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ABSTRACT 

Basaltic eruptions have been observed to produce structurally complex, compound 'a'ā lava flow fields but their mor- 
phometry has only rarely been systematically documented. We document the morphology and structures that developed 
during the emplacement of the 1982 basaltic lava flow field at Mount Cameroon (MC) volcano over a period of one 
month. Topographic cross-sections (13 in total) were made from the main vent (~2700 m above sea level (a.s.l)) down 
to a distance of 5.5 km on the cooled lava surface. Details obtained from these cross-sections include: channel width 
and depth, levee slope, lava surface morphology and structures. These details enabled us to describe the physical char- 
acteristics of the 1982 lava flow field. The inclined (12˚ - 19˚) underlying slopes on which this flow field was emplaced 
resulted in a characteristic channelized basaltic 'a'ā flow field morphology. This includes a proximal zone characterised 
by reduced flow width and depth with no subsidiary channels. Slab-crusted lava dominates the proximal channel dis- 
tinctively bent into convex upward shapes. 7 secondary vents were observed for the first time ~2.5 km from the main 
vent, with heights of 3 - 15 m. This is a very significant observation since it points to the fact that the flow field em- 
placement may have been a product of 2 eruption sites as observed at other historical MC lava flow fields. This suppo- 
sition was ruled out by further evidence obtained from other surface features within the flow field. The presence of 
these secondary vents still has an important bearing in lava flow hazard assessment. Field observations also revealed the 
presence of tumulus. This is a novel feature for MC lava flow fields. It displayed a close similarity to those observed at 
other basaltic volcanoes occurring in association with clinker 'a'ā lava, lava tubes, squeeze-ups and pressure ridges. 
Channels are well-defined, bounded by levees. Accretional and overflow levees dominate in this flow field. This lava 
flow-field attained a final length of 7.5 km, an area of 2.6 × 106 m2 and volume of 1.3 × 107 m3. The presence of tumu-
lus indicates internal inflation together with structures such as pressure ridges and squeeze-ups which are also attributed 
to compressive forces. Our observations suggest that real-time monitoring of compound lava flow fields evolution at 
MC may reveal the emplacement mechanisms of complex structures such as the secondary vents (~2180 - 2011 m a.s.l.) 
observed within the flow field. In addition, documenting the occurrence, morphology and link between lava tubes, tu- 
mulus and squeeze-ups may allow us to determine the risk of reactivation of a stalled flow front. This will thereby en- 
hance the ability to track and assess hazards posed by lava flow emplacement from MC-like volcanoes. 
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1. Introduction 

The advance of lava flows produced by volcanic erup- 
tions has been studied through field observations [1-12]; 
remote sensing techniques [13-17], as well as through 
analytical or numerical modelling [18-23]. The above 
cited methods have greatly improved understanding of 
the emplacement dynamics of lava flows as they provide  

clues about key processes occurring during eruptions 
even for flows not witnessed. However, the physical vol- 
canology of most lava flow fields in developing countries 
has received limited systematic attention. 

Lava morphological data are significant to understand 
lava emplacement mechanism and anticipate impacts 
from effusive eruptions. Lava flows can cover long dis- 
tances in 3 - 6 days, damaging properties and threatening 
lives [2,24,25]. The complex morphologies characteristic *Corresponding author. 
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of long duration basaltic 'a'ā lava flow fields reflect the 
importance of processes such as inflation, formation of 
lava tubes and secondary vents [17]. The identification of 
secondary vent sites of lava flow fields is critical for lava 
flow hazard assessment [17]. They have been observed to 
allow flows to lengthen significantly over their forecas- 
ted cooling-limited lengths [26]. In contrast, overflow 
events or new lobes development favour flow field wid- 
ening [27] instead of flow lengthening. 

Advances in lava flow modelling in the past 25 years 
show that it is increasingly possible to anticipate the final 
lengths and spatial spread of single flow units [18,28]. 
However, during basaltic eruptions, complexities like new 
flow units are emplaced alongside and on top of earlier 
units resulting in compound flow fields [5,6]; channels 
crust over and lava tubes, secondary vents, squeeze-ups 
and tumulus develop. The development of these features 
hinders accurate modelling of long-lived (>1 week) ba- 
saltic 'a'ā lava flow fields [17] which is not accounted for 
in these models. To improve understanding on the deve- 
lopment of compound lava flow fields and the dynamics 
of any volcanic system, it is recommended to quantify 
lava morpho-structures in detail both during and after 
emplacement [6,29]. 

Studies of terrestrial lavas suggest that the overall de- 
velopment of flow fields is systematic and that a general, 
normalized relationship can be established linking the 
final dimensions of a flow field to underlying slope, eru- 
ption duration, discharge rate, gravitational acceleration, 
lava density and rheology [27,30,31]. Linking qualitative 
and quantitative measurements of lava flow surface mor- 
phology with historical observations of eruptions is an 
important, but yet underexploited route, to constrain em- 
placement mechanism of basaltic lavas. 

Basaltic lava flow fields often demonstrate compound 
morphology. That is they are comprised of several flow 
units and lobes with some superposed on each other [5, 
17,32]). A flow lobe here refers to an individual package 
of lava surrounded by a chilled crust [1]. Compound here 
refers to a lava flow field made up of two or more flow 
lobes of any geometry or size [1,33]. The development of 
compound basaltic 'a'ā lava flow fields is a common phe- 
nomena at Mount Cameroon (MC) volcano as exempli- 
fied in the 1959, 1982, and 1999 lava flow fields [2,8,34]. 
Most published data existing at MC (Figure 1) are lim- 
ited to its seismicity, eruption dynamics, petrology and 
geochemistry of specific eruptions that occurred in the 
20th and 21st centuries [2,24,25,34-40]. Recently, a few 
studies started focusing on lava flow morphology [2,8,11] 
and hazards [35,41-43] at MC. 

Eruptions that produced basaltic lava flow fields from 
MC have been associated with significant impacts over 
the past years. The 1922, 1959 and 1999 eruptions posed 
major threats to agro-allied complexes and road infra- 

structure around the SW [24,25] and NE [2] flanks (Fig- 
ure 1). Common phenomena observed for most historical 
eruptions at MC are that they are all fissure eruptions 
with venting typically at more than one site (1922, 1959, 
1999, 2000; Figure 2; [2,8,11,24,25,40]). Upper sites are 
dominated by more explosive activity building large py- 
roclastic cones, whereas lower sites emit the largest vol- 
ume of lava. The principal lava type produced ranges from 
pahoehoe (ultra-proximal) to 'a'ā (dominant flow morpho- 
logy) and blocky lava observed at the distal end [11]. Pe- 
trographically, all these lavas are porphyritic [2,25,39] 
with the exception of the 1982 lava that is nearly aphyric 
[2,25,34]. 

In October 1982, an eruption that produced seismic 
swarms widely felt around Buea (SE flank; Figure 2), 
occurred on the SW flank of MC. The physical charac- 
teristics, composition and evolution of the 1982 lava flow 
field have been described by [34]. Other aspects includ- 
ing its petrology and geochemistry have been analysed 
by [2,25,39]. So far, no systematic field survey has been 
carried out on the 1982 flow field to document its mor- 
phology or quantify down channel geometry. Here, a sys- 
tematic field study was carried out on the 1982 flow field 
with the primary objective of obtaining geometric para- 
meters (width and depth) of the stable channel zone that 
fed the flow from source to the distal transitional-dis- 
persed flow zone. 

