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Abstract Volcanic rootless cones are the products of
thermohydraulic explosions involving rapid heat transfer from
active lava (fuel) to external sources of water (coolant).
Rootless eruptions are attributed to molten fuel—coolant inter-
actions (MFCIs), but previous studies have not performed
systematic investigations of rootless tephrostratigraphy and
grain-size distributions to establish a baseline for evaluating
relationships between environmental factors, MFCI efficien-
cy, fragmentation, and patterns of tephra dispersal. This study
examines a 13.55-m-thick vertical section through an arche-
typal rootless tephra sequence, which includes a rhythmic
succession of 28 bed pairs. Each bed pair is interpreted to be
the result of a discrete explosion cycle, with fine-grained basal
material emplaced dominantly as tephra fall during an ener-
getic opening phase, followed by the deposition of coarser-
grained material mainly as ballistic ejecta during a weaker
coda phase. Nine additional layers are interleaved throughout
the stratigraphy and are interpreted to be dilute pyroclastic
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density current (PDC) deposits. Overall, the stratigraphy di-
vides into four units: unit 1 contains the largest number of
sediment-rich PDC deposits, units 2 and 3 are dominated by
arhythmic succession of bed pairs, and unit 4 includes welded
layers. This pattern is consistent with a general decrease in
MECI efficiency due to the depletion of locally available cool-
ant (i.e., groundwater or wet sediments). Changing conduit/
vent geometries, mixing conditions, coolant and melt temper-
atures, and/or coolant impurities may also have affected MFCI
efficiency, but the rhythmic nature of the bed pairs implies a
periodic explosion process, which can be explained by tem-
porary increases in the water-to-lava mass ratio during cycles
of groundwater recharge.

Keywords Volcanic rootless cones - Pseudocraters - Lava -
Water - Phreatomagmatic - Iceland

Introduction

Volcanic rootless cones (VRCs) are the products of explosive
lava—water interactions and are commonly associated with the
flow of lava into marshes, lacustrine basins, and littoral envi-
ronments, as well as over glacial outwash plains, snow, and ice
(Thorarinsson 1951, 1953; Moore and Ault 1965; Fisher
1968; Jurado-Chichay et al. 1996; Thordarson et al. 1998;
Fagents et al. 2002; Fagents and Thordarson 2007; Reynolds
et al. 2015). Terrestrial rootless cone groups cover areas of up
to ~150 km? and generally include numerous cratered cones
ranging from 1 to 35 m in height and 2 to 450 m in diameter
(Fagents and Thordarson 2007). Rootless cone morphologies
and patterns of spatial organization are hypothesized to
strongly depend upon lava emplacement processes and a bal-
ance between the availability and utilization of lava (fuel) and
groundwater (coolant), which influences the efficiency of
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molten fuel-coolant interactions (MFClIs; Colgate and
Sigurgeirsson 1973; Drumbheller 1979; Sheridan and
Wohletz 1981, 1983; Wohletz and Sheridan 1981, 1983;
Wohletz 1983, 1986, 2002; Zimanowski et al. 1991,
Zimanowski 1998).

The general sequence of formation for rootless cone groups
in Iceland involves the initial emplacement of lava over de-
formable water-bearing sediments (e.g., glacial outwash
plains, marshes, or lacustrine sediments), followed by the
gradual thickening of the flow through the process of inflation
(Hon et al. 1994; Hamilton et al. 2013). Initially, the lava—
substrate interface is insulated by the development of a stable
basal crust, but as the flow thickens and increasingly exerts
pressure on the underlying sediments, the lava may subside
into the substrate and develop cracks in the basal crust that
allow lava within the molten core to come into direct contact
with the waterlogged sediments below (Fagents and
Thordarson 2007; Hamilton et al. 2010a, 2010b). This process
can initiate cycles of dynamic mixing and explosive lava—
water interactions that eject substrate sediments and overlying
lava (including both molten material and solidified crust) and
construct a rootless cone from the fragmental debris. At any
given rootless eruption site, these explosion cycles may con-
tinue until the water and/or lava supply diminishes below a
critical threshold, at which point cone construction ceases.
The resulting rootless tephra sequence (RTS) typically in-
cludes a vent-proximal cone facies (dominated by ballistic
ejecta), which grades into a distal sheet facies (dominated by
tephra fall); however, in the vent-proximal to medial region,
both of these emplacement processes combine to form a plat-
form facies (Hamilton et al. 2010a). The geometry of the VRC
will tend to be radially symmetric about its associated rootless
explosion site, but the final morphology of a volcanic rootless
cone group may be complicated by the deposition of tephra
from other explosions that may initiate concurrently or se-
quentially within other parts of the active lava flow field.

