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Abstract Complex eruption episodes commonly produce
several phases of tephra fall and/or concurrent falls from
multiple vents. Phases of eruption are challenging to recon-
struct from the geological record, especially where there is a
lack of distinct physical or chemical variations during an
eruption episode. A statistical method is proposed for identi-
fying the most likely combination of multiple fall lobes for
composite tephra deposits, using a new high-resolution tephra
fall map from the basaltic AD1256 Harrat Al-Madinah fissure
eruption in Saudi Arabia. This dominantly effusive eruption
episode lasted 52 days periodically producing tephra from
several vents along the fissure. Most tephra was produced
from high Hawaiian fountains and dispersed under differing
wind conditions. The widest-dispersed tephra occurred under
phases of the highest fountains, at least 500 m high and
probably closer to 1000 m. These high fountains produced
pyroclasts with a broad range of vesicularity. Similar total
versus lobe-specific grain size determinations showed little
systematic variation of maximum fountain-height phases.
Individual tephra lobe properties (vesicle form, density, parti-
cle shape and particle-size distribution) in different sectors
around the volcano varied only subtly. From the statistical
distribution of spot fall-thickness measurements, a semi-
empirical tephra fallout model, modified to account for

weathering, wind remobilisation and settling, was fitted using
maximum likelihood estimation. A range of likely eruption-
event scenarios were evaluated, concluding that the AD1256
eruption most likely comprised three separate fall-producing
eruptions from its northern vent under differing wind condi-
tions. The first of these occurred concurrently with high-
fountaining events from two other major vents southward
along the fissure, producing overlapping fall lobes. Applying
this method to other similar compound tephra deposits will
help elucidate more realistic eruption scenarios and event
reconstructions from the geological record.
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Introduction

In most distributed volcanic fields, there is a lack of histori-
cally observed eruptions. Hence, hazard evaluation and
eruption-scenario development relies mainly upon the inter-
pretation of volcanic deposits. This is rather complicated
when eruption episodes involve several repeated pyroclastic
phases (and/or several vent areas) with similar eruption mech-
anisms building composite tephra aprons. Distinguishing in-
dividual tephra fall phases from composite deposits, or corre-
lating vents with deposits (Bebbington and Cronin 2011), is
only possible if there are significant stratigraphic markers,
formed by changes in column height, composition, fragmen-
tation style, wind direction, inter-event erosion or non-
volcanic sedimentation. Explosive basaltic eruptions, espe-
cially Hawaiian-style fire fountaining, often show only minor
variations in style or composition throughout an eruption
episode; thus, complex-event stratigraphic sequences may be
difficult to decipher from field examination of their tephra
deposits (e.g. Parcheta et al. 2013).
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The alkali basaltic AD1256 Al-Madinah eruption near Al-
Madinah in Saudi Arabia (Fig. 1) formed a ~2.5-km-long
roughly N–S striking fissure, with several small spatter cones
and ramparts, as well as three larger scoria/cinder cones (cones
4, 5 and 6 of Camp et al. 1987). The largest cones were the
source of widespread scoria lapilli (grain size terms follow
White and Houghton 2006) fall deposits that extend out for
several kilometers in almost all directions from the vents.
Although representing <5 % of the dominantly effusive vol-
ume of this eruption, tephra >5 cm in thickness covered at
least 40 km2 and represents a significant source of hazard in
future such eruptions. The AD1256 eruption took place over
52 days with at least two separate episodes of tephra fall
recorded by local written records (Camp et al. 1987). Fall
deposits predominantly occur below the extensive lava flows
around the cones, but a few kipukas in the north and northwest
expose tephra, and tephra covers small spatter ramparts at the
south edge of the fissure that were formed in the early eruption
stages. The overall eruption produced a very tight range of
magma compositions, with whole-rock SiO2 content ranging
between 45.6 and 46.4 wt%, with greatest differences
expressed in MgO content (5.6–9.3 wt%; Camp et al. 1987;
Murcia et al., in review). The eruption was volumetrically
dominated by lava flows (>0.3 km3) with initially high, then
low MgO-content magmas, reflecting deep fractionation of
pyroxene and olivine (Murcia et al., in review). The tephra
blanket was dominantly erupted in the earliest stage of the
eruption, with the most primitive magmas of the narrow
overall range erupted. In all rocks, phenocrysts account for
<8 vol.% (corrected for vesicle volume) and comprise olivine
and plagioclaise crystals 4–8 mm diameter, within in a glassy
highly vesicular matrix, with rare microlites of plagioclaise.

For this study, we made 140 spot thickness measurements
(excluding bomb/ballistic beds in near-vent areas and the
cones) and systematically sampled the deposits. The new
map (Fig. 2) confirms that tephra is dispersed in several
sectors, implying that individual falls occurred at different
times under diverse wind conditions. This hyper-arid terrain
has little permanent vegetation cover and excellent

preservation conditions for the lapilli-dominated deposits.
Rare surface floods and high winds have eroded much of the
outer margins of the tephra blanket, meaning that reliable
measurements of falls extend to ~3 cm thickness.

