolonged
lava supply rate rather than their thicker nature being the result
of proximity to the vent.

Flow-lobe tumuli with axial clefts (Fig. 9) are found in
several locations. They are indicative of hummocky
pahoehoe (Fig. 4) flow fields. There are seven discreet pack-
ages of lava units in the Naude’s Nek which can be classified
as compound hummocky pahoehoe flow fields. These make
up approximately 370 m (50%) of the section (Fig. 4). Thick
sheet lobes and compound hummocky flow fields therefore
make up a similar proportion of the observed section, and
again indicate significant variability in the emplacement style.

Pipe vesicles are found in the basal crust of lobes. They are
normally vertical or sub-vertical, possibly indicating local
flow direction. Pipe vesicles found in the basal crust of lobes
which were emplaced into the clefts in flow-lobe tumuli are
curved upwards and occur on both sides of the cleft giving the
appearance of two basal crusts (Fig. 9).

Implications of identification of flow-lobe tumuli

The presence or absence of flow-lobe tumuli within a CFBP
provides intriguing questions: what causes flow-lobe tumuli to
form in some CFBPs but not others, and what does their oc-
currence tell us about the lobes they are found in? Flow-lobe
tumuli typically develop on surfaces with irregular topogra-
phy (decimetres to metres in scale), slopes of 1-2°, and at a
point in the flow where there is either a low lava supply rate
(of the order of 1072 to 107> m?/s) ora disrupted or discontin-
uous supply rate (Hon et al. 1994; Rossi and Gudmundsson
1996; Self et al. 1998). The frequent occurrence of small
pahochoe lobes and toes in the Naude’s Nek section (Fig. 4)
could have provided the topographically-rough surface that
allows flow-lobe tumulus formation.

Fig. 11 Cartoon showing stratigraphic complexities that can occur when
apile of small lobes is engulfed by a larger sheet lobe. An example of this
is seen at ~ 2065 m. If, on traversing the road, sequential observations are

road

confined to the three boxes then the thick lobe in box 3 would be inferred
to be younger than the packet of small lobes whereas it is part of a lobe
which is older
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Fig. 12 Sheet lobe dipping into
the rock face. Horizontal
vesicular zone of upper crust is
picked out in white amygdales
visible as semi-horizontal lines
towards the base of the quarry.
This is continued in the left hand
side of the quarry wall at 2470 m
and 30.760167°S 28.08125°E

In modern basaltic volcanic regions, hummocky pahoehoe
terrains and their flow-lobe tumuli are typically found at me-
dial to distal (from source) parts of sheet lobes where, in ad-
dition to a low supply rate, the local lava pressure is high
(Rossi and Gudmundsson 1996; Mattsson and Skuldsson
2005); both conditions are necessary for the formation of
flow-lobe tumuli. If the work of Walker (1991), Rossi and
Gudmundsson (1996) and Mattsson and Skuldsson (2005),
which was carried out on small basaltic systems, is also appli-
cable to a flood basalt systems (which seems probable; see
Thordarson and Self 1998), then the occurrence of flow-lobe
tumuli may indicate that those in the Naude’s Nek section
developed in a zone medial and distal to the source.

As CFBPs are often highly eroded, poorly exposed and
lacking exposed volcanic vents, it is often impossible to know
whether the area of study is proximal or distal to source. Also,
if the margin of the province is not visible then it is difficult to
evaluate the erupted volumes. However, the identification of
flow-lobe tumuli within compound flows provides a means to
identify medial and distal parts of CFBP sheet lobes. With
adequate mapping the location of flow-lobe tumuli may help
the identification of postulated vent systems.

Other CFBP with and without flow-lobe tumuli

In the Thakurvadi and Bushe Formations of the Deccan CFBP,
Duraiswami et al. (2001, 2002, 2004) and Bondre et al. (2004)
have described accumulations of flow-lobe tumuli with con-
vex upper surfaces, axial clefts and associated small lobes and
toes. These are analogous to the observations from Naude’s
Nek presented here (Figs. 7 and 8).

In the Parana part of the Parand-Etendeka CFBP, Waichel
et al. (2006) have identified hummocky pahoehoe, thin inflat-
ed lobes (decimetres to a few metres) and toes, segregation
features, and flow-lobe tumuli with axial clefts. They also
describe the thicker sheet lobes up to 30 m thick, as observed
in the Naude’s Nek. Similarly, El Hachimi et al. (2011) record
compound flows, sections of thin but inflated pahoehoe lobes
and toes with limited lateral extent (10—100 m), and flow-lobe
tumuli with axial clefts containing squeeze ups in the Argana
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Basin, Morocco, Central Atlantic Magmatic Province. Hence,
the observations made at Naude’s Nek are not unique, and
there is clearly a commonality of emplacement styles between
this and some other studied CFBPs.

Flow-lobe tumuli are absent from compound flows in some
CFBPs. In the Steens Basalt, USA, Bondre and Hart (2008);
Bondre pers. comm. (2017) and Camp et al. (2013) have de-
tailed many compound flows but have made no mention of
flow-lobe tumuli. Similarly, in the Paleogene Faroe Island
Basalt Group (North Atlantic Igneous Province) flow-lobe
tumuli are seemingly absent (Passey and Bell 2007; Passey
pers. comm. 2017).