The goal of this paper is to describe the morphology 
and structures observed within the stable and transitional 
channel zones of the 1982 lava flow field as defined by 
[44]. Based on their observations of basaltic 'a'ā flow 
fields at Mauna Loa, Hawaii, [44] divided lava flow fields 
into four zones from vent to toe: 1) stable channel; 2) 
transitional channel; 3) dispersed flow zone and 4) flow 
toe. We present observations and field measurements 
made after the emplacement of this lava flow field, cov- 
ering the proximal part fed principally from the source 
scoria cone (emplaced on characteristic slopes of 14˚ - 
18˚) and the transitional zone (12˚ - 19˚). 

The 1982-lava flow field offers an excellent opportu- 
nity to examine the large-scale structural evolution of a 
compound flow field as well as the complex surface fea- 
tures that are ubiquitous in most 'a'ā flows. Such interme- 
diate-long lived eruptions emplaced on inclined slopes 
offer good opportunities to investigate the effect of slope 
on 'a'ā lava flow fields in terms of surface morphology 
and inferred emplacement. So far few studies have de- 
scribed long-lived basaltic lava flow field morphologies 
and emplacement processes on inclined [11,31] and ex- 
tremely steep slopes [45]. Numerous studies however 
exist on the morphology of long-lived basaltic lava flow 
fields emplaced on flat to gently sloping surfaces [27], 
[46]. From this analysis, we document in detail the late- 
stage development of this flow field which includes the  
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formation of the secondary vents (short-lived ephemeral 
vents), lava tubes and tumulus and consider implications 
for lava flow hazard assessment. We also consider the 
role of effusion rate fluctuations for channel geometry 
fluctuation. Field measurements were used to constrain 
flow rheology. Such constraints are essential for a fol- 
low-up effort where lava flow hazard will be quantified. 

discussed by several authors: [35,47-51]. The CVL’s 
origin is still subjected to debate. The most widely ac- 
cepted structural explanation for the origin of the CVL is 
that it is a product of Cretaceous reactivation of Pan- 
African strike-slip faults trending N70E [38,48,52]. 

MC is a steep volcanic shield covered by successions 
of lava flows [11,53] and subsidiary scoriae deposits (Fi- 
gure 2). It has a flat summit plateau, a rift zone defined 
by a linear cluster of eruptive vents, a deep valley (ele- 
phant valley) in the N flank, topographic steps at the base 
[53] together with numerous faults and fissures mostly 
trending N40E [35]. It is composed entirely of moder- 
ately alkaline basic lavas (alkaline basalts, hawaiites, pi- 
crites and mugearites [35,48,49]. Field observations in- 
dicate that lava flows are massive, porphyritic or vesicu- 
lar. Moderately explosive Strombolian activity is com- 
mon at high elevation vents [11,24,25], but lava flows 
are the most common products released from MC erup- 
tions. Over historical times, most lava flow activity has 

2. The Geology of Mount Cameroon and the 
1982 Eruption Chronology 

2.1. Geological Context of Mount Cameroon 
(MC) 

MC is the largest and most active of the continental vol- 
canoes of the Cameroon Volcanic Line (CVL; Figure 1). 
The CVL is a major tectonic feature in West-Central Af- 
rica that runs SW-NE following a major left-lateral fault 
system that extends for more than 2000 km, from Pagalu 
Island into West-Central Africa (Figure 1). The origin, 
geology, structure and petrology of the CVL have been  

 

 

Figure 1. Sketch map of Cameroon showing Mount Cameroon and other volcanoes (both oceanic and continental sectors of 
the line) along the Cameroon Volcanic Line (CVL); Inset map of Mount Cameroon showing historical lava flows for the last 
110 years. The reported ages for these volcanoes were obtained from Marzoli et al. (2000). 
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Figure 2. Map of the geology of Mount Cameroon and environs compiled from past dissertations. Pyroclastic cones and the 
historical lava flows indicated by their years with the numbers in bracket (1, 2, 3) representing the different eruption sites 
were mapped from Digital Elevation Models (DEMs; 30 and 90 m) and other satellite imagery (multispectral Landsat TM, 
ETM+ and ASTER scenes). The rectangle shows where the 1982 flow was buried by the lower 1999 vents and lava. 

 
been confined to the summit, SW and NE flanks of MC 
(Figure 2). This has effectively protected the SE and 
NW flanks from lava inundation. 

Historical lava flows have flow lengths from ~850 m 
(upper 2000) to 11.5 km (1922, lower 1999; Figure 2; 
[11,41]). They cover an estimated surface area of 26.5 
km2 in the last 110 years at MC (Figure 2). Observations 
of effusive events at the MC summit are extremely minor, 
characterised by flows with limited extents that stay 
within the confines of the crater (e.g. 2000 site 1 flow; 
Figure 2). In addition, vent types differ between minor 
and major effusive events. Minor effusive events are fed 
by persistently active strombolian vents within the crater 
that host lava lakes which release the lava by breaching 
of the cones. In contrast, most vents on MC that feed ma- 
jor effusive events result from secondary vents/ephem- 
eral boccas breaching or tapping from the central magma 
column somewhere below the level of the summit vents 
[11]. 

The next most abundant products observed at MC are 
pyroclastic cones (~340 cones have been mapped) aligned 
along a NE-SW trend (Figure 2), corresponding to the 
CVL alignment (Figure 1). They have the highest spatial  

density on the upper SW flank of MC (Figure 2). These 
cones result mostly from the observed moderately explo- 
sive activity and range from small spatter mounds to lar- 
ger spatter-scoria cones. Other observed formations in- 
clude lahars (volcanic mudflows; Figure 2) graded as a 
possible ancient hazard around MC [42]. Etindites (ne- 
phelinite lavas) are restricted to Mount Etinde (small 
volcano probably of Miocene age on the lower SW flank 
of MC; Figure 1; [35,54]). Lastly, are underlying sedi- 
ments upon which all the above rock types lie (Figure 2; 
[35]). 

2.2. Evolution of the 1982 Lava Flow Field 

On 16 October 1982, new effusive activity started at MC 
and continued until 23 November 1982. This eruption oc- 
curred after 23 years of quiescence and emplaced a ~7.5 
km-long basaltic 'a'ā lava flow field (Figure 3). A detail- 
ed account of the chronology/sequence of this eruption has 
been given by [47]. Thus, we summarise only elements 
of the chronology pertinent to the analysis of the lava 
flow field evolution presented here. Lava, ash, gases and 
tephra were emitted from a SW-NE trending fissure at an 
elevation of ~2700 m above sea level (a.s.l.) on the SW 
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Figure 3. (Colour online) 1982 lava flow field showing the location of the main scoria cone (represented by a square) and the 7 
secondary vents (indicated by circles) that contributed to the flow width, thickness and lava volume emplaced for this erup- 
tion. (a) Photograph of active cone taken two days (7/11/1982) before the end of the eruption by G. J. Fitton; (b) emplaced 
scoria cone taken 28 years after (c) firsthand view of the lava channel captured by G. J. Fitton, 24 days after the onset of the 
eruption (9/11/1982); and (d) landslide debris as observed on the 9/11/1982 by G. J. Fitton. 

 
flank of MC. The observed fissure extended over a dis- 
tance of ~1 km down slope.  