Numerical forecasting of tephra fall dispersal and thickness
is most commonly based on applying advection-diffusion
equations within a range of eruption magnitude and grain size
parameters, along with wind information (e.g. Bursik et al.
1992; Costa et al. 2006; Folch 2012). Reversing this approach,
to interpolate eruption and wind parameters from tephra de-
posits is difficult as it is very hard to explore the parameter
space in such inverse problems, and the resulting fit may not
be statistically optimal (e.g. Connor and Connor 2006; Scollo
et al. 2008). In addition, most commonly applied tephra fall
models are scaled to eruptions of ash particles from high
tephra plumes, rather than low, fire-fountaining Hawaiian
eruptions. All of these methods are also challenging to apply
to reconstruct likely eruption/tephra fall events under differing
conditions from a composite fall deposit. An alternative ap-
proach is to use statistical techniques (e.g. Bonadonna and
Costa 2012) to estimate tephra dispersal parameters in an
empirical model. Kawabata et al. (2013) described a new
method to do this while explicitly accounting for the variabil-
ity in point measurements of tephra thickness. Parameters in
the statistical dispersal model can be consistently derived
through maximum likelihood estimation to extract the theo-
retical ideal dispersal, even with more than one fall event. In
contrast to the well-described Heimaey and Ukinrek eruption
sequences examined by Kawabata et al. (2013), the AD1256
Al-Madinah eruption has no detailed observations of individ-
ual timings and wind directions for each of its eruption phases,
and the tephra deposits were mapped only ~750 years later.
Thus, any statistical approach must first be adapted for han-
dling weathered/compacted tephra, and a method is needed to
define the most likely number of explosive/tephra fall events
that constructed the composite fall blanket. The complex
AD1256 eruption sequence is a case study typical of the
challenges in interpreting eruption scenarios from the geologic
record in basaltic environments.

Tephra characterisation methods

A chain of up to eight vents was formed in this eruption
(Camp et al. 1987), but several were <20 m high spatter cones
without associated tephra blankets. Spatter and cone-flank
deposits were not categorised further in this study. For the
surrounding tephra blanket, spot thickness measurements
were made in two periods in early 2012. Transects on foot
were carried out to collect an even spatial density of sample
sites. Tephra between 5 and 100 cm thick was consistently of
med-fine scoria lapilli grade (>2–32 mm diameter). At each
site, the tephra was excavated down to the paleo-ground

Fig. 1 Oblique aerial view of the largest cones along the NNW aligned
fissure system produced during the AD1256 Al-Madinah eruption
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surface and, if present, reworked, or disturbed material was
removed from the top. Three to four excavations were made
on flat areas at each site to avoid areas of over-thickening (in
hollows or against obstacles) and under-representation (e.g.
on ridge crests). To ensure that only primary tephra was
sampled and measured, the tephra was checked for the ubiq-
uitous intact, but highly fragile clasts (e.g. pelee’s hair,
reticulite). Samples of between 0.3 and 2 kg (depending on
grain size) were collected from the central portion of the
deposit for sieving and laboratory textural analysis. The d-
max (maximum diameter of the five largest clasts) was also
recorded, along with a visual assessment of the main textures
and any subtle vertical variations in grain size or texture. All
sites show top–down penetration to 5–10 cm of pale-brown
silt sourced from frequent dust storms of the area and washed
down with rare rainfall events. In distal sites, with fall thick-
nesses of <3 cm, sheltered undisturbed sites were rare.

Little or no vertical grain size variation was observed in any
one profile, and no systematic variation was seen across the
whole tephra blanket (or in any one sector). Each sample was
carefully hand-sieved at half-ϕ intervals to avoid further frag-
mentation and production of fines, although, to a certain
extent, it could not be avoided in some samples, and it was
noted that many coarse lapilli clasts were fragile and broke
apart on sampling. Yellow, non-volcanic fine silt contaminat-
ed some of the samples, especially the finer-grained units.
This was easily distinguished from the tephra and removed
from the grain size distributions. A total grain size distribution
for the deposit was calculated using an isopach-weighted
approach following that of Parfitt (1998). Separate, isopach-
weighted grain size distributions were also calculated for each
sector around the vents.

Vesicularity properties were measured by sampling between
10 and 35 individual lapilli from each of the 11 selected samples

in several locations in different sectors of the tephra deposit.
Each lapilli sample from the −4 to −3ϕ fraction was weighed,
and bulk volumes were obtained with a Micrometrics GeoPyc
1360 envelope density analyzer (±1.1 % reproducibility).
Skeletal and solid volumes were obtained with a
Quantachrome Gas-Pycnometer using pure nitrogen (N2) as
the flowing gas (±0.2 % reproducibility of gas flow) with the
intact followed by crushed lapilli, respectively. The instrument
automatically repeats measurements on each sample until sev-
eral successive determinations fall within the average standard
error (σ=0.3–0.5). The combination of these measurements
allows the calculation of the following volumes by difference:
solid volume (as directly measured from crushed lapilli), total
pore volume (difference between envelope and solid volumes),
connected pore volume (difference between skeletal volume
and envelope volume) and isolated pore volume (=envelope
volume−skeletal volume−solid volume).