Along Matheran Ghat (Deccan CFBP, 45 km east of
Mumbeai), Jay (2005) logged a ~550 m vertical thickness of
basalt containing the entire thickness of the Thakurvadi
Formation (Fm), but observed no flow-lobe tumuli. This is
perhaps surprising, considering that flow-lobe tumuli have
been found in other parts of the Thakurvadi Fm. and that the
section is dominated by lobes and toes that would have pro-
vided an uneven topography ideal for flow-lobe tumuli
formation.

What does the presence and absence of flow-lobe
tumuli tell us about CFBP emplacement?

The simplest explanation for the presence or absence of tumuli
in a CFBP might simply be that CFBPs have not been well-
logged and studied to a similar level of detail in all areas, so
the presence of flow-lobe tumuli may have been overlooked.
However, this is unlikely, given that in the areas where they
are found they are common and easily recognisable. Also, in
many of the studies described above, the level of detail record-
ed was easily sufficient for flow-lobe tumuli identification if
they had been present. This suggests that the variation in flow-
lobe tumuli presence is a real feature of CFBPs.

Flow-lobe tumuli formation does not seem to be dependent
on magma chemistry, which can change the lava’s physical
properties, as flow-lobe tumuli are absent in one part of the
(geochemically defined) Thakurvadi Fm (Deccan CFBP) but
common in another (e.g. Duraiswami et al. 2004; Jay 2005).
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Evidence from modern volcanic systems suggests instead that
it is the rate of lava supply that controls the formation of flow-
lobe tumuli and that this is related to distance from vent (Hon
et al. 1994; Rossi and Gudmundsson 1996). For example, as
lobes develop, they initially move rapidly away from the vent.
The velocity slows further from the vent as the lobe spreads
out, growing laterally as well as longitudinally (Hon et al.
1994). Once the lava supply rate drops low enough (10—
1073 m3/s; Rossi and Gudmundsson 1996), depressions or
temporary reductions in lava supply can lead to blockages,
and hence flow-lobe tumuli formation. In addition, at these
low supply rates, the upper crust of the lobe will rapidly start
to thicken thus limiting further growth of the lobe (Hon et al.
1994); hence, this is why flow-lobe tumuli form in the parts of
lobes medial and distal to vent. However, the length of a lobe
and therefore the sections that are ‘medial or distal to source’
are specific to each individual lobe and are dependent on the
lava supply rate of each eruptive event. A small eruption with
a total flow length of only 5 km will have flow-lobe tumuli
much closer to the vent than a larger volume eruption, in
which 5 km downflow is still classed as ‘proximal’ to the vent.

There are few studies defining the limits of lava supply rate
required for flow-lobe tumuli formation. Rossi and
Gudmundsson (1996) calculated that the lava supply rate at
the location of flow-lobe tumulus formation needs to drop to
10722107 m’/s for a tumulus to form, but other data for lava
supply rate in tumuli formation could not be found in the
literature. The effusion rate (the volumetric rate that lava is
extruded from the vent) and the mean output rate (the total
erupted volume divided by the duration of the eruption) are
the rates that are often quoted in text (e.g. Anderson et al.
2012), but these are not the rates upon which flow-lobe tumuli
formation depend. Instead, these form under a local effusion
rate which is lower than the total (vent leaving) rate (Rossi and
Gudmundsson 1996) as the flux has been partitioned amongst
multiple units. This is an interesting avenue for future research
that would provide data that could be applied to the under-
standing of the growth and development of CFBPs.

What do observations from Naude’s Nek tell us
about CFBP development and growth?

The section studied here shows considerable variations in lava
architecture, with ~50% of the ~710 m traverse being thick
sheet lobes and ~ 50% hummocky pahoehoe. We suggest that
the sections of the traverse which display hummocky
pahoehoe were characterised by low lava supply rates and
were therefore medial or distal to source. The thick sheet lobes
had a supply rate greater than that required to form flow-lobe
tumuli and a lava supply period long enough to form a flow up
to 52 m thick.

Like the thick sheet lobes in Naude’s Nek, we suggest that
the Thakurvadi Fm. lavas (Deccan CFBP) of Matheran Ghat

that do not show flow-lobe tumuli had a lava supply rate high
enough (> 1072-10"° m*/s; Rossi and Gudmundsson 1996) to
overcome the uneven surface created by thin lobes and toes so
that blockages leading to flow-lobe tumuli creation did not
occur. However, the lava supply period was not sufficient to
inflate the lobes to the great thicknesses seen in the sheet lobes
forming ~50% of the Naude’s Nek and other parts of the
Deccan CFBP. These Thakurvadi Fm flows (Matheran Ghat)
are similar to the pahoehoe observed by Hon et al. (1994)
which flowed over uneven surfaces with flow rates of 1—
2 m*/s and which also never formed flow-lobe tumuli. Lavas
from other locations in the Thakurvadi Fm. in which flow-
lobe tumuli formed must have had a lower flow rate, and
therefore were more easily blocked, suggesting they were
more distal from source.