Moderately explosive activity at the upper end of the 
fissure led to the formation of a 25 m high scoria cone by 
November 7 (Figures 3(a) and (b)). A lava channel with 
an initial width of 3 m was observed in the first few days 
of eruption (Figure 3(c)). Lava flowed in this channel at 
a velocity of 5.2 m·s−1 and initial magma discharge rate 
of 10 - 30 m3·s−1 which dropped to ~0.1 m3·s−1 in the last 
24 hours of eruption. Approximately 900 m down slope 
from the cone (8 November), measurements of an active 
lava lobe showed that it was 3.5 m wide, 1.25 m thick 
and advanced with a mean velocity of 0.2 m·s−1 on a 
slope of 18˚. Temperature readings at this point in the 
flow using a thermocouple produced values of 1045˚C ± 

5˚C - 1070˚C ± 5˚C. This led to estimation of initial 
eruption temperature at 1160˚C and to average cooling 
rates of 0.1˚C - 0.3˚C·s−1. This lava lobe entered dense 
forest at 2400 m a.s.l., 1.5 km from the cone. Flow front 
measurements from the main flow lobe (Figure 3) at 
1000 m a.s.l. gave values of ~200 m wide and 20 m high. 

Between 30 October and 4 November, a landslide oc- 
curred just below the main cone (Figure 3(d)) that initi- 
ated a debris flow composed of a mixture of older vol- 
canic material and the only just emplaced 1982 lava flow. 
This debris flow modified the upper part of the 1982 lava 
(Figure 3(d)) acting as a blockage zone and stopped 1.5 
km from the vent. It produced an elongated depression 
with a length, width and depth of 500 m, 200 m and 150 
m respectively. [47] estimated the total lava volume ex- 
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truded at ~107 m3. Other estimated parameters for this 
eruption include maximum pre-eruptive water content for 
the magma at 0.6 wt%, viscosity (104 Pa·s), yield strength 
(104 Pa) as well as petrographic and geochemical data. 

The emplacement of this lava flow field on moderately 
inclined slopes (12˚ - 19˚) resulted in distinctive flow 
field morphologies. The development of a compound 
lava flow field characterised by several lobes (Figure 3), 
present an excellent opportunity to examine the mor- 
phology and evolution of an intermediate/long-lived 'a'ā 
lava flow field emplaced on inclined surfaces. Unfortu- 
nately, during the 1982 eruption, virtually no information 
(e.g. GPS and ground control points for observed fea- 
tures), was collected from which the flow field mor- 
phology and evolution could be examined. Here, field- 
work was carried out to map out observed features and 
structures on this flow field and describe the surface 
characteristics of the flow. This data was then used to 
present details of the morphology and evolution of the 
flow field, and relate this evolution to quantitative pa- 
rameters such as slope, effusion rate, number of active 
vents, flow length, lava tubes and number of active flow 
lobes. In doing this, we define the characteristics of the 
1982 basaltic lava flow field inferred from its emplace- 
ment dynamics. From field observations and the narra- 
tive given by [47], the lava flow was extremely unstable 
and suffered from almost constant flow front collapses to  

feed other flows extending down-slope from stalled flow 
fronts.  

3. Materials and Methods 

Field observations and measurements (channel width, 
depth and levee angle) were made at the proximal, me- 
dial and dispersed flow portions of the flow field. Details 
of the surface morphology for the different lava types 
and structures observed in this flow field were obtained 
across transversal profiles made within the stable and 
transitional flow zones. 13 profiles (Figure 4) were meas- 
ured using a 30 m tape, an abney level and a compass 
clinometer. They enabled to describe the physical char- 
acteristics of the 1982 lava flow field. Four representa- 
tive profiles are illustrated here to show changes in 
channel morphology down-flow (Figures 4(a)-(d)). 

Morphology of the flow field at a distance (length) 
above 5.5 km (that comprised the dispersed and flow 
front zones) could not be observed because this portion 
of the flow is buried by the lower 1999 vents and lava 
(Figures 1 and 2). Several bifurcations, islands and flow 
lobes are observed. Our focus is on the WSW branch of 
the flow field (Figure 3). 

Lava thickness was derived from trigonometry. These 
values were substituted in equations from [55,56] and 
into Jeffrey’s equation to estimate yield strength (levees)  

 

 

Figure 4. (Colour online) 1982 lava flow map showing profile locations indicated as points that represent the start and end 
GPS positions of some of the profiles. The illustrated profiles (P1-P4) were made (a) 1 m from the vent immediately after the 
observed zone of blockage in Figure 5(a); (b) 200 m from the vent showing a characteristic trend of clinker 'a'ā morphology 
that covers the entire section; (c) 1 km from the vent, dominated by blocky 'a'ā lava morphology and (d) 5 km from the vent 
showing a dominant clinker 'a'ā morphology (larger blocks) with accreted channel margins. P1 represent the entire flow field 
width, while P2-P4 represents just the stable channel width. Question marks and arrows are indicative of side channels and 
the continuation of the flow field. 
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and mean channel velocity (Equations (1) and (2)). 

singt  

 

               (1) 

 

where  is yield strength,  is the dense rock equivalent 
density, g is acceleration due to gravity which is equal to 
9.8 m·s−2, t is levee thickness and  is the gradient of 
slope (slope here represents pre-eruptive down flow slope). 

2V t sing B              (2) 

where V is mean velocity,  is the pre-eruptive down 
flow slope (obtained from the field and the 30 m Digital 
Elevation Model (DEM) for MC) and B is the shape con- 
stant considered to be equal to 3 (value is representative 
of wide channels). 

From the estimated velocity (V), channel depth (d) and 
width (W), effusion rate for lava flowing in these chan- 
nels was derived (see [57]). A uniform density of 2700 
kg·m−3 was assumed in estimating the above rheological 
parameters. This is an average density for this lava flow 
estimated based on previously published whole-rock geo- 
chemical compositional data from [25,39,47]) following 
[58] approach. Lava volume for this eruption was re- 
estimated by the planimetric approach proposed by [59]. 
This involves the measurement of the area covered by the 
lava flow field (obtained from GIS estimate) multiplied 
by an estimated mean lava thickness for the flow field. 

For the purpose of reconstructing the stable channel 
geometry, profiles were made at intervals of 100/200 m 
(for the first one kilometre) and at 1 km interval from 
then onwards (Table 1) starting with a profile within a 
few metres from the vent (Figure 4(a)). Other observa- 
tions from this flow were obtained between profiles. 

4. Results 

4.1. Lava Flow Field Morphology 

The 1982 compound 'a'ā lava flow field (Figures 4(a)-(d)) 
has 6 main and uncountable subsidiary lava flow lobes 
which branch out in several directions, with some of 
them meeting up again towards the flow front (Figure 3). 
The principal flow morphology observed from near-vent 
to 5.5 km distance for this lava flow field is clinker 'a'ā 
lava followed closely by blocky 'a'ā lava. Upper flow 
proximal lava in the first 17 m from the vent is slab- 
crusted lava within the stable channel according to the 
terminology given by [60]. Most morphological features 
indicative of lava flow emplacement mechanism and late 
stage deformation were recorded. 