Physical and textural properties of the AD1256
Al-Madinah tephra

Explosive basaltic volcanism most commonly falls under the
umbrella of Hawaiian or Strombolian eruptions (Houghton
and Gonnermann 2008). The former are typically low-viscos-
ity, mostly effusive eruptions. Hawaiian eruptions with
highest magma flux and high gas contents produce distinctive
fountains, which, along with feeding lava flows, also generate
tephra in the cooler outer portions dispersed by winds (Head
and Wilson 1989). Hawaiian fountains are mostly <100 m in
height, but in some eruptions, they may reach >500 m
(Houghton and Gonnermann 2008) or even >1000 m (Abe
and Takahashi 1987). While Hawaiian eruptions generally
produce moderately vesicular pyroclasts (>70 %), the

Fig. 2 Lapilli ash-fall
distribution map for the AD1256
tephra blanket, with spot
thickness measurements (cm)
marked and automated isopachs
drawn using a simple kriging
process (Cleveland et al. 1992).
The lava and spatter blankets are
shown by the light and darker
grey shading. Sample locations
TS1, TS10 and TS27 referred to
in the text are indicated. Insetmap
shows the position of the eruption
in the Harrat Rahat, western Saudi
Arabia
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insulated cores of the highest plumes allow time for vesicles to
grow, fragmenting particles with >90 % vesicularity and
polyhedral-structured reticulite particles with >95 % vesicu-
larity (Mangan and Cashman 1996; Parcheta et al. 2013). A
common feature of these eruptions is that the fountain may
vary rapidly in height over hours to days (e.g. Richter et al.
1970), but tephra fall deposits (outside the cone) may show
similarities to the thinning properties of Plinian eruptions
(Parfitt and Wilson 1999). Strombolian eruptions also gener-
ally involve low-viscosity basaltic magmas, but in this case,
gas is often decoupled from the magma, rising through it to
form explosive bursts (Blackburn et al. 1976). These produce
short-lived pulsatory eruption plumes (Parfitt and Wilson
1995) and generally pyroclasts with much lower vesicularity
(e.g. Polacci et al. 2006). While rare basaltic magmas produce
sub-Plinian or Plinian eruptions, violent Strombolian erup-
tions are typically the most explosive form of activity in
distributed volcanic fields (Pioli et al. 2008).

The AD1256 tephra deposit is dominated by highly vesic-
ular equant scoria, with shiny fluidal surfaces. Common to all
sites are subordinate reticulite and pelee’s tears and hair. These
textures are indicative of energetic Hawaiian style steady-
fountain eruptions (Mangan and Cashman 1996; Parfitt and
Wilson 1999). Types of fragmentation and eruption mecha-
nisms were apparently constant throughout the tephra-
production phase, which overlapped with at least some of
the lava production. Along with distribution of tephra in
multiple directions around the vents (Fig. 2), the maximum
grain size isopleths (Fig. 3) clearly indicate fall lobes to the
east and southeast, along with a poorly defined westerly lobe
or lobes. There are strong contrasts in tephra grain size with
distance and thickness, showing a strong fining and broaden-
ing of an initially very coarse-skewed mode (Fig. 4). The
geometry of the fall deposit and the character of the scoria

indicate a Hawaiian fragmentation mechanism. The median
grain size versus sorting of all samples from the AD1256
tephra deposits are consistent with basaltic fall data from other
sites (Fig. 5). The common presence of reticulite clasts
throughout the tephra, along with the dispersal of tephra
several kilometres from the vents (Fig. 2), indicates periods
of very high fountain heights, similar to energetic Hawaiian
eruptions with peak fountain heights >500 m such as the 1959
Kilauea-iki event (Richter et al. 1970), which also produced a
similar scale tephra blanket (Parfitt 1998). The thickness-
weighted total grain size distribution of the AD1256 tephra
(Fig. 6) is coarse-skewed, with particles dominantly in the fine
lapilli range. The distribution is very similar (Fig. 7) to the
distal portions of the 1959 Kilauea-iki tephra (excluding the
cone component), which has a similar crystallinity and Silica
content (but higher MgO and lower alkalis to the AD1256
magma) (MacDonald and Katsura 1961). The AD1256 pyro-
clastic size distribution also overlaps with the proximal por-
tion of the deposit from the 1986 Izu-Oshima eruption, which,
in addition to its climactic Plinian eruption, produced long
phases of fire fountaining >1000 m high (Mannen 2006),
driven by a more evolved basalt to basaltic andesite (~53 %
SiO2 and ~4.7 % MgO; Fujii et al. 1988). The Strombolian
1973 Heimaey eruption, with an almost identical composition
and crystal content by comparison (Mattsson and Oskarsson
2005), shows a broader distribution than the AD1256 Al
Madinah deposit, including a much greater component of
fines.