The purpose of this work is to combine detailed stratigraph-
ic observations with quantitative descriptions of tephra
grain-size distributions to establish an improved baseline for
studying rootless cone architecture, deposit facies, and erup-
tion mechanisms. These investigations are important because
of their implications for better understanding the geologic haz-
ards associated with explosive magma—water interactions, and
for determining the paleo-environmental significance of VRCs
on Earth and Mars (Frey et al. 1979; Frey and Jarosewich
1982; Greeley and Fagents 2001; Lanagan et al. 2001; Head
and Wilson 2002; Fagents et al. 2002; Fagents and Thordarson
2007; Jaeger et al. 2007; Hamilton et al. 2010b, 2010c, 2011).

Molten fuel-coolant interaction theory

Phreatomagmatic eruptions involve the intimate mingling of
silicate melt and external water (Morrisey et al. 2000)
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and therefore differ from phreatic (“steam™) explosions
caused by heating water through a stable interface.
Phreatomagmatic and phreatic eruptions contribute directly
to the formation of VRCs (including littoral cones), tuff cones,
tuff rings, maars, some stratovolcano deposits, submarine
eruptions, and ice-contact volcanoes (Wohletz 1986;
Kokelaar 1986; Guomundsson et al. 1997; Hickson 2000;
Morrisey et al. 2000; Lescinsky and Fink 2000; Greeley and
Fagents 2001; Fagents et al. 2002; Andrews 2003; Belousov
et al. 2011; Schipper et al. 2013). The thermodynamics of
phreatomagmatic eruptions are described by the theory of
MEFCIs, which includes four principal stages: (1) hydrody-
namic premixing, (2) triggering, (3) fine fragmentation, and
(4) vaporization and expansion (Wohletz 1983, 1986, 2002;
Zimanowski et al. 1991; Zimanowski 1998; Morrisey et al.
2000; Biittner et al. 2002). Explosive MFCI eruptions may
involve numerous cycles of premixing, triggering, fine frag-
mentation, and expansion, whereas non-explosive MFCIs
tend to terminate at the hydrodynamic premixing or triggering
phase (Morrisey et al. 2000).

Grain-size distributions and tephra dispersal patterns large-
ly depend upon phreatomagmatic interaction efficiency, such
that with increasing efficiency, more thermal energy converts
to mechanical energy, which increases fragmentation and dis-
persal range (Morrisey et al. 2000). The efficiency of a
phreatomagmatic interaction is termed the conversion ratio
(CR), which is defined as the work of the system, Wiy, divid-
ed by the thermal energy of the magma (Wohletz 1986):

Wiys ~ AKE + APE + pyAVys

CR = = 1
mmCm(Tm_Tref) mmCm(Tm_Tref) ( )

where m, is the mass of the magma, C,,, is the specific heat of
the melt, T;, is the absolute temperature of the melt, Tris the
reference temperature (298 K), AKE is the change in kinetic
energy, APE is the change in potential energy, po is the initial
pressure, and AV, is the change in the volume of the system.
To achieve the most efficient reactions, complete thermal equi-
librium is necessary and requires uniform melt fragments with a
diameter of approximately 1 pm (Wohletz 1986). However, in
nature, poorly sorted phreatomagmatic deposits with juvenile
grain sizes ranging from ash to lapilli indicate that the efficiency
of phreatomagmatic interaction is well below the theoretical
limit, with natural phreatomagmatic explosions generally hav-
ing an efficiency of 10% or less (Wohletz 1986).