4.1.1. Large-Scale Flow Field Development and  
Structures 

1) Scoria Cone 
The development of the main cone thought to have fed  

the greatest volume of the lava flow field was partially 
documented by [47]. This cone is visible both on Landsat 
TM, ETM+ scenes, and in the field (Figure 5(a)) em- 
placed on slopes of 16˚ - 18˚ and breached in the down- 
flow direction. Measurements (GIS) made from the al- 
ready emplaced 25 m high cone gave ~350 m base di- 
ameter and ~85 m crater diameter, occupying an area of 
~1.2 × 105 m2 and volume of ~2.5 × 106 m3 (~20 m thick) 
respectively. Lava-fountaining up to 300 - 400 m high 
from this cone ([47]; Figure 3(a)) in its explosive phase, 
led to emplacement of a tephra layer observed for a dis- 
tance of up to ~200 m away in the NE direction (along 
the route used to get to the vent). This layer was sparsely 
dotted by large bombs (~1 m) made up mostly of lapilli 
and sand-sized particles close to vent that became finer 
away from it (Figure 5(a)). The scoria and lapilli range 
in size from 2 to 65 mm in diameter.  

The blockage (Figure 5(a)) observed immediately af- 
ter the cone breached zone was produced ~14 days after 
eruption onset [47]. It resulted from a landslide below the 
cone that produced a debris flow of old volcanic material 
(ash and scoria) mixed with disrupted remains of the 
1982 lava [47]. This blockage came after the establish- 
ment of the stable channel (Figure 5(a)) observed imme- 
diately after this zone [47]. The observed blockage at the 
time of eruption prevented the debris flow from taking 
the direction of the channel. The debris flow deposit was 
still preserved in the field at the time of the study in the 
upper sector of the flow field (Figure 5(a)). This debris 
flow ended with a sharply defined lobate front as de- 
scribed by [47]. It obstructed the flow of lava in the es- 
tablished channel (Figure 5(a)) causing diversion of the 
flow that led to the production of a secondary channel to 
the West of the vent which merged a few metres down- 
flow with the primary vent. 

2) Secondary Vents 
Field investigations revealed a series of 7 late-forming 

secondary and/or ephemeral (short-lived) vents (Figures 
5(b) and (c)). These vents are observed ~2.5 km away 
from the main vent (Figures 5(b) and (c)) at ~2180 m 
a.s.l, emplaced on slopes of 15˚ - 19˚, all aligned in the 
E-W direction within the flow field. These small vent 
constructs are 3 to 15 m high (Figure 5(b)), are most 
often breached in the SE direction (Figure 5(c)), and are 
spaced at intervals of 2 to 10 m of each other. Three- 
quarters of them produced lava with clinker 'a'ā morphol- 
ogy that flowed in distinct channels within the flow field 
which disappeared ~20 m down flow. Most of their walls 
have already been colonised by mosses. Close inspection 
revealed that some of these walls are plastered with spat- 
ter and clinker (Figures 5(c) and (d)). 

3) Levees 
Few initial levees were preserved because of variations 

in flow level and blockages within channels that fa- 
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Table 1. Geometrical parameters of the stable channel zone of the 1982 lava flow field. 

Stable channel 
Breakaway/side 
channels (width) Parameter 

Distance from 
vent (m) 

Width (m) Depth (m) Right (m) Left (m)

Remarks 

1 0.85 0.9 - - No side channels observed (Upper Section, US). 

100 6 2.2 2 3 
30 m down-slope from this profile, side channels widened  
and reduced again further downstream (US). 

200 4.7 2 2 2.6 Both stable and side channels showed reduced widths (US) 

205 1.5 5.4 - - 
Intermediate section; side channels not estimated  
but similar to those at the 200 m distance. 

220 8 - 3 3 

Distance corresponds to point immediately after squeeze-up  
where both stable and side channels were observed to increase  
in width. Depth not estimated, but reduced (Lower section, LS)  
relative to the 205 m distance. 

300 10 1.4 5 - 
Left-side channel is buried by overflow material (clinker 'a'ā).  
From this point, channel width increased in  
both right and stable channel (LS). 

400 30 - 30 - Left-side channel still buried with overflow material (LS). 

500 8 - - - 
Stable channel reduces in width, while right channel  
is also buried by overflow material (LS). 

600 15 - - - 
Both side channels are still buried. Depth not estimated  
for stable channel (LS). 

700 6 - 5 30 
Both side channels resurfaced and stable channel width reduces.  
Depth not estimated. (LS). 

800 8.3 4 18 20 Increase width and depth in stable channel (LS). 

1000 21 3 3 - Left side channel is buried by overflow material (LS). 

2000 113.5 3 - - 
Stable channel width corresponds to point where all  
the channels (side channels) merge as one (LS). 

3000 22.4 8 20 23 
Several lobes were observed at this point, together  
with little islands acting as bifurcating zones (LS). 

4000 10 10 20 - 

This point corresponded to a bifurcation where forest  
and vegetation caused measurements to be impossible,  
so only estimates were made. Left-side channel found on the  
other side of the bifurcation separated by vegetation  
(LS; Transitional Flow Zone: TFZ). 

4980 - 15 - - 

Bifurcated zones meet at this point and separate again.  
Channel depths were observed to have increased substantially  
from a distance corresponding to 4800 m from the vent.  
Terrain made it difficult to estimate channel widths (TFZ). 

5000 6.2 3 - - 
Flow field was quite confusing at this point; it was in total chaos.  
No side channels could be traced (TFZ). 

5250 12 2.5 3 2 
Side channels reappear. An island separates flows at this point  
which represents the last sector of this flow before  
the lower 1999 vents (TFZ). 

Channel  
geometry 

5350 12 8 - - 
Last segment of flow with channel bounded by the lower 1999 vent. 
No side channels observed. (TFZ). 

 5450 13 3 2 - 
Last segment of flow with channel bounded by the lower 1999 vents. 
Right-side channel resurfaced (TFZ). 

 
voured over flow events and formation of overflow lev- 
ees. These events modify levees (Figure 6(a)) and cause 
flow field widening. Initial levees are characterised by 
outer slopes of 26˚ to 66˚. These levees are 0.3 to 2 m 
thick (t) with corresponding levee widths of 0.4 to 3 m 

(Figures 4(a)-(d), Profiles 1 - 4). Yield strength of initial 
lava estimated using outer initial levee thickness and 
angle of rest [55] fluctuates between 103 to 104 Pa across 
the different profiles. The main lava types that character- 
ised these levees are loose clinker and blocky 'a'ā lava  
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Figure 5. (Colour online) Photographs showing (a) scoria cone with breached zone, tephra, debris flow and the start of chan- 
nel and (b) and (c). Alignment of secondary vents within channel showing a breached zone. 

 
(Figures 4(a)-(d), Profiles 1 - 4). The inner walls of 
these levees show horizontal layering and shearing fea- 
tures (Figure 6(b)). 

Overflow levees could be distinguished from initial 
levees because they showed layering of different lava le- 
vels believed to represent different flow episodes. Over- 
flow material is basically clinker and blocky 'a'ā lava 
(Figure 6(a)) and to a limited extent rubble 'a'ā lava (Fig- 
ure 4(c), profile 3). Typical outer slopes for overflow 
levees are 30˚ to 50˚ with levee thickness (t) values of 
0.4 to 2.5 m and levee widths of 0.3 to 2.6 m. 