It has been suggested that compound flows are indicative
of proximity to source and sheet lobes indicative of distal
locations (Deshmukh 1988; Viereck et al. 1988; Lesher et al.
1999; El Hachimi et al. 2011). However, we argue that this is
incorrect: the thickness of inflated flows is determined by the
length of time that lava can continuously flow through a lobe
and inflate it, not how close it is to the vent. So the presence of
a series of thin compound flows or thick sheet lobes do not
suggest anything about proximity to vent, just the length of
time the lava was inflating for. However, the presence or ab-
sence of flow-lobe tumuli within a compound flow can tell us
whether a flow is proximal or distal to source.

Segregation features

Segregation features form from gas filter pressing of residual
melt and are enriched in incompatible elements (Goff 1996;
Rogan et al. 1996). They are recognisable as vertical and hor-
izontal vesicular or amygdaloidal cylinders or sheets (vesicle
cylinders (Fig. 6b) and horizontal vesicular sheets (Fig. 6a;
HVS)) within the core of a lobe. Often the vesicle cylinders
feed into the horizontal sheets. In two lobes (2413 and 2475 m
altitude), HV'S appear to occur without vesicle cylinders. This
is curious as vesicle cylinders and HVSs are widely regarded
as being cogenetic on the basis of field evidence (i.e. they
visibly interconnect), and geochemical evidence (i.e. they
are both filled with residuum (Rogan et al. 1996; Self et al.
1997)). One HVS (2068 m altitude), associated with many
vesicle cylinders, is unusual in that it is highly undulatory. In
one lobe which has only vesicle cylinders, the host and cylin-
ders have almost identical compositions in terms of incompat-
ible elements and is only slightly different in differentiation
sensitive compatible elements such as Mg, Cr and Ni. The
geochemical and field observations from this example
(NN19) in the Naude’s Nek section suggest that in this case
the vesicle cylinders are not formed from residual liquid and
may have been formed by a different process. We suggest that
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further detailed geochemical studies may be required to iden-
tify such processes.

Palaeoenvironmental influences and settings

The pillow lavas and associated closely-spaced hackly
jointing in the overlying sheet lobe at the base of the section
(1880 m altitude) demonstrate the presence of standing water
during emplacement of the earliest lava. Similar localised ac-
cumulations of pillow lavas and thin horizons of sedimentary
rocks of limited lateral extent occur at several places amongst
the lowermost lavas in the southern part of the Lesotho rem-
nant (Lock et al., 1974; McClintock et al., 2008a), but else-
where are extremely rare in the Karoo lava sequences. This,
together with the scattered occurrences of thin fluvial sedi-
mentary interbeds, indicates the presence of scattered ephem-
eral ponds or lakes into which some detrital sediments accu-
mulated and lavas flowed. This is consistent with the sedimen-
tological evidence from the upper part of the Clarens
Formation that indicates the existence of sheet floods, wadis
and dune systems (Smith 1990).

Conclusions

We have produced the first description of the physical volcanol-
ogy of the Lesotho remnant of the Karoo CFBP. The ~710-m-
thick Naude’s Nek section of the Karoo CFBP is composed of
basaltic, inflated pahoehoe. Approximately 50% of the section is
relatively thin lobes and toes, compound flows, and 50% is com-
prised of 14 sheet lobes, each between 10 and 52 m thick. Lobes
with steeply dipping convex upper surfaces containing deep
gashes and axial clefts are seen in some compound flows in
Naude’s Nek, and we interpret these as flow-lobe tumuli.

Hummocky pahoehoe forms where lava with a low supply
rate encounters an uneven surface causing blockages which
form flow-lobe tumuli. If low lava supply rates continue, hum-
mocky pahoehoe is self-perpetuating, constantly providing an
uneven surface to obstruct the next lava lobe.

Thick sheet lobes require a lava supply rate high enough to
overcome any obstacles that could cause flow-lobe tumuli
formation, and a prolonged supply rate, long enough to inflate
a flow to > 10 m thick. The proximity of a flow to the vent is
not relevant.

The majority of the thick sheet lobes, in the section logged, are
in two packages, approximately 100 and 150 m thick. This indi-
cates that there were two prolonged periods of extended, higher
lava supply rate, capable of producing thick sheet lobes. The
other sheet lobes are formed individually or as groups of two
within compound flows, providing evidence for brief increases in
lava supply rate followed by a return to a lower level.

The colocation of thin compound flows, tumuli-bearing
hummocky pahoehoe and thick sheet lobes at Naude’s Neck
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imply considerable variations in lava supply rates and eruption
duration. This is reinforced by the occurrence of weathering
horizons within the stack of lavas which indicate hiatuses in
the emplacement of the lava (which agrees with the relatively
short emplacement times calculated from (1) for individual
lava flows). Naude’s Nek demonstrates that the Karoo, and
probably CFBPs in general, have heterogeneous eruptive his-
tories, and that their vertical accretion includes many styles of
volcanism, as well as alteration of volcanic products. Some
aspects of the environmental changes and discrete episodes of
mass extinction in the Pliensbachian-Toarcian could be linked
to these heterogeneous eruptive histories (Moulin et al. 2017).