Individual total grain size estimates were also calculated for
different sectors around the vents in the AD1256 tephra de-
posit (Fig. 8). They show subtle variation among sectors, with
the western fall having a greater proportion of fines (consistent
with its wider dispersal) and the northeastern deposit being the
coarsest.

Fig. 3 Lapilli ash-fall
distribution map for the AD1256
tephra blanket, with maximum
clast size marked and automated
isopleths drawn using a simple
kriging process (Cleveland et al.
1992). The lava and spatter
blankets are shown by the light
and darker grey shading
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The overall pyroclast density and porosity of the tephra is
highly variable (Fig. 9a, b), with porosity dominated by inter-
connected vesicles. The isolated porosity is the highest and
shows its greatest variability at low total porosities, which is
consistent with particles sourced from a range of fountain
heights and from both the cool/chilled exterior of fountains as
well as the central portions that experienced vesicle expansion
and coalescence for longer periods (Mangan and Cashman
1996). The highest porosity clasts, with reticulite-like vesicu-
larity, alongwith the presence of true reticulite clasts that are too
fragile to sample and measure, indicate that very high fountains
occurred during some phases of this eruption. There is a con-
sistent trend of increasing connected porosity (and lowering
variation in isolated porosity) with higher total vesicularity
(Fig. 9b). This indicates a steady vesicle growth and ripening
process, with the high permeability/connected porosity of
polyhedral-structured vesicle networks consistent with reticulite
observed in the highest Hawaiian fountains (Mangan and
Cashman 1996; Parcheta et al. 2013). Comparing densities
between tephra fall in different sectors around the volcano
(Fig. 9a, b), while overall, the properties are similar, the

northeast and western tephra deposits show the largest range
in isolated porosities and the greater proportion of lapilli with
low porosity values. The wider distribution and greater isolated
porosity may indicate that these lobes included deposits from
Strombolian-style explosive phases (Polacci et al. 2006) to the
eruption, with higher columns and more rapid chilling of
pyroclasts. The eastern and southern sectors show tephra with
greater proportions of highly vesicular lapilli and the lowest
isolated porosity, consistent with Hawaiian style lava
fountaining. The highest variability and greatest values of po-
rosity in proximal deposits <1 km (Fig. 10) reflect the com-
pound nature of the deposit from fountaining and explosive
phases of varying intensity.

Statistical identification of fall lobes

The actual tephra thickness measured at any point differs from
an ‘ideal’ (model) thickness due to variations in site-specific
preservation and observational error. In addition, for this
>750-year-old eruption, the effects of compaction and erosion

Fig. 4 Grain size distributions of AD1256 tephra from proximal (TS1, 22 cm thick, 400 m from source), medial (TS10, 5 cm thick, 2 km from source)
and distal (TS27, <2 cm thick, 3.1 km from source)

Fig. 5 Plot of median diameter
vs. sorting coefficient for the
measured AD1256 tephra fall
samples, compared to basaltic
pyroclastic fall-specific fields of
the Walker and Croasdale (1972)
diagram, as re-drafted by
Houghton and Gonnermann
(2008) using fields defined by the
1886 Tarawera high-Al basaltic
Plinian fall, Crater Hill, Auckland
alkali basaltic strombolian and
phreatomagmatic falls and Etna
and Hawaii basaltic Hawaiian fall
units
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on the tephra blanket also need to be accounted for. This
difference from ideal is termed the aleatory uncertainty, or
sampling error, and can be explicitly incorporated in the
estimation procedure. Consider the possible observed thick-
ness, T, at a particular location has a (non-negative) probabil-
ity distribution. Kawabata et al. (2013) showed that the
Weibull

f Tð Þ ¼ κTκ−1

λκ exp −
T

λ

� �κ� �
; ð1Þ

and the gamma

f Tð Þ ¼ Tκ−1

λκΓ κð Þ exp
−T
λ

� �
; ð2Þ

distributions describe this inherent variability in the tephra
thickness measurements well; κ is the shape parameter, and
λ the scale parameter of the respective distributions. Where
Eqs. (1) and (2) differ is in the likelihood of observing unex-
pectedly large thicknesses. It is almost certain that for tephra
κ>1, which indicates a positive mode of the thickness distri-
bution(s) and hence a tendency for thicknesses to be consistent
with a wind and distance-decay model. By contrast, a mode at
zero implies a more random deposition of tephra. Hence,
Eq. (1) is less likely to produce greatly over-thickened mea-
surements and is preferred for modelling fresh tephra obser-
vations. Considering that the AD1256 tephra has been subject
to erosion and reworking for several centuries, finer grained
and thinner parts of the deposit are more likely to be eroded
and reworked in comparison to coarser/thicker units as noted