Laboratory experiments provide valuable insight into
MECI theory and its application to phreatomagmatic erup-
tions, but the restricted scale of these experiments limits the
spectrum of volcanic processes that can be represented.
Rootless eruptions provide natural analogs for investigating
larger MFCIs because explosive interactions involving
outgassed lava and groundwater are unaffected by the volu-
metric expansion of juvenile magmatic volatiles, as is
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typically the case in primary volcanic conduits. In this study,
we focus on the bedding characteristics and grain-size distri-
butions within rootless cone deposits to develop a better un-
derstanding of mixing conditions, phreatomagmatic interac-
tion efficiency, and emplacement mechanisms of tephra gen-
erated during natural MFCI explosions.

Geological context of the study area

The Raudholar rootless cone group (hereafter referred to as
Raudholar) is located within the ~5200-year-old (Sinton et al.
2005) Ellidaa lava flow (Ellidadhraun in Icelandic) in the
Western Volcanic Zone of Iceland (Fig. 1a). The Ellidaa lava
flow is interpreted to be an early phase of the Leitin lava
shield, which is comprised of pahoehoe with an olivine tho-
leiite composition (Rossi and Gudmundsson 1996; Rossi
1997; Sinton et al. 2005). Pahoehoe flow fields grow by lava
inflation (Walker 1991; Hon et al. 1994; Hamilton et al. 2013),
which implies that Ellidaa lava was transported away from the
source region through a network of thermally insulated inter-
nal pathways (i.c., lava tubes).

Distal tephra deposits from these rootless eruption sites
combine to form a platform facies that covers an area of
~1.2 km? and rises ~5 m above the surface of the Ellidaa lava
flow. Rootless cone morphologies within Raudhdlar range

Ellidavatn

Fig. 1 a Raudholar located within the Ellidaa lava flow, north of the
present-day Lake Ellidavatn. The inset shows the location of the study
site within southwestern Iceland. This study focuses on the stratigraphy
within Cone 53. b and ¢, respectively, show an orthoimage mosaic and
digital terrain model of Cone 53 that were derived from unmanned aerial
vehicle (UAV) imagery using multi-view stereo-photogrammetry

from meter-scale hornito-like forms located near the margins
of the group to larger cratered tephra cones located near the
center of the group. The largest of these VRCs is 212 m in
basal diameter and rises ~22 m above the surrounding lava
surface. The H-37 drill hole penetrates through the Ellidaa
lava flow field, just north of Raudholar, and provides infor-
mation on the local stratigraphic succession, which includes a
~7-m-thick layer of the Ellidaa lava directly above a >1-m-
thick layer of lacustrine sediment and diatomaceous siltstone,
which thickens toward the south and is inferred to underlie the
paleo-lake basin now occupied by Raudholar (Témasson et al.
1977).

Rauoholar was extensively quarried during the early- to
mid-twentieth century, which destroyed the original morphol-
ogy of the rootless cone group, but generated excellent win-
dows into the stratigraphy of the VRCs. Fortunately, von
Komorowicz (1912) recorded the initial arrangement of cones
and craters, and this study focuses on an exceptional exposure
through one of the large VRCs located near the center of
Raudholar (Fig. 1), which von Komorowicz (1912) labeled
as “Cone 53” in his map. The NNW-SSE-trending cross sec-
tion into Cone 53 extends ~150 m and includes a southern and
a northern component, divided by a partially quarried section
in the middle (Fig. 2). The precise location of the rootless
vent(s) that formed Cone 53 cannot be determined due to
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(Hamilton et al. 2015). Sampling of Rootless Tephra Sequence 2
(RTS2) was conducted along a composite transect marked with the filled
black circle (64.094893° N, —21.751814° E) and extending to the end of
the arrow (64.095103° N, —21.752074° E) shown in ¢. The cross section
X=X is shown in Fig. 2b. North is up in panels a, b, and ¢
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Fig.2 aOblique aerial view and b ground-based photographic mosaic of
Cone 53 showing the locations of Rootless Tephra Sequence (RTS) 1, 2,
and 3, as well as the marker horizon S1. ¢ The primary focus of this study

quarrying operations, but according to the map by von
Komorowicz (1912), the centroid of the closest exposed crater
was ~20 m away from the location of our stratigraphic section.