Compound flows do not indicate a flow’s proximity to vent,
as the thickness of a flow is determined by the length of time it
continues to inflate for. However, the presence or absence of
flow-lobe tumuli in compound flows can be used as an indicator
that a lobe is proximal or distal to source. The entire Thakurvadi
Formation (Deccan CFBP; geochemically defined) has no flow-
lobe tumuli in one location, but they are found in an area thought
to be distal to source. The presence of flow-lobe tumuli helps to
confirm they are distal at a particular location. More spatial stud-
ies of flow-lobe tumuli in both modern and ancient lava flows
could be used to test this hypothesis.

A small eruption with a total flow length of only 5 km will
have flow-lobe tumuli much closer to the vent than a larger
volume eruption, in which 5 km downflow is still classed as
‘proximal’ to the vent. Therefore the presence of flow-lobe
tumuli cannot give a quantitative measure of distance from
vent, only a measure of their relative position within their
flow. In addition, numerous flow-lobe tumuli should be
mapped in a similar location but at different stratigraphic
levels to be sure that an area is distal from source. A single
short flow could give anomalous results.

Given that continental flood basalt sequences, like the
Karoo, represent extremely voluminous eruptions often with
little or no evidence of the source of the eruptions a revised
approach to assessing proximity to vent will hopefully be
welcomed.

Acknowledgments We thank S. Reidel, S. Passey, L. Vanderkluysen, G.
Kereszturi, R. Duraiswami and the editor R. Brown and A. Harris for their
reviews and J. Besse, M. Gérard, A-L. Chenet and H. Bouquerel for their
invaluable help in the field; M. Balme, S. Blake, S. Self and D. Rothery
for reading the manuscript and suggesting improvements. We also thank
the staff of the Walkerbouts Inn for reviving us each evening and the
farmers adjacent to the Naude’s Nek, who allowed us to cross their land.
This is IPGP contribution 3900.

Funding information This work was supported by Conseil Régional d’Tle
de France and the French Ministry of Foreign Affairs in the frame of an
ARCUS program with South Africa and by Centre national de la
recherché scientifique (CNRS) in the frame of a joint International
Program with South Africa entitled !Khure Africa. V.C. is grateful to
the South African co-chair of !Khure Africa, Maarten de Wit, for support.
AE]J had additional support from NERC, The Open University and the
Daphne Jackson Trust.



Bull Volcanol (2018) 80: 17

Page 150f 16 17

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Anderson SW, Smrekar SE, Stofan ER (2012) Tumulus development on
lava flows: insights from observations of active tumuli and analysis
of formation models. Bull Volcanol 74(4):931-946. https://doi.org/
10.1007/s00445-012-0576-2

Beane JE, Turner CA, Hooper PR, Subbarao KV, Walsh JN (1986)
Stratigraphy, composition and form of the Deccan Basalts,
Western Ghats, India. Bull Volcanol 48(1):61-83. https://doi.org/
10.1007/BF01073513

Bondre NR, Duraiswami RA, Dole G (2004) Morphology and emplace-
ment of flows from the Deccan Volcanic Province, India. Bull
Volcanol 66(1):29-45. https://doi.org/10.1007/s00445-003-0294-x

Bondre NR, Hart WK (2008) Morphological and textural diversity of the
Steens Basalt lava flows, Southeastern Oregon, USA: implications for
emplacement style and nature of eruptive episodes. Bull Volcanol
70(8):999-1019. https://doi.org/10.1007/s00445-007-0182-x

Bryan SE, Peate IU, Peate DW, Self S, Jerram DA, Mawby MR, Marsh JSG,
Miller JA (2010) The largest volcanic eruptions on earth. Earth-Science
Rev 102(3-4):207-229. https://doi.org/10.1016/j.earscirev.2010.07.001

Burke K, Torsvik TH (2004) Derivation of large igneous provinces of the
past 200 million years from long-term heterogeneities in the deep
mantle. Earth Planet Sci Lett 227(3-4):531-538. https://doi.org/10.
1016/j.epsl.2004.09.015

Camp VE, Ross ME, Duncan RA et al (2013) The Steens Basalt: earliest
lavas of the Columbia River Basalt Group. Geol Soc Am Spec Pap
497:87-116. https://doi.org/10.1130/2013.2497(04)

Cox KG (1970) Tectonics and vulcanism of the Karroo Period and their
bearing on the postulated fragmentation of Gondwanaland. In:
Clifford TN, Gass IG (eds) African magmatism and tectonics.
Oliver and Boyd, Edinburgh, pp 211-235

Cox KG, MacDonald R, Hornung G (1967) Geochemical and petro-
graphic provinces in the Karroo basalts of Southern Africa. Am
Mineral 52:1451-1474

Deshmukh SS (1988) Petrographic variations in compound flows of
Deccan traps and their significance. In: Subbarao KV (ed) Memoir
of the Geological Society of India. Geological Society of India,
Bangalore, pp 305-319