Accretionary levees (Figures 6(b)-(e)) are the domi- 
nant levee type. Accreted/agglutinated lava surfaces were 
observed both on the outer and inner walls of channels. 
They are characterised by brecciated surfaces (Figure 
6(c)) showing shearing features, tension fractures and 
cooling cracks (Figure 6(d)). They are 0.5 to 8 m thick. 
Virtually all of the internal accretionary levees observed 
are characterised by sub-vertical to vertical inner levee 
walls (Figures 4(a)-(d), Profiles 1 - 4) with a massive 
interior texture (Figure 6(e)). Yield strength estimated 
for this levee type is stable at 104 Pa. Since the flow front 
could not be observed at the time of this study, no flow 
front measurements were made. However, [47] gave a 
width of ~200 m with a thickness of 20 m for the main 
flow lobe.  

4) Lava Channels  
In this flow field, as for other 'a'ā dominated lava flow 

fields at MC (e.g. 1959, 1999) channels were the domi- 
nant preserved transport pathway. Lava in proximal chan- 
nels (first 100 m) flowed with initial estimated velocity 

and effusion rate of 4 m·s−1 and 3.3 m3·s−1 respectively. 
Channels are 0.85 - 5 m wide, dominated by slab-crusted 
lava with clinker 'a'ā margins (Figure 5(a); Table 1) ob- 
served up to a distance of 205 m (Figure 7(a)) away 
from vent. However, these crusted surfaces are not con- 
tinuous for the whole length of the 205 m. They broke up 
into slabs after covering distances of 10 to 17 m (Figure 
7(b)). These distances correspond to an increase in slope 
from 16˚ (at-vent) to 18˚ (300 m). These broken slabs 
probably acted as temporary blockage zones within these 
channels (Figure 7(c)) while this flow was active. Bro- 
ken slab material usually piles up forming heaps up to 13 
m long at some locations (Figure 7(c)). 

Within a few metres (~20 m) from vent, secondary 
channels were observed at the sides of the primary or 
main channel (Figure 7(c)). These channels are 2 to 3 m 
wide, 100 m from vent Figure 7(c)), and 30 m wide 
~400 m from vent (Table 1). Effusion rate increased to 
~29 m3·s−1 (100 m distance) and dropped to 13 m3·s−1 
200 m away from vent. This drop in effusion rate led to 
the production of channels (~200 m from vent) charac- 
terised by a reduced width (1.5 m) and an increased 
depth (5.4 m) with a slab-crusted surface that continued 
for a distance of 10 m before breaking up into slabs 
(Figures 7(a) and (d)). Velocity estimates at these dis- 
tances had dropped to 2 and 1.4 m·s−1. Both effusion rate 
and velocity (12 m·s−1) increased from these distances up 
to 1 km distance. This favoured the formation of wider 
channels (6 - 21 m) and clinker and blocky 'a'ā lava em- 
placed on slopes of 14˚ - 17˚. The widest channel (113.5 
m) in this flow field was observed ~2 km from vent  
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Figure 6. (Colour online) Levees observed at the 1982 lava flow field showing (a) initial/overflow levee over-underlain by 
clinker 'a'ā; (b) accretionary levee wall showing horizontal layering (broken lines) and fracturing; (c) outer accreted levee 
wall with highly brecciated surface; (d) levee wall with cooling cracks and tension fractures and (e). massive levee interior 
with arrow showing lava flow direction within channel. 

 
hosting sealed lava tube surfaces, characterised by re- 
duced velocity (4.5 m·s−1) and high flow rates (68 m3·s−1). 
Channel material is clinker 'a'ā emplaced on a slope of 
15˚. 

Lava channels were still considerable wide (10 - 22 m) 
from this distance but dropped to 6 m, 5.5 km from vent. 
At this distance, velocity and flow rate had dropped to 
0.3 m·s−1 and 13 m3·s−1 respectively. The lava type here 
is clinker and blocky 'a'ā lava emplaced on slopes of 12˚ - 
14˚. From the estimates made, an average velocity and 
flow rate of 4.5 m·s−1 and 26 m3·s−1 were produced for 
this flow. Taking an average lava thickness of 5 m (±2 m; 
field estimates), an area of 2.6 × 106 m2 (GIS estimate), 
this eruption produced lava with a volume of ~1.3 × 107 
m3. 

5) Lava Tubes 
Lava tubes were first observed in channels at a distance 

600 m from vent (Figure 7(b)). They could be distin- 
guished based on their elongated forms, continuous sur- 
face morphology, raised margins and extensive lengths 
relative to that of the surrounding rocks (Figures 7(b) 
and (c)). These tubes are characterised by a spinose sur- 
face with crusts just a few cm thick (Figure 7(b)). At 
600 m distance, an observed lava tube is 10 m long and 
~2 m wide (Figure 7(b)). These lava tubes were abun- 
dant within the primary channel (~2 km from vent) 
where the channel is widest. From their surface appear- 
ance, 5 could be distinguished with extensive lengths 
(~10 - 20 m) that became buried down-slope by channel 
material. This is 500 m (up-slope) from the point where  
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Figure 7. (Colour online) Channel morphology across the 1982 lava flow field showing (a) intermediate stable channel with 
reduced width and increased depth with slab-crusted floor; (b) lava-tube/slab-crusted surface with a broken surface (encir- 
cled); (c) blockage within channel characterised by tilted pahoehoe-slabs hosting side channels on both sides of the stable 
channel zone bounded by levees and (d) continuation of intermediate stable channel zone observed further down-stream after 
slabs had broken up in (b) above. Arrows within channels are indicative of flow direction. 

 
secondary vents were observed. 

4.2. Down-Flow Channel Geometry and Small 
Scale-Structures 

Here, on the basis of channel geometry fluctuation, we 
split the stable channel zone of the flow into three sec- 
tions: 1) an upper section characterised by wider than 
deep channels; 2) an intermediate section governed by 
deeper than wide channels and 3) a lower section where  

channels resume their normal trend as in the upper sec- 
tion being wider than deep. This zone is followed by the 
transitional channel zone observed ~4 km down-flow.  

4.2.1. Stable Channel Zone 
Table 1 and Figures 8(a) and (b) give details on the sta- 
ble channel geometry at a distance starting from 1 m from 
the vent, progressively down-stream. The widths of break- 
away/side channels are also given at the corresponding 
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Figure 8. Plots of stable channel geometry showing (a) down-flow distance and (b) slope against stable channel widths and 
depths. 

 
distances (Table 1). Depth was estimated from internal 
levee height. 

1) Upper Section 
This zone represent channels observed at distances of 

1 to 200 m from vent characterised by widths of 0.85 m 
to 4.7 m and depths of 0.95 to 2 m (Figures 4(a) and (b); 
Table 1). Side channels observed in this section (Figure 
7(c); Table 1) merged down-flow with the main channel 
at some locations. Other subsidiary channels formed fur- 
ther down-flow with larger widths (5 to 30 m). 

2) Intermediate Section 
This section is characterised by reduced channel 

widths and increased depths (Figures 7(a) and (d); Ta- 
ble 1) and covers the smallest portion of the stable chan- 
nel zone (~25 m). 

3) Lower Section 
In the lower section of the stable channel zone, chan-

nel widths increased from 24 to 113.5 m (Table 1). This 
took place at distances 1 and 2 km away from vent re-
spectively in the SW branch of the flow. Channel depths 
at the above distances remained fairly stable at 3 m. It 
increased to 8 m, 3 km from vent (Figures 8(a) and (b); 
Table 1). 