The archetypical RTS examined within this study (i.e.,
Rootless Tephra Sequence 2, RTS2) exhibits an approximate
mirror symmetry with respect to the inferred vent location,
and the northern part of the deposit drapes the flank of an
older cone, which we term Rootless Tephra Sequence 1
(RTS1). Relative to RTS1, layers within RTS2 have a discor-
dant bedding geometry and contrasting thinning direction,
which implies RTS1 and RTS were erupted from different
sources. The basal layer within RTS2, labeled S1 in Fig. 2,
contains abundant ochre-orange lacustrine sediment (hereafter
also referred to as “mud”), and it serves as a marker bed for
identifying the beginning sequence. The top of RTS2 is com-
posed of a welded spatter layer. Material above this welded
spatter layer (i.e., Rootless Tephra Sequence 3, RTS3) has
been largely removed by quarrying operations in the southern
cross section but remains intact in the northern part of the
exposure. Cone 53 is therefore a composite structure com-
posed of at least three onlapping tephra sequences from dis-
tinct, but nearby, rootless eruption sites. This study focuses on
the middlemost of these tephra sequences, RTS2, which is
fully exposed in the southern cross section (Fig. 2).

Methods
Following an initial investigation by Morrissey and

Thordarson (1991), fieldwork for this project developed over
a period from 2002 to 2016. During that time, the

@ Springer

Stratigraphic Height Relative to the Base of RTS2 (m)

is on the southern cross section though RTS2, which opens with the
ochre-colored mud-rich S1 layer (at a stratigraphic height of 0 m) and
terminates in a gray welded spatter layer at the top of the sequence

13.55-m-thick composite stratigraphic section through RTS2
was logged at the centimeter scale and divided into 68 layers.
Sixty-four layers were sampled for grain size, but welding
prohibited the collection of a representative grain-size sample
from the remaining four layers.

For each grain-size sample, the largest clast did not exceed
5% of the total sample mass, and material was processed using
a combination of field-based and laboratory methods to gen-
erate composite statistics. In the field, material was sieved at
intervals of 1¢, from 4 mm (—2¢) to 512 mm (—9¢), and
weighed using an electronic balance with a precision of
0.1 g. Clasts with an intermediate axis <4 mm (¢ > —2) were
returned to the laboratory, dried at 110 °C for 24 h, and
reweighed, which enabled the weight of the field samples to
be corrected to a dry mass by assuming that both samples
initially contained the same proportion of water.
Additionally, the dried laboratory samples were sieved by
hand at intervals of 0.5¢, from 4 mm (—2¢) to 32 um (5¢),
and weighed using an electronic balance with a precision of
0.01 g. Final grain-size statistics were calculated using the
Folk and Ward method in the GRADISTAT program
(Version 8), in accordance with the procedures recommended
by Blott and Pye (2001).

Most samples with an intermediate axis <1 mm (i.e., ¢ > 0)
included indurated aggregates of diatomaceous lacustrine sed-
iment mixed with a minor component of basaltic tephra. We
term these aggregates “mud clots,” and for the grain-size anal-
yses, the mud clots were not mechanically crushed or altered.
Howeyver, to account for the abundance of lacustrine sediment
(i.e., mud) in each sample, the relative proportions of the mud
clots versus basaltic tephra were visually estimated between
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—3.0¢ and 4.5¢ using a standard comparison chart for visual
percentage estimation (Terry and Chilingar 1955).

Results of our grain-size analysis are reported using the
following divisions (White and Houghton 2006): extremely
fine ash (¢ > 4.0), very fine to very coarse ash (4.0> ¢ >—1.0),
fine to medium lapilli (1.0 > ¢ > —4.0), coarse lapilli
(4.0 > ¢ > —6.0), and bombs (¢ < —6.0). All layers in the
stratigraphy range from poorly sorted to very poorly sorted,
which are defined as 1.0 <04 < 2.0 and 0, > 2.0, respectively.
Mean grain size and mean sorting are distinguished using an
overbar symbol.