Duncan AR, Erlank AJ, Betton PJ (1984) Appendix 1: analytical tech-
niques and data base descriptions. In: Erlank AJ (ed) Petrogenesis of
the volcanic rocks of the Karoo province. Geological Society of
South Africa, Special Publication, 13th edn. pp 389-395

Duncan AR, Marsh JS (2006) The Karoo Igneous Province. In: Johnson
MR, Anhaeusser CR, Thomas RJ (eds) The Geology of South
Africa. The Geology of South Africa. Geological Society of South
Africa, Johannesburg/Council for Geoscience, Pretoria, pp 501-520

Duncan RA, Hooper PR, Rehacek JJ et al (1997) The timing and duration
of the Karoo igneous event, southern Gondwana. J Geophys Res
102(B8):18127-18138. https://doi.org/10.1029/97JB00972

Duraiswami RA, Bondre NR, Dole G et al (2001) Tumuli and associated
features from the western Deccan Volcanic Province, India. Bull
Volcanol 63(7):435-442. https://doi.org/10.1007/s004450100160

Duraiswami RA, Bondre NR, Dole G (2004) Possible lava tube system in
a hummocky lava flow at Daund, western Deccan Volcanic
Province, India. J Earth Syst Sci 113(4):819-829. https://doi.org/
10.1007/BF02704040

Duraiswami RA, Bondre NR, Dole G, Phadnis V (2002) Morphology
and structure of flow-lobe tumuli from Pune and Dhule areas, west-
ern Deccan Volcanic Province. J Geol Soc India 60:57-66

Duraiswami RA, Dole G, Bondre NR (2005) The Songir structure: inflat-
ed lava flow or tube? Geol Soc India 65:357-365

El Hachimi H, Youbi N, Madeira J et al (2011) Morphology, internal
architecture and emplacement mechanisms of lava flows from the
Central Atlantic Magmatic Province (CAMP) of Argana Basin
(Morocco). Geol Soc London, Spec Publ 357(1):167-193. https://
doi.org/10.1144/SP357.9

Emst R, Bleeker W (2010) Large igneous provinces (LIPs), giant dyke
swarms, and mantle plumes: significance for breakup events within
Canada and adjacent regions from 2.5 Ga to the PresentThis article is
one of a selection of papers published in this Special Issue on the the
them. Can J Earth Sci 47(5):695-739. https://doi.org/10.1139/E10-025

Goff F (1996) Vesicle cylinders in vapor-differentiated basalt flows. J
Volcanol Geotherm Res 71(2-4):167—185. https://doi.org/10.1016/
0377-0273(95)00073-9

Greenough JD, Dostal J (1992) Cooling history and differentiation of a
thick North Mountain Basalt flow (Nova Scotia, Canada). Bull
Volcanol 55(1-2):63—73. https://doi.org/10.1007/BF00301120

Hartley ME, Thordarson T (2009) Melt segregations in a Columbia River
Basalt lava flow: a possible mechanism for the formation of highly
evolved mafic magmas. Lithos 112(3-4):434-446. https://doi.org/
10.1016/j.1ithos.2009.04.003

Holzforster F (2007) Lithology and depositional environments of the
Lower Jurassic Clarens Formation in the Eastern Cape, South
Africa. South African J Geol 110(4):543-560. https://doi.org/10.
2113/gssajg.110.4.543

Hon KA, Kauahikaua JP, Denlinger R, Mackay K (1994) Emplacement
and inflation of pahoehoe sheet flows: observations and measure-
ments of active lava flows on Kilauea volcano, Hawaii. Geol Soc
Am Bull 106(3):351-370. https://doi.org/10.1130/0016-7606(1994)
106<0351:EAIOPS>2.3.CO;2

Jay AE (2005) Volcanic architecture of the Deccan traps, western
Maharashtra, India: an integrated chemostratigraphic and paleomag-
netic study. The Open University

Jay AE, Mac Niocaill C, Widdowson M et al (2009) New palacomagnetic
data from the Mahabaleshwar Plateau, Deccan flood Basalt
Province, India: implications for the volcanostratigraphic architec-
ture of continental flood basalt provinces. J Geol Soc Lond 166(1):
13-24. https://doi.org/10.1144/0016-76492007-150

Jourdan F, Féraud G, Bertrand H, Watkeys MK, Renne PR (2007)
Distinct brief major events in the Karoo large igneous province
clarified by new 40Ar/39Ar ages on the Lesotho basalts. Lithos
98(1-4):195-209. https://doi.org/10.1016/).lithos.2007.03.002

Knight KB, Nomade S, Renne PR, Marzoli A, Bertrand H, Youbi N
(2004) The Central Atlantic Magmatic Province at the Triassic—
Jurassic boundary: paleomagnetic and 40Ar/39Ar evidence from
Morocco for brief, episodic volcanism. Earth Planet Sci Lett
228(1-2):143-160. https://doi.org/10.1016/j.epsl.2004.09.022