4.2.2. Transitional Zone 
On this flow field, this zone was observed immediately 
after the stable channel zone and covers the distance be- 
yond ~4 km from vent. In this zone, channels were most 
often deeper (3 - 15 m) than wide (6 - 13 m) character- 
ised by a surface mixture of clinker and blocky 'a'ā lava. 
The slopes here are also less steep (12˚ -14˚) with re- 
duced flow velocity (0.3 - 3.6 m·s−1). At the 5 to 5.5 km 
distance, the flow field became quite chaotic. However, 
channels could still be observed, so it could not be classi- 
fied as a dispersed flow zone. Blocky 'a'ā lava dominated 
at these distances before the 1982 flow field reached the 
lower eruptive vents and lava flow field of the 1999 erup- 
tion. 

4.2.3. Small-Scale Structures: Squeeze-Up and  
Tumulus 

Numerous pinnacles which represent rafts, slabs or trans- 
ported lava blocks left behind by the flowing lava were 
observed on the flow field (Figure 9(a)). They acted as 
blockages within the channels. Pressure ridges and squee- 
ze-ups are the only prominent compressive features that 
have so far been observed at the 1982 lava flow field. 
Four pressure ridges were observed at ~160 m (17˚ - 18˚) 
from vent within this flow field. These ridges were expo- 
sed as clinkery linear hummocks found perpendicular to 
the direction of flow with heights of <1 m. They were 
observed within the upper section of the stable channel 
spaced at intervals of 0.1 to 0.2 m from each other. They 
can be attributed to the estimated minor drop in effusion 
rate from 29 to 13 m3·s−1. 

1) Squeeze-Ups 
A squeeze-up (Figures 9(b) and (c)) was encountered 

~15 m down slope from the intermediate stable channel 
section (~220 m from the vent). It is characterised by an 
irregular spinose surface showing grooves and chatter 
marks at the sides, with toothpaste or a peeling lava tex- 
ture on the surface (Figure 9(b)). It terminates with 
sharply titled slabs at the topmost part (Figures 9(b) and 
(c)). Channel material was made up of clinker 'a'ā and 
broken slabs from the intermediate stable channel zone 
(Figure 9(c)). Field observations indicated that this squee- 
ze-up marked the end of the intermediate stable channel 
section. Channel widths increased from this point (8 m) 
onwards marking the beginning of the lower section of 
the stable channel zone. 

2) Tumulus 
A characteristic inflation feature that has been widely 

observed on other basaltic lava flow fields but never de- 
scribed in previous literature for MC lava flow fields are 
tumuli. Located 500 m from the vent, a tumulus (Figures 
9(d)-(g)) was observed within the stable channel zone 
(lower section) being texturally different from its sur- 
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Figure 9. (Colour online) Other structural features observed within channels at the 1982 lava flow field showing (a) large 
abandoned block of lava; (b) and (c) side-views of squeeze-up characterised by a spinose surface with chatter marks; (d) 
side-view of tumulus with tilted, rectangular, angular and polygonal blocks of lava; (e) front view of tumulus showing main 
fracture zone (radial crack) with cracks and joints surrounded by clinker 'a'ā; and (f) and (g). Close-up of tumulus slab and 
blocks. Arrows indicate flow direction. 

 
rounding material. It corresponds to a slope of 17˚ and 
high yield strength (104 Pa). It is characterised by an ir- 
regular surface, numerous fractures, joints and cracks, 
broken blocks, a massive base with tilted and polygonal 
slabs at the top (Figures 9(d)-(f)). It also has a prominent 
axial cleft (~5 m long, 0.5 - 2 m wide, 0.3 - 0.5 m deep) 
and smaller subsidiary clefts aligned sub-parallel to the 
main axial cleft (Figure 9(e)). The observed fractures 

and joints are oriented N-W, E-W and N-S (Figure 9(e)) 
following the direction of the cone. The interior of the 
lava blocks showed a highly aphyric texture (Figure 
9(g)). This tumulus is ~4.5 m high and has an elongated 
ridge-like shape in plan form. Its surrounding channel 
material is basically clinker 'a'ā characterised by accreted 
levee walls (Figure 9(e)). Lava type observed immedi- 
ately after this feature is clinker 'a'ā. 
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5. Discussion 

5.1. Significance of the Observed Structures at 
the 1982 Lava Flow Field 

The 16th of October to mid November 1982 eruption was 
initiated as a fissure eruption that rapidly became con- 
centrated on a single vent [47]. It produced a compound 
basaltic 'a'ā lava flow field characterised by several lobes 
and islands at just one site. This lava flow field is an ex- 
cellent example of a compound channel-fed 'a'ā domi- 
nated flow where both clinker and blocky 'a'ā lava occu- 
pied distinct portions of the final lava flow when com- 
pared to other 'a'ā-dominated lava flow fields at MC. The 
scoria cone observed at ~2700 m a.s.l., following erup- 
tion account from [47] and from field observations, con- 
tributed to the cooling-limited length of this flow. From 
previous eruptions like the 1999 eruption [25] and from 
field observations (even though not well constrained), 
MC lavas take between 3 - 6 days to attain 80% - 90% of 
their cooling-limited and final flow lengths. The obser- 
ved secondary vents (found inclusive in this lava flow 
field) and lava tubes emplaced in the later stage of the 
eruption possibly contributed to flow thickening and wid- 
ening than lengthening. The formation of the 1982 sec- 
ondary vents may be linked to an increase in effusion 
rate caused by a pulse in supply to the main vent which 
may result in the opening of new vents to cope with the 
increased flux as observed on an active lava flow field at 
Mount Etna [45]. An alternative approach could be that 
they resulted from backflow pressure from a stagnated 
flow front due to rheological maturation [61]. 

The difference between the 1982 secondary vents with 
the ephemeral boccas described by [6] at Etna, is that 
they are not simply openings but are characterised with 
considerable heights (3 - 15 m). They were also observed 
in the medial section of the flow and not close to the flow 
front as common on other basaltic lava flow fields [6, 
26,60]. The similarity between these vents and the ephe- 
meral boccas of [6,26] is that their emplacement maybe 
linked to the presence of lava tubes observed within this 
flow field. Blockages observed within channels and effu- 
sion rate fluctuations possibly resulted in breaching events 
[6] that produced the numerous flow lobes and branches 
observed on this flow field (Figure 3). 

Tubes as used here and on other lava flow fields 
means a subsurface lava pathway that could drain to 
leave a self-supporting roof [6,26,62]. Lava tube surface 
morphology at the 1982 lava flow field is similar to those 
observed at lava flow fields of the Faroe Islands [1]. The 
presence of these lava tubes possibly suggests initial 
sealing and embryonic tube development [26,63,64]. 

Following the terminology of [65], three levee types 
were observed at the 1982 lava flow field: initial, accre- 
tionary and overflow levees. Initial levees here refer to 

static marginal levees that define a channel [13]. Accre- 
tionary and overflow levees represented the dominant 
levee types observed on this flow field. Both levee types 
were absent at the 1959 compound 'a'ā flow field at MC 
[2]. Accretionary levees made up ≥50% of levees on this 
flow field. These levees contrasted with those described 
by [13] in an open channel at Mount Etna as the latter 
were characterised by over-hanging channel walls. Their 
formation and high percentage at the 1982 lava flow field 
can be linked to a steady slow rise of lava level [65] or 
from back-pressure from a stagnating flow front which 
favours lava thickening [15,61]. This led to the smearing 
of ductile lava at the margins of the channel-contained 
stream onto the levee tops and walls [15] which welded 
to form solid levees with textures that showed elongation 
of welded clasts in the down-flow direction [66]. Tension 
fractures observed on the walls of accretionary levees at 
the 1982 lava flow field are attributed to the movement 
of adjacent lava [11]. 