Results
Vertical stratigraphy and grain size

The composite stratigraphic section through RTS2 has a total
height of 13.55 m and passes through the thickest part of the
deposit. The stratigraphy includes 68 layers, which we divide
into four units (Fig. 3 and Appendix 1). The lowermost unit
(i.e., unit 1) spans in stratigraphic height from 0 to 201 cm,
unit 2 extends 201-721 cm, unit 3 extends 721-1081 cm, and
unit 4 extends 1081-1355 cm.

The stratigraphy is dominated by a rhythmic succession
of 28 bed pairs. Unit 1 includes nine bed pairs, unit 2
includes five bed pairs, unit 3 includes 11 bed pairs, and
unit 4 includes 3 bed pairs—for a total of 56 individual
layers. Each bed pair is composed of a fine-grained lower
component and a coarser-grained upper component,
which is assigned a name according to an A.B.C. notation,
where A indicates the unit number (ranging from 1 to 4),
B indicates the layer number within the unit (ranging up
to 11), and C indicates whether or not the unit is the lower
(i.e., 1) or upper (i.e., 2) member of each bed pair. There
are nine additional mud-rich layers (labeled S1 through
S9) that are interleaved and, in some cases, mixed with
the bed pair deposits. Where bed-pair deposits are mixed
with an S layer—this occurs only in unit 1—units are
further subdivided using an A.B.C.D. notation, where D
is used to distinguish between mixed and unmixed layers.

A rust-red color is typical for most VRC deposits with-
in Raudhdlar (meaning “red hills” in Icelandic). RTS2 is
also rust-red in color, except for the topmost unit (unit 4),
which includes gray welded spatter layers, and the S
layers, which tend to be ochre-orange (Figs. 1d and 2).
Oxidation of the lava may play a minor role in generating
this color, but the clasts are red primarily because they are
coated with a thin film of red- to ochre-colored mud that
is agglutinated onto their surfaces. Fitch et al. (2017) pro-
vided a detailed examination of the componentry of the
layers within the RTS2 layer, but results are discussed
here for the lapilli-size fraction to aid in the overall

characterization of the stratigraphy. The majority (61—
94%) of the clasts within the bed-pair layers exhibit flu-
idal morphologies (Fig. 4a). Fluidal morphologies are dis-
tinguished from mossy and blocky clasts (Fig. 4a) on the
basis of shape and surface texture for clasts within the
—4¢ to —5¢ (16-32 mm) size range. Fluidal clasts have
ribbon-like to spindle-shaped forms with elongate struc-
tures resembling those of pulled taffy. Their surfaces are
generally smooth, though in some cases can be rough,
where coated by coarser grains of agglutinated sediment.
In contrast, lapilli-sized mossy clasts range in abundance
from 5 to 32% and tend to be less elongate and exhibit a
rougher texture resembling the spinose surface of ‘a‘a
clinker. Lastly, lapilli-sized blocky clasts range in abun-
dance from 1 to 25%, are more equant in shape, and have
planar fracture faces that are typically covered in a fine
layer of lacustrine sediment. The proportions of these
three clast types do not vary significantly between the
lower and upper bed-pair members within the same unit
(Fitch et al. 2017), nor are there significant variations in
the abundance of fluidal versus mossy material between
units. However, there is a distinct decrease in the
abundance of blocky clasts with increasing stratigraphic
height. On average, juvenile clasts in the S layers
have 63% fluidal, 27% mossy, and 9% blocky morpholo-
gy (Fitch et al. 2017) and are the most similar to the
bed pairs in unit 1. Additionally, juvenile clasts within
RTS2 commonly exhibit curvilinear fracture networks that
occur preferentially on the lower surface of the clasts
(Fig. 4b). These fractures affect up to a quarter of all
samples but are more common on fluidal clasts than
mossy clasts, and they do not appear on the surfaces of
the blocky clasts.

Both units 1 and 3 have considerably higher abundances of
diatomaceous lacustrine sediment (6 and 7% mean mud con-
tent, respectively) than unit 2 (2% mean mud content). The
form of the sediment ranges from unconsolidated grains and
aggregates to weakly consolidated mud clots and hardened
masses of lacustrine sediment. Larger clasts commonly exhib-
it complex mixing relationships with diatomaceous sediments
and layers of fluidal or mossy material (Fig. 4c—f). These
armored bombs typically include a nucleus of fluidal lava
mixed with baked sediment, or an angular block of lithic lava
that may have glassy selvage and/or baked lacustrine sedi-
ments adhered to the surface. Isolated mud clots are also com-
mon within RTS2 and typically range up to several centime-
ters in diameter (Fig. 4h).