Lesher CE, Cashman KV, Mayfield JD (1999) Kinetic controls on crys-
tallization of tertiary north Atlantic basalt and implications for the
emplacement andcooling history of the lava at stite 989, southeasy
Greenland rifted marginl. In: Larsen HC, Duncan RA, Allan JF,
Brooks K (eds) Proceedings of the Ocean Drilling Program,
Scientific Results, 163rd edn. Ocean drilling program, pp 135-148

Lock BE, Paverd AL, Broderick TJ (1974) Stratigraphy of the Karoo
volcanic rocks of the Barkly East district. Trans Geol Soc South
Africa 77:177-129

Marsh JS, Eales HV (1984) The chemistry and petrogenesis of igneous
rocks of the Karoo central area, southern Africa. In: Erlank AJ (ed)
Petrogenesis of the volcanic rocks of the Karoo Province, Special
Publication 13. The Geological Society of South Africa,
Marshalltown, pp 27-68

@ Springer


https://doi.org/10.1007/s00445-012-0576-2
https://doi.org/10.1007/s00445-012-0576-2
https://doi.org/10.1007/BF01073513
https://doi.org/10.1007/BF01073513
https://doi.org/10.1007/s00445-003-0294-x
https://doi.org/10.1007/s00445-007-0182-x
https://doi.org/10.1016/j.earscirev.2010.07.001
https://doi.org/10.1016/j.epsl.2004.09.015
https://doi.org/10.1016/j.epsl.2004.09.015
https://doi.org/10.1130/2013.2497(04)
https://doi.org/10.1029/97JB00972
https://doi.org/10.1007/s004450100160
https://doi.org/10.1007/BF02704040
https://doi.org/10.1007/BF02704040
https://doi.org/10.1144/SP357.9
https://doi.org/10.1144/SP357.9
https://doi.org/10.1139/E10-025
https://doi.org/10.1016/0377-0273(95)00073-9
https://doi.org/10.1016/0377-0273(95)00073-9
https://doi.org/10.1007/BF00301120
https://doi.org/10.1016/j.lithos.2009.04.003
https://doi.org/10.1016/j.lithos.2009.04.003
https://doi.org/10.2113/gssajg.110.4.543
https://doi.org/10.2113/gssajg.110.4.543
https://doi.org/10.1130/0016-7606(1994)106<0351:EAIOPS>2.3.CO;2
https://doi.org/10.1130/0016-7606(1994)106<0351:EAIOPS>2.3.CO;2
https://doi.org/10.1144/0016-76492007-150
https://doi.org/10.1016/j.lithos.2007.03.002
https://doi.org/10.1016/j.epsl.2004.09.022

17 Page 16 of 16

Bull Volcanol (2018) 80: 17

Marsh JS, Hooper PR, Rehacek JJ, et al (1997) Stratigraphy and age of
Karoo basalts of Lesotho and implications for correlations within the
Karoo igneous province. In: Mahoney JJ, Coffin MF (eds) Large
igneous provinces: continental, oceanic, and planetary flood volca-
nism. AGU, pp 247-272

Mattsson HB, Skuldsson H (2005) Eruption reconstruction, formation of
flow-lobe tumuli and eruption duration in the 5900 BP Helgafell
lava field (Heimaey), south Iceland. J Volcanol Geotherm Res
147(1-2):157-172. https://doi.org/10.1016/j.jvolgeores.2005.04.
001

McClintock M, Marsh JS, White JDL (2008a) Compositionally diverse
magmas erupted close together in space and time within a Karoo
flood basalt crater complex. Bull Volcanol 70(8):923-946. https://
doi.org/10.1007/500445-007-0178-6

McClintock M, White JDL, Houghton BF, Skilling IP (2008b) Physical
volcanology of a large crater-complex formed during the initial
stages of Karoo flood basalt volcanism, Sterkspruit, Eastern Cape,
South Africa. J Volcanol Geotherm Res 172(1-2):93—111. https://
doi.org/10.1016/j.jvolgeores.2005.11.012

Moulin M, Fluteau F, Courtillot VE et al (2011) An attempt to constrain
the age, duration, and eruptive history of the Karoo flood basalt:
Naude’s Nek section (South Africa). J Geophys Res Solid Earth
116(B7):1-27. https://doi.org/10.1029/2011JB008210

Moulin M, Fluteau F, Courtillot VE et al (2017) Eruptive history of the
Karoo lava flows and their impact on early Jurassic environmental
change. J Geophys Res Solid Earth 122(2):738-772. https://doi.org/
10.1002/2016JB013354

Passey SR (2008) The volcanic and sedimentary evolution of the Faroe
Islands basalt group. In: 33rd International Geological Congress
Excursion Guide No. 6, 15-22 August. Jardfeingi, Torshavn, p 113

Passey SR, Bell BR (2007) Morphologies and emplacement mechanisms
of the lava flows of the Faroe Islands Basalt Group, Faroe Islands,
NE Atlantic Ocean. Bull Volcanol 70(2):139-156. https://doi.org/
10.1007/s00445-007-0125-6

Peate DW (1997) The Parana-Etendeka Province. In: Mahoney JJ, Coffin
MF (eds). American Geophysical Union, pp 217245