In this study, overflows describe transient events that 
are restricted to the surrounding of the levees [17]. Over- 
flow levees were marked by different layers of clinker 
and blocky 'a'ā lava morphologically different from those 
observed at other lava flow fields at MC. Overflow lev- 
ees at the 1999 and 2000 lava flow fields at MC were 
made up of different layers of clinker 'a'ā and overflow 
pahoehoe drapes [8,11]. Overflow levees possibly por- 
tray a situation of fluctuation and artificial sudden short- 
term back pressures and increases in effusion rates proba- 
bly caused by the disruption of blockages within these 
channels [6,13,17]. Channel levee overflows, breaching 
and development of different flow lobes at the 1982 lava 
flow field, favoured flow field widening and possibly 
promoted lava tube formation [17]. The observed over- 
flow levees at the 1982 flow field capped the initial lev- 
ees similar to what [8,13] observed at Mount Etna and 
for the 1999 lava flow field at MC respectively. Rubble 
levees that occupy distinct portions close to the flow 
front of historical MC lavas [2,8,11] were practically ab- 
sent. This can be attributed to the fact that the last ~2 km 
to the flow front are now buried underneath the lower 
1999 vent constructs and flow field. Rubble levees that 
had possibly formed within channels had been modified 
by repeated episodes of flow to form overflow levees as 
observed at an active lava flow field at Etna [13].  

The change in open channel lava flow morphology for 
this eruption could be attributed to change in slope and 
fluctuation in effusion rates as described in Section 4.1.1 
(Figures 8(a) and (b)). Moderately inclined slopes (12˚ - 
16˚) and low flow rates favoured the formation of wider 
than deep channels together with slab-crusted and blocky 
'a'ā surface morphology. Whereas steep slopes and higher 
flow rates favoured the formation of deeper than wide 
channels and clinker 'a'ā. The relationship between steep 
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slopes and clinker 'a'ā formation is a common feature on 
lava flow fields at Mount Etna [31]. 

The 1982 lava flow field displays a similar systematic, 
spatial variation in structure and morphology as those 
described by [44] at Mauna Loa, Hawaii. Following [44] 
classification, two different zones could be identified on 
this flow field: stable channel zone (upper, intermediate 
and lower sections) and the transitional flow zone. The 
division of the stable channel zone into three sections is 
due to their gross fluctuation in channel geometry. This 
zone that comprised three sections covered a distance of 
~4 km. A similar sub-division (upper and lower sections) 
for this zone was made by [14] for an active lava flow 
field at Santiaguito Volcano, Guatemala. Similar to the 
stable channel zone of [13], the 1982 stable channel zone 
was characterised by fluctuating channel widths and 
depths.  

The transitional channel zone is identified on other 
basaltic lava flow fields by a marked change in lava 
morphology, increased channel widths and sheared flow 
margins [13,16,44]. Increased channel depths (8 - 15 m) 
and a greater percentage of blocky 'a'ā lava over clinker 
'a'ā marked this zone at the 1982 flow field. [13] attribu- 
ted the down-flow transition from one zone to the other 
as a reflection of decreasing channel maturity. Clinker 
and blocky 'a'ā lava were the principal channel material. 
The growth of clinker and blocky 'a'ā lava at basaltic 
flow fields has been extensively discussed by [27,30, 
67,68]. These lavas maintain a significantly disrupted 
crust. Their flow advance is governed by internal lava 
close to the front (flow lobe) moving with a uniform 
steady long-term motion. Flow widening and possibly 
lengthening is limited by the lava crust [30,68]. 

The occurrence of the observed squeeze-up and tumu- 
lus within the central part of the channel believed to be 
an area where the crust is most coherent [6], suggests that 
pre-existing crustal weaknesses may play a role in de- 
termining the locations of these features. The squeeze-up 
probably formed when the flow encountered an obstacle 
and the pressure within it caused uplift of the crust [69] 
and/or from moderate flow rates. It then acted as a 
blockage zone for subsequent flows. The “toothpaste” [3], 
[4] and/or “peeling” texture [6] that characterise the sur- 
face of the squeeze-up is indicative of brittle deformation 
of the outer layer. The formation of the tumulus could be 
attributed to a late-stage development in the flow field 
which commonly involve the very slow extrusion of high 
yield strength lava [6]. 

Their preservation in these channels and the absence 
of overflow lava on them, suggest that they were em- 
placed in the waning stages of this eruption. Pressure 
ridges are typical features observed at points of break in 
slope at other basaltic 'a'ā lava flow fields at MC. Their 
presence within channels in this flow field may be due to 

insufficient internal pressure from an incoming flow to 
disrupt the flow front. This slowly led to an increase in 
internal pressure that caused crustal uplift [33]. These 
features might have also resulted from the hydrostatic 
pressure head that builds up within lava tubes [70]. Both 
pressure ridges and squeeze-ups are compression-indu- 
ced features, but the internal process that led to their for- 
mation is basically inflation (see [11,46]). 

5.2. The Growth of Tumulus on the 1982 'a'ā 
Lava Flow Field 

For the first time based on past studies of historical lava 
flow fields at MC, a tumulus was documented on the 
1982 lava flow field even though we have also observed 
them to occur within channels at the lower 1999 lava 
flow field at MC. Tumili are products of crustal uplift 
within lava flow fields [6,12,29,33,71,72]). In this study, 
tumulus could be differentiated from pressure ridges by 
the fact that it had a well-defined traceable outer margin 
and a major axial fracture (Figures 9(d) and (e)) which 
displays a morphology indicative of tumulus-forming 
process as described by [12,33,72]. Early existing litera- 
ture on tumuli associated them with pahoehoe flow fields 
on Hawaiian [33], Icelandic volcanoes [71] and in the 
Deccan Volcanic Province [29]. Recent studies on Et- 
nean 'a'ā lava flow fields have cited the presence of tu- 
muli [6,12,17,45,63,72]. Based on their morphology, tu- 
muli are classified differently at different volcanoes. 

A closer link exists between the focal tumuli of [72] 
observed at the 1983 'a'ā flow field at Mount Etna with 
that observed at the 1982 lava flow field at MC. Both of 
them occurred on 'a'ā-dominated lava flow fields charac- 
terised by an arcuate rampart of uplifted angular blocks 
of massive lava and tilted slabs that forms the topmost 
part of the tumulus (Figure 9(d)). These blocks of mas- 
sive lava represent the uplifted and fragmented crust of 
the earlier 'a'ā flow and mark the axis of uplift (Figure 
9(d)); [72]). The focal tumuli of [72] served as a site of 
lava discharge from a number of vents, whereas there 
was no evidence for lava extrusion after the tumulus 
formation at the 1982 lava flow field. This suggests that 
lava continued to flow in tubes underneath the sealed 'a'ā 
crust. This is supported by the secondary vents observed 
down-flow from this feature. Another supposition is that 
this tumulus formed during waning effusion rates or 
when lava encountered an obstruction, which caused 
back pressure and inflation of the crust to produce this 
feature. 