Fig. 6 Isopach-weighted total
grain size distribution calculated
for the AD1256 tephra deposit,
showing Folk and Ward (1957)
grain size parameters

Fig. 7 Total grain size distribution of the AD1256 tephra deposit
compared to that of the 1959 Kilauea-iki eruption (Parfitt 1998; note
that the coarse lobe represents the spatter cone, but the finer lobe of the
dispersed tephra overlaps). In addition, the distribution of the 1986 Izu-

Oshima proximal tephra (Mannen 2006), produced in part by fountain
heights of >1000 m directly overlaps with the AD1256 deposit. The
Strombolian fall deposit of Heimaey (Self et al. 1974) has a broad
overlapping mode, but extends towards much finer ash
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in Hawaii (Hay and Jones 1972) and during fieldwork in this
study. Hence, the variability should be greatest for the outer,
thinner margins of the tephra blanket. The marginal thickness
behaviour is controlled by Tκ in both distributions, while the

greater thicknesses are controlled by exp[−(T/λ)κ] in the
Weibull distribution (Eq. (1)) and exp(−T/λ) in the gamma
distribution (Eq. (2)). In the Weibull case, when thin tephra
measurements disappear and κ changes, the thicker tail is lost

Fig. 8 Total grain size
distributions calculated separately
for tephra fall in each sector/
suspected lobe around the
volcano

Fig. 9 a Isolated vs. total
porosity for AD1256 lapilli
particles showing those from
different dispersal directions from
the central vents and b connected
vs. total porosity plotted for the
same sectors/lobes
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also due to a coupling effect. Therefore, weathering in the
small measurements would remove the large measurements,
contradicting reality. By contrast in the gamma distribution,
the tails are independent, and there is no link between κ and λ
(Fig. 11). This property means that the gamma distribution
should be better suited for the description of weathered tephra
deposits.

In order to test this, both the Weibull and gamma error
models were fitted to the observed tephra thickness data and
then used to simulate hypothetical thicknesses. The simulated
data were thinned, where a tephra of thickness T disappears
with a probability exp(−5+T/2)/[1+exp(−5+T/2)]; this repre-
sents a thinning probability of (0.99, 0.92, 0.5, 0.01) for
deposited thicknesses of (1, 5, 10, 20) cm. The thinned data
from both models, regardless of the generating model, were

almost invariably best fitted by the gamma model. Hence, the
gamma distribution was adopted for this work.

Since tephra thickness is strictly non-negative, and larger
measurements will generally produce larger absolute errors, a
multiplicative (aleatory) error structure is assumed, i.e., that
the coefficient of variation, or relative error, in the observed
thickness measurements is constant over space once the ex-
pected thickness at a given location at distance r and azimuth θ
is allowed for. The latter is estimated by means of a semi-
empirical attenuation relation

�T r; θð Þ ¼ γ exp βUr 1−cos θ−ϕð Þ½ �f gr−α ð3Þ

(Gonzalez-Mellado and De la Cruz-Reyna 2010), where
the parameters include a scaling term γ (the thickness at 1 km
from the source on the dispersal axis), a combination of
diffusivity and wind velocity βU, which cannot be separated,
the dispersal axis ϕ and the attenuation term α (Bonadonna
and Houghton 2005). Fixing the expected thickness in this
way replaces one of the two parameters in Eq. (2), leaving a
parameter equivalent to the coefficient of variation. This is
fitted, simultaneously with the parameters in Eq. (3), to the
observed thicknesses using maximum likelihood estimation
(MLE).

The isopach produced by Eq. (3) is an ellipse, which is the
simplest geometrical approximation to most observed
isopachs. Such approximation is the inevitable outcome of
moving from subjective to objective isopach estimation; the
former have an undefined, but arbitrarily large number of
parameters that cannot be consistently estimated. The limita-
tions of using ellipses are ameliorated by considering them as
‘building blocks’ from which we can construct a full isopach
map. Each ellipse represents one phase of the eruption, occur-
ring in an approximately constant wind field.

Three main vent sites produced the majority of the widely
dispersed tephra. These were identified by Camp et al. (1987)
and confirmed during our fieldwork, although it cannot be
ruled out that small amounts of proximal tephra was produced
in other locations along the fissure. Using a mixture frame-
work, considering the total tephra thickness to be expected at a
point at distance ri and azimuth θi from the ith vent as

�T r1; r2; r3; θ1; θ2; θ3ð Þ

¼ γ
X

3

i¼1

X
j¼1

ni Pi j exp − βUð Þi jri 1−cos θi−ϕi j

� �� 	n o
r
− αi j

i ;

ð4Þ

where the ith vent has ni explosive phases, which have pa-
rameters γ,Pij,(βU)ij,ϕij and αij in place of those in Eq. (3).
This gives rise to a total of p=4Σini parameters because the
mixing proportions Pij sum to unity. This approach allows
incorporation of multiple vents and lobes and can be used to
identify the most likely number of eruptive stages from each