Rajendran CP, Rajendran K, John B (1996) The 1993 Killari (Latur),
central India, earthquake: an example of fault reactivation in the
Precambrian crust. Geology 24(7):651-648. https://doi.org/10.
1130/0091-7613(1996)024<0651: TKLCIE>2.3.CO;2

Reichow MK, Saunders AD, White RV, al’Mukhamedov Al, Medvedev
AY (2005) Geochemistry and petrogenesis of basalts from the West
Siberian Basin: an extension of the Permo-Triassic Siberian traps,
Russia. Lithos 79(3-4):425-452. https://doi.org/10.1016/j.lithos.
2004.09.011

Rodriguez E, Morris CS, Belz JE, et al (2005) An assessment of the
SRTM topographic products. In: Technical Report JPL D-31639.
Pasadena, p 143

Rogan W, Blake S, Smith I (1996) In situ chemical fractionation in thin
basaltic lava flows: examples from the Auckland volcanic field, New
Zealand, and a general physical model. J Volcanol Geotherm Res
74(1-2):89-99. https://doi.org/10.1016/S0377-0273(96)00059-5

Ross P-SS, Ukstins Peate 1U, McClintock MK et al (2005) Mafic
volcaniclastic deposits in flood basalt provinces: a review. J
Volcanol Geotherm Res 145(3-4):281-314. https://doi.org/10.
1016/j.jvolgeores.2005.02.003

Rossetti L, Lima EF, Waichel BL, Hole MJ, Simdes MS, Scherer CMS
(2017) Lithostratigraphy and volcanology of the Serra Geral Group,
Parana-Etendeka Igneous Province in Southern Brazil: Towards a
formal stratigraphical framework. J Volcanol Geotherm Res. https://
doi.org/10.1016/j.jvolgeores.2017.05.008

Rossi MJ, Gudmundsson A (1996) The morphology and formation of
flow-lobe tumuli on Icelandic shield volcanoes. J Volcanol
Geotherm Res 72(3-4):291-308. https://doi.org/10.1016/0377-
0273(96)00014-5

@ Springer

Saunders A, Reichow M (2009) The Siberian traps and the end-Permian
mass extinction: a critical review. Chinese Sci Bull 54(1):20-37.
https://doi.org/10.1007/s11434-008-0543-7

Sayyed MRG (2014) Flood basalt hosted palaeosols: potential
palaeoclimatic indicators of global climate change. Geosci Front
5(6):791-799. https://doi.org/10.1016/J.GSF.2013.08.005

Self S, Coffin MF, Rampino MR, Wolff JA (2015) Large igneous prov-
inces and flood basalt volcanism. In: The encyclopedia of volcanoes.
Elsevier, pp 441-455, DOI: https://doi.org/10.1016/B978-0-12-
385938-9.00024-9

Self S, Keszthelyi L, Thordarson T (1998) The importance of pahoehoe.
Annu Rev Earth Planet Sci 26(1):81-110. https:/doi.org/10.1146/
annurev.earth.26.1.81

Self S, Thordarson T, Keszthelyi L (1997) Emplacement of continental
flood basalt lava flows. In: Mahoney JJ, Coftin MF (eds) Large
igneous provinces: continental, oceanic, and planetary flood volca-
nism. American Geophysical Union, Washington, D. C., pp 381-
410

Sharma M (1997) Siberian traps. In: Mahoney JJ, Coffin MF (eds).
American Geophysical Union, pp 273-295

Sheth HC (2006) The emplacement of pahoehoe lavas on Kilauea and in
the Deccan traps. J Earth Syst Sci 115(6):615-629. https://doi.org/
10.1007/s12040-006-0007-x

Smith RMH (1990) A review of stratigraphy and sedimentary environ-
ments of the Karoo Basin of South Africa. J Africa Earth Sci 10(1-
2):117-137. https://doi.org/10.1016/0899-5362(90)90050-O

Svensen H, Jamtveit B, Planke S, Chevallier L (2006) Structure and
evolution of hydrothermal vent complexes in the Karoo Basin,
South Africa. J Geol Soc Lond 163(4):671-682. https://doi.org/10.
1144/1144-764905-037

Svensen HH, Torsvik TH, Callegaro S, et al (2017) Gondwana Large
Igneous Provinces: plate reconstructions, volcanic basins and sill
volumes. Geol Soc London, Spec Publ 463:SP463.7. doi: https://
doi.org/10.1144/SP463.7

Thordarson T, Self S (1998) The Roza member, Columbia River Basalt
Group: a gigantic pahoehoe lava flow field formed by endogenous
processes? J Geophys Res Solid Earth 103(B11):27411-27445.
https://doi.org/10.1029/98JB01355

van Zijl JSV, Graham KWT, Hales AL (1962) The palacomagnetism of
the Stormberg Lavas of South Africa I: evidence for a genuine re-
versal of the Earth’s field in Triassic-Jurassic times. Geophys J Int
7(1):23-39. https://doi.org/10.1111/.1365-246X.1962.tb02250.x