The numerous fractures, cracks and joints observed on 
this tumulus (Figure 9(e)) are cooling structures that 
may have formed prior to tilting of the original sub- 
horizontal lava surface [71] as a result of brittle deforma- 
tion [6]. Its height is a function of uplift [72]. The steep  
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slope (17˚) and the position (hosted within a channel) on 
which this tumulus was emplaced, suggests that its for- 
mation was highly influenced by the state of the surface 
crust [6,12]. Its possibly late-stage emplacement and lo- 
cation favoured cooling and thickening of the crust (within 
a tube) that required very high overpressure in the flow’s 
interior to deform the crust where it is coherent (within 
channel), giving rise to localised inflation [6,12,71]. The 
crust is able to accommodate the incoming lava without 
breaking as long as the tensile strength of the lava crust 
exceeds the pressure of inflowing lava. The axial and 
circumferential cracks that later developed then divided 
the uppermost brittle part of the lava crust into blocks 
(Figure 9(d); [71]). 

Its possibly late-stage development is supported by the 
fact that steep slopes usually provide more down-slope 
impulse for flow growth, thereby retarding the vertical 
growth component of such flows [12]. In the past, tumu- 
lus formation has been mostly attributed to shallow-mo- 
derate slopes (0˚ - 4˚) and nearby stagnating flow fronts 
[33,71]. On 'a'ā flow fields tumuli have been found asso- 
ciated with lava tubes and secondary and/or ephemeral 
vents [6,12,17,63,72]. 

5.3. Lava Tubes at the 1982 Lava Flow Field and 
Their Implication for Flow Widening and 
Hazard Assessment 

Lava tubes are common features observed at dominantly 
channel-fed 'a'ā lava flow fields at MC from the proximal 
right through to the distal end [2,8,11,25,34]. They are 
mostly found hosted within channels distinguished by 
their extensive lengths, non-measurable depths and trace- 
able outlines. Their occurrence at dominantly channel- 
fed 'a'ā lava flow fields is not restricted to MC but is also 
common at Etna [5,6,12,13,17,26,63]. It is a typical fea- 
ture common in fissure eruptions as described by [63]. 
So, far, all the documented historical eruptions at MC are 
fissure eruptions irrespective of the lava type produced. 
Lava tubes may play a significant role in flow lengthen- 
ing on the emplacement of extremely long duration (>2 
months) cooling-limited flows [63]. However, this aspect 
is yet to be fully investigated in models that predict lava 
flow length for cooling-limited flows (e.g. the FLOWGO 
model; [18]). We therefore suggest that future lava flow 
models should take into account the possibility of reacti- 
vation and lengthening of long-duration cooling-limited 
flows by lava tubes. So far, this aspect does not fully 
apply to cooling-limited lava flow fields at MC since eru- 
ption durations rarely exceed 2 months. 

At the 1982 lava flow field the formation of the sec- 
ondary vents, squeeze-ups and tumulus may all be linked 
to the presence of lava tubes within this flow field. From 

literature, surface features such as tumuli, collapses, break- 
outs and secondary vents on 'a'ā lava flow fields all sug- 
gest the presence of lava tubes [63]. At the 1982 lava 
flow field, it is believed that these lava tubes may have 
developed within the eruptive fissure that initiated this 
eruption or when channels crusted over. As the eruption 
duration increased, later flows covered features related to 
previously formed tubes making them difficult to detect 
[26]. At the 1982 lava flow field, the presence of these 
tubes become evident when the tube was obstructed or 
pressure increases caused breakouts along the roof (Fig- 
ure 7(b)) or sides of the tubes. Breakouts that took place 
at changes in slope, remained localised and led to the 
production of the observed tumulus and squeeze-up (Fig- 
ures 9(b)-(e); [26]). 

Changes in topography permitted the formation of 
secondary vents from the fronts of these tubes [63]. This 
process may explain the presence of the 7 secondary 
vents observed ~2.5 km from the main vent. This is sup- 
ported by the presence of some sealed lava tubes within 
channels ~2 km from the vent. The opening of these 
vents drained the upslope portion of the early-formed tube 
sector. The defined alignment of these secondary vents 
within the flow field spaced relatively close to each other, 
suggests that this point was a zone of crustal weakness 
and that these vents were probably fed by lava flowing 
underneath the crust.  

The opening of these short-lived secondary vents pro- 
bably enhanced the reactivation of this flow field and re- 
sulted in a consequent increase in flow field width and 
thickness having a negligible effect on flow length. This 
is because these secondary extrusion points transported 
lava through channels directly into the flow field from 
their breached zones. These channels were not extensive 
(~10 - 15 m long) and were found just like the vents en- 
closed within the lower section of the stable channel zone. 
From field observation, we rule out the possibility that 
these vents present a second emission site due to the 
many evidences explored in this study which suggest that 
they were secondary vents that came at a later stage of 
the eruption. We hereby acknowledge just one site for 
the 1982 eruption. 

6. Conclusion 

In this paper, for the first time, the morphology and 
channel geometry of the 1982 lava flow field is docu- 
mented ~30 years after its emplacement. The new found 
interest in the morphology and physical characteristics of 
historical MC lavas [2,8,11] has revealed a variety of 
lava structures which has resulted in an increased under- 
standing of the nature and dynamics of these lava flow 
fields relevant in lava flow hazard assessment. From field 
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findings, this eruption produced a dominantly channel- 
fed compound 'a'ā lava flow field supplemented by a net- 
work of 7 secondary vents and lava tubes similar to other 
basaltic 'a'ā lava flow fields emplaced at Mount Etna 
[5,6,12,13,26]. Lava morphologies at the 1982 'a'ā flow 
field exhibited a broad spectrum of surface types ranging 
from slab-crusted lava, squeeze-up, tumulus, to clinker 
and blocky 'a'ā emplaced on inclined slopes which are chal- 
lenging to interpret when already emplaced. 

The final large- and small-scale morphology of this 
flow field depended on many factors including yield 
strength, flow rate and slope. Levee, tumulus and squeeze- 
up formation are attributed to high lava yield strength. 
Channel geometry fluctuation down-slope is attributed to 
changes in slope and flow rate. The observed link be- 
tween effusion rate and significant morphological changes 
on this flow field highlights the need to monitor these 
effects throughout the emplacement of basaltic lava flow 
fields. Even though challenging, this will help improve 
the ability to forecast stochastic processes [6]. Flow field 
widening and thickening was favoured by overflow events 
and the observed secondary vents and lava tubes. [6] sug- 
gested that sites of secondary vents may be used as the 
starting point for the simulation of new flows to assess 
their possible consequences. The presence of the obser- 
ved 7 secondary vents within the 1982 lava flow field, 
further complicates modelling for this flow field, requir-
ing more sophisticated stochastic models which are yet to 
be developed. However, for a start this flow could be 
modelled using numerical models that have been used to 
model Etnean and Hawaiian cooling-limited lava flows 
[18] that exhibit a similar morphology as MC lava flows. 

All the other features (squeeze-ups, pressure ridges, 
pinnacles) observed on this flow field have been docu- 
mented on other historical MC lava flow fields with the 
exception of tumulus. The observed features are inter- 
preted to be driven by rheological changes that occur as 
lava advanced downflow. The presence of lava tubes on 
this 'a'ā-dominated lava flow field emphasises the findings 
by [26,63] that lava tubes can also occur on 'a'ā-domi- 
nated lava flow fields previously thought to be typical of 
pahoehoe flow fields [73]. 
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