Fig. 10 Plot of mean total porosity, range in total porosity and mean
isolated porosity with distance from the vent area for sample sets at each
of the 15 measured sites

Fig. 11 Aleatory uncertainty in tephra thickness subject to weathering
and compaction. The original (f) densities have the same mean and
variance. The new (w) densities are then found by multiplying κ by 1.5
(to thin out the small tephras), and retaining the same mean (i.e., tephra is
redispersed)
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vent. The best fitting model can be identified by the Akaike
Information Criterion (Akaike 1977), AIC=2p−2logL, where
logL is the log likelihood of the fitted model. Smaller AICs
indicate better models. The AIC finds the best balance be-
tween an improved model fit and excess parameters, and thus
identifies the most likely number of lobes.

Field mapping indicates that each of the three explosive
vents [cones 4, 5 and 6 of Camp et al. 1987, shown in Fig. 2
as the southern vent (cone 4), central vent (cone 5) and north-
ern vent (cone 6)] produced at least one phase of tephra fall.
Hence, all combinations of eruptions were considered by
adding new eruptive phases until the number of components
(i.e., parameters) is no longer justified by the AIC values.
Models with more than six components, besides having wors-
ening AIC, invariably produced a component tephra fall with
an infinitesimal volume. This implies that up to a maximum of
six high-fountaining phases best describes the tephra dispersal
of the AD1256 eruption episode. The volumes (Table 1) were
numerically integrated from the fitted attenuation model (4)
for each component.

Among models with the same total number of components,
the best models were always those with one component on
each of the middle (cone 5) and southern (cone 4) vents and
the remainder on the northern vent (cone 6) (Table 1). The 4-1-
1 model (four phases from cone 6, and one from each of cones
5 and 4) has the best AIC, but the improvement is only 1.0
from the 3-1-1 model. A value of 2.0 or more would indicate
that the larger model is a significant improvement (Utsu
1999). Therefore, the smaller, simpler, model best describes
the situation, although both are considered likely. These two
models (Fig. 12) imply a series of eruptive phases of similar
size, which is consistent with the similar grain size distribu-
tions, dispersal, isopleth distribution and porosity characteris-
tics of the tephra in all dispersal directions, as described above.

The estimated total tephra volume from this eruption can be
numerically integrated from the fitted attenuation model (4),
yielding values of 0.021–0.024 km3 (0.006±0.001 km3 dense-
rock equivalent—DRE). This compares favourably with the
estimate using the method of Pyle (1989), as modified by
Fierstein and Nathenson (1992), of 0.022 km3 (Fig 13). The
isopachs from the complete model (Fig. 12) indicate that
significant fall was distributed both east and west of the vents.
The largest lobes are indicated to the west and south, but these
also have the greatest errors in estimation and a lack of distal
sampling locations make closing the isopachs difficult. Based
on the physical properties of the tephras, as described above,
the northeastern and western distributed lobes were likely
sourced from the highest fountains and/or the strongest winds.

Discussion

The dominant portion of the 0.5 km3 AD1256 Al-Madinah
eruption was effusive, producing lava flows that extend over
24 km from a fissure system (Camp et al. 1987). In addition, a
moderately widespread tephra fall was produced. The compo-
sition, texture, grain size distribution and vesicularity proper-
ties of the AD1256 tephra implies that they were sourced from
high Hawaiian-style fountains. Fissure-fed eruptions in basal-
tic environments typically start with fire-fountaining activity
along the entire fissure length, producing little tephra. They
may later transform to produce focussed, high fountains from
progressively smaller numbers of vents, which generate tephra
fall (Head and Wilson 1989; Parfitt and Wilson 1995;
Houghton and Gonnermann 2008). Observed Hawaiian
fountaining eruptions are commonly many hours, days or
weeks long with rapid variations in fountain height (e.g.
Richter et al. 1970; Houghton and Gonnermann 2008). The
highest-fountaining phases are likely to produce the widest
spread tephra under any given wind regime. Fountains over
400–500 m in height are also known to produce the most
vesicular pyroclasts, with post-fragmentation vesicle growth
and coalescence concentrated in their centres (Stovall et al.
2012) and high-permeability reticulite commonly produced
(Mangan and Cashman 1996; Parcheta et al. 2013). Reticulite
occurrence throughout the AD1256 tephras and overlapping
grain size distribution properties to 1959 Kilauea-iki and 1986
Izu-Oshima tephra blankets (Fig. 7) imply that fountain
heights were over 500 m. Given crater depths of >140 m in
the largest vent site (cone 6), fountains would need to be
>300 m for any significant tephra dispersal in the latter phases
of the eruption. Hence, columns between 500 and 1000 m in
height were likely reached during peak phases of the AD1256
eruption. Lower vesicularity and greater isolated porosity seen
in some tephra could also imply that Strombolian eruptive
phases (Polacci et al. 2006) occurred during the episode.