Viereck LG, Taylor PN, Parson LM, Morton AC, Hertogen J, Gibson IL,
the ODP Leg 104 Scientific Party (1988) Origin of the Palacogene
Voring Plateau volcanic sequence. Geol Soc London, Spec Publ
39(1):69-83. https://doi.org/10.1144/GSL.SP.1988.039.01.08

Waichel BL, de Lima EF, Lubachesky R, Sommer CA (2006) Pahoehoe
flows from the central Parana continental flood basalts. Bull Volcanol
68(7-8):599-610. https://doi.org/10.1007/s00445-005-0034-5

Walker GPL (1999) Some observations and interpretations on the Deccan
traps. In: Subbarao KV (ed) Deccan volcanic province, Memoir 43.
Geological Society of India, Bangalore, pp 367-395

Walker GPL (1971) Compound and simple lava flows and flood basalts.
Bull Volcanol 35(3):579-590. https://doi.org/10.1007/BF02596829

Walker GPL (1991) Structure, and origin by injection of lava under sur-
face crust, of tumuli, lava rises, lava-rise pits, and lava-inflation
clefts in Hawaii. Bull Volcanol 53(7):546-558. https://doi.org/10.
1007/BF00298155

Wignall PB (2001) Large igneous provinces and mass extinctions. Earth
Sci Rev 53(1-2):1-33. https://doi.org/10.1016/S0012-8252(00)
00037-4

Wignall PB, Bond DPG (2008) The end-Triassic and early Jurassic mass
extinction records in the British Isles. Proc Geol Assoc 119(1):73—
84. https://doi.org/10.1016/S0016-7878(08)80259-3


https://doi.org/10.1016/j.jvolgeores.2005.04.001
https://doi.org/10.1016/j.jvolgeores.2005.04.001
https://doi.org/10.1007/s00445-007-0178-6
https://doi.org/10.1007/s00445-007-0178-6
https://doi.org/10.1016/j.jvolgeores.2005.11.012
https://doi.org/10.1016/j.jvolgeores.2005.11.012
https://doi.org/10.1029/2011JB008210
https://doi.org/10.1002/2016JB013354
https://doi.org/10.1002/2016JB013354
https://doi.org/10.1007/s00445-007-0125-6
https://doi.org/10.1007/s00445-007-0125-6
https://doi.org/10.1130/0091-7613(1996)024<0651:TKLCIE>2.3.CO;2
https://doi.org/10.1130/0091-7613(1996)024<0651:TKLCIE>2.3.CO;2
https://doi.org/10.1016/j.lithos.2004.09.011
https://doi.org/10.1016/j.lithos.2004.09.011
https://doi.org/10.1016/S0377-0273(96)00059-5
https://doi.org/10.1016/j.jvolgeores.2005.02.003
https://doi.org/10.1016/j.jvolgeores.2005.02.003
https://doi.org/10.1016/j.jvolgeores.2017.05.008
https://doi.org/10.1016/j.jvolgeores.2017.05.008
https://doi.org/10.1016/0377-0273(96)00014-5
https://doi.org/10.1016/0377-0273(96)00014-5
https://doi.org/10.1007/s11434-008-0543-7
https://doi.org/10.1016/J.GSF.2013.08.005
https://doi.org/10.1016/B978-0-12-385938-9.00024-9
https://doi.org/10.1016/B978-0-12-385938-9.00024-9
https://doi.org/10.1146/annurev.earth.26.1.81
https://doi.org/10.1146/annurev.earth.26.1.81
https://doi.org/10.1007/s12040-006-0007-x
https://doi.org/10.1007/s12040-006-0007-x
https://doi.org/10.1016/0899-5362(90)90050-O
https://doi.org/10.1144/1144-764905-037
https://doi.org/10.1144/1144-764905-037
https://doi.org/10.1144/SP463.7
https://doi.org/10.1144/SP463.7
https://doi.org/10.1029/98JB01355
https://doi.org/10.1111/j.1365-246X.1962.tb02250.x
https://doi.org/10.1144/GSL.SP.1988.039.01.08
https://doi.org/10.1007/s00445-005-0034-5
https://doi.org/10.1007/BF02596829
https://doi.org/10.1007/BF00298155
https://doi.org/10.1007/BF00298155
https://doi.org/10.1016/S0012-8252(00)00037-4
https://doi.org/10.1016/S0012-8252(00)00037-4
https://doi.org/10.1016/S0016-7878(08)80259-3

	Emplacement...
	Abstract
	Introduction
	Geological setting
	Methodology
	Pāhoehoe flows and associated terminology

	Observations
	Description of the Naude’s Nek succession
	Basal contact
	Sedimentary layers
	Pillow lavas
	Boles and hydrothermally altered horizons.
	Segregation features
	Hummocky Pāhoehoe

	Discussion
	Emplacement of lava flows
	Pāhoehoe: scale and features
	Implications of identification of flow-lobe tumuli
	Other CFBP with and without flow-lobe tumuli
	What does the presence and absence of flow-lobe tumuli tell us about CFBP emplacement?
	What do observations from Naude’s Nek tell us about CFBP development and growth?
	Segregation features
	Palaeoenvironmental influences and settings

	Conclusions
	References