Table 1 Akaike information criterion (Akaike 1977) (lowest number
indicates best fit) and total bulk fall volumes of the fitted models

Model AIC Total bulk
fall volume
(km3)

Model AIC Total bulk
fall volume
(km3)

1-1-1 831.7 0.017 4-1-1 812.3 0.024

2-1-1 817.0 0.021 3-2-1 816.1 0.023

1-2-1 818.2 0.020 3-1-2 817.6 0.024

1-1-2 824.7 0.022 2-3-1 822.1 0.021

3-1-1 813.3 0.021 2-2-2 822.1 0.021

2-2-1 814.8 0.020 2-1-3 825.4 0.024

2-1-2 818.1 0.023 1-4-1 825.7 0.022

1-3-1 817.7 0.022 1-3-2 825.7 0.022

1-2-2 819.2 0.022 1-2-3 827.1 0.022

1-1-3 829.3 0.025 1-1-4 837.3 0.025

Model notation is such that 4-1-1 indicates four phases on the northern
vent, one at each of the middle and southern vent
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The high range in isolated porosity values for the AD1256
Al-Madinah samples probably reflects a high degree of vari-
ation in the syn-eruptive shear experienced between the mar-
gins and core of fountains. With low shear rates and low
viscosity melts, bubbles may grow spherically and remain
isolated (e.g. reticulite-like textures), whereas at margins of
fountains, high shear may lead to stretching and mechanical
coalescence of bubbles, forming the common, fluidal types of
particles seen also in the deposits. The high range in all of the
vesicularity properties likely reflects the high fountain heights

attained in this eruption, with large complex fountains having
a range of regimes present simultaneously.

In the AD1256 eruption, historic records only describe the
onset of eruption including high fire-fountaining during the
first day of eruption; ‘The greatest fire covered the horizon to
the east of Al-Madinah’ according to the translated source of
Wafa Al-Wafa reported within Camp et al. (1987). This most
likely indicates the initial fall being distributed eastward by
westerly winds. Based on the tephra and lava stratigraphy and
cone morphology, it is apparent that, of the six vents, only the

Fig. 12 Model component tephra
lobes estimated for the AD1256
Al-Madinah eruption. a The 3 cm
isopachs for each component of
the 3-1-1 model and b the 4-1-1
model. The 5, 10, 20 and 50 cm
isopachs are generated from the
complete model. The relative
(aleatory) errors at measurement
locations are shown by the shape
and size of symbols. NV, MV and
SV denote the northern, middle
and southern vents, respectively
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northern three [4, 5 and 6, shown in Fig. 2 as the southern vent
(cone 4), central vent (cone 5) and northern vent (cone 6)]
produced significant tephra. It is also apparent from the iso-
pleth data (Fig. 3) that prominent tephra lobes from high
columns were distributed to the east and southeast. Camp
et al. (1987) divided the eruption up into six phases, based
on chemo-stratigraphy of the lavas and tephras. All vents were
probably active at the onset, but the minor cones 1–3 stopped
erupting after phase II, and eruptions ceased at cone 5 after
phase III. Both cones 4 and 6 erupted tephra up to and during
phase V. The asymmetry of the small cone 1, with a higher rim
on its eastern side, shows that westerly winds were dominant
during the onset phases of the eruption, consistent with the
historical descriptions. Cone 6 also has a high rim to the east,
showing that westerly winds may also have been present
toward the end of the eruption. Magma composition and
crystallinity varied little during the eruption, remaining an
alkali basalt throughout, although it was apparent that the least
evolved magmas (with highest MgO contents) were erupted in
the earliest phases (Murcia et al., in review).

The composite AD1256 tephra blanket (Figs. 2 and 3)
extends east, west and south of the chain of cones, implying
that several of the fall-producing high-fountaining events
occurred on separate days under strongly differing wind di-
rections. The statistically most likely combination of phases
indicated includes either three or four periods of high-
fountaining from the northern cone 6 (which is also by far
the largest) with one major phase from each of the middle
cone 5 and the southern cone 4. Based on the general direc-
tions indicated by the reconstructions (Fig. 12), a 4-1-1 sce-
nario could show that high fountains occurred from vents 4–
6 at the same time, with three overlapping lobes distributed
generally eastward. Under the 3-1-1 scenario, the northern and
southern vents (6 and 4) may have been active at the same
time, due to their similar dispersal axes. Combining this
information with the geological and observational records

indicates that cones 4–6 probably erupted tephra during the
early onset of the eruption with three overlapping lobes being
deposited to the east. Two of these lobes are seen to overlap
with fall directions indicated by isopleth data (Fig. 3), but
isopleth data does not resolve any further specific lobes. The
tephra volume erupted in this phase was between 0.0043 and
0.0049 km3 (Table 2), or between 20 and 23 % of the total.
Subsequently, the major fountaining phases were centred on
the northern cone 6, and possibly cone 4, distributing tephra to
the south (0.0082–0.0098 km3) and east (0.0084–0.0095 km3)
under differing wind directions. Present-day wind conditions
at Al-Madinah (http://mesonet.agron.iastate.edu/sites/
windrose.phtml?station=OEMA&network=SA_ASOS,
accessed November 4, 2014) are predominantly from the west
and east, corresponding well with the majority of the
directions in Fig. 12. Any subsequent fountaining from cone
4 or any other vents was probably not large enough to be
distinguished by the resolution of our fall data.

This statistical methodology works well for Hawaiian-style
fountaining eruptions because clast-size effects are mini-
mized, and tephra thickness is an informative measure over
distances of few kilometres. To extend the method for more
explosive eruptions producing high plumes, and hence wider
dispersed tephra, a systematic analysis of clast-size distribu-
tion with distance is required to augment the theoretical expo-
nential decay with distance models (Carey and Sparks
1986). Since the theoretical model produces unimodal, clast-
size distributions (Sparks et al. 1992), any multimodal

Fig. 13 Log thickness (T) vs.
square root of the area (A1/2)
diagram (after Pyle 1989) for the
entire modelled composite tephra
fall. Integration yields a total
volume estimate of 0.022 km3

(0.006±0.001 km3 DRE)

Table 2 Bulk fall volumes (106 m3) of each component lobe in the two
favoured models

Model NV1 NV2 NV3 NV4 MV SV

3-1-1 2.9 4.0 8.2 4.5 1.4

4-1-1 2.5 4.1 9.8 5.4 0.6 1.8
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distributions observed in the field may be best modelled by
multiple eruptive phases with different column heights and/or
wind directions. The resulting model will have the advantage
of effectively doubling or tripling the number of observations
(thickness and clast-size distribution) at the expense of addi-
tional parameters describing the clast-size attenuation. This
could also be melded with field observations to determine the
order of the phases. The other limitation of the method is in the
calculation of total tephra volume, which is critically depen-
dent on the estimated attenuation parameter(s). In the basaltic
example here, the low columns and short dispersal distances
help alleviate this problem, but some modification of the basic
model (3) may be required to apply it to other settings.

Conclusions

The broad distribution of tephra surrounding the AD1256 Al-
Madinah eruptive fissure shows that multiple phases of tephra
fall were associated with differing wind directions during this
52-day long eruption. Based on the grain size and porosity
properties, the most explosive periods of eruption involved the
formation of Hawaiian fountains reaching between 500 and
1000 m in height. These high fountaining phases produced
scoria with variable, but mostly high vesicularity, with >85 %
porosities and reticulite clasts common in the widest spread
tephras. Due to the lack of distinctive physical differences
between fall lobes in different sectors surrounding the main
eruptive vents, a statistical approach was developed to use
spot fall thickness information to distinguish the multiple
overlapping tephra lobes. This method can be used to distin-
guish the main tephra-producing phases produced during any
similar multi-event and multi-source explosive basaltic erup-
tion. The most likely sequence of tephra-fall phases could be
identified for the AD1256 eruption including their most likely
individual magnitudes. This information provides greater res-
olution to future tephra hazard models for this area.

With the incorporation of the gamma error distribution for
the description of tephra deposits, to make it robust to thinning
and erosion, this statistical model explicitly accounts for un-
certainties in a preserved tephra blanket, previously a major
obstacle to reconstruction of unobserved eruptions (Biass and
Bonadonna 2011). It also avoids the necessity of using
modern-day wind profiles, the limitations of which are
discussed by Johnston et al. (2012). Moreover, the results
can be integrated with physical observations to better describe
the eruption.

Beyond reconstructing the dynamics of unobserved erup-
tions, the methodology is a building block in the development
of tephra hazard models. These could take the form of a
convolution of present-day wind profiles and a Bayesian
hierarchical model for the number and location of vents, the
number of high-fountaining periods per vent and the

parameters in the model described by Eq. (4). Understanding
the total number of erupted phases of past eruptions is a key
input into developing realistic emergency management sce-
narios for future eruptions. The next step required is to fit
the model to sufficient tephra data to inform the Bayesian
procedure.
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Appendix

Assume T~ gamma (κ, λ) where κ is the shape parameter and
λ is the scale parameter. Then, μ=κλ and σ ¼ ffiffiffi

κ
p

λ by defi-
nition. Thus, μ=Ti(ri, θi) for the ith observation, and λi=Ti/κ.
Note that the scale parameter is no longer a constant as it
varies for each observation. The log likelihood function for
the complete sample Ti (i=1, 2, …, n) is then obtained from
Eq. (4) as logL ¼ κ−1ð Þ∑n

i¼1logTi−κ∑n
i¼1logλi−nlogΓ κð Þ

−∑n
i¼1

Ti

λi

and the coefficient of variation is

CV ¼ σ
μ
¼

ffiffiffiffiffiffiffi
kλi

p
kλi

¼ 1ffiffiffi
k

p :
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