Within units 1, 2, and 3, the mean grain sizes for the lower
bed-pair members are —2.5¢, —3.0¢, and —2.9¢, respectively.
These layers typically exhibit conformal (i.e., mantling) bed-
ding structures and are all poorly sorted, with the mean sorting
among lower bed-pair layers in unit 1 being slightly more
developed (7, = 1.3) than the sorting in units 2 and 3 (7,

@ Springer
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Fig. 3 Stratigraphic log of RTS2 showing the modal grain size, mean
grain size, sorting, and lacustrine sediment abundance within each of the
68 layers identified in the stratigraphy. These layers divide into four units,
which are comprised of 28 bed pairs, nine S layers, and three mixed
layers. In the lefi-hand column, lower bed pairs are shown in light gray;
upper bed pairs are shown in dark gray, and S layers are shown in orange.
For convenience throughout this study, units 1, 2, 3, and 4 are represented

= 1.6 for both units). The upper bed-pair layers in units 1, 2,
and 3 have mean grain sizes of —3.5¢, —6.3¢, and —4.9¢,
respectively. Upper bed-pair layers in units 1 and 2 are gener-
ally poorly sorted (o, = 1.8 for both units), whereas upper
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in blue, green, violet, and red, respectively. Unit names are also given
using an A.B.C.D. notation, where A represents the unit number, B the
bed-pair number within a unit, C whether or not a unit is a lower (i.e., 1) or
upper (i.e., 2) bed pair, and where mixing occurs, D is used to further
subdivide a bed pair into a lower (i.e., 1) or upper (i.e., 2) part, with one
part being mixed and the other unmixed, depending on the local contact
geometry. S layers are labeled S/—S9

bed-pair layers in unit 3 are very poorly sorted (o, = 2.2).
Units 1.3.1.2, 1.3.2.1, and 1.5.1.1 are excluded from the sta-
tistical calculations due to mixing with adjacent S layers, and
statistical values are not reported for unit 4 due to the effects of
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Fluidal

@

Fig. 4 a Examples of fluidal, mossy, and blocky lapilli clasts. b
Curvilinear fractures on the underside of a fluidal clast. ¢ Hybrid
fluidal-mossy clast with red coloration caused by a surface coating of
fine lacustrine sediment. d Subrounded clast composed of an
amalgamation of smaller fluidal and mossy clasts and lacustrine
sediment. ¢ Armored bomb including a rounded lithic interior and a

welding. See Appendix 1 for a complete record of all of the
grain-size information.

Interleaved with the bed pairs are nine mud-rich layers,
designated S layers, which are ochre-orange in color (Figs. 2
and 3). These deposits include abundant quantities of diatoma-
ceous lacustrine sediment, with a mean mud content of 24%,
though it ranges up to 91% for S9. Some of these deposits (e.g.,
S3) can exhibit well-defined fine-scale internal laminations
and low-angle cross-bedding as well as “pinch-and-swell”
thickness variations that develop where the deposits are thin
above local topographic obstacles and thicker above topo-
graphic depressions. These local thickness variations contrast
with the conformal geometry of the bed-pair units described
above. Thicker S layers, particularly in unit 1, also tend to
exhibit asymmetrical depositional characteristics on the stoss
and lee sides of high-standing topographic obstacles, such as
bombs that protrude from underlying layers. Additionally,
where coarse lapilli and bombs are present, the fine-scale in-
ternal structures of the S layers are typically deformed around
these larger clasts. The mean grain size of the S layers is —0.3¢
(coarse ash), though the deposits are very poorly sorted (o
= 2.1). This poor degree of sorting reflects the bimodal nature
of these layers, which includes a fine-grained mud-rich matrix
that supports larger clasts (typically lapilli and rare bombs) and
coarse-ash lenses. Except where otherwise noted, S layers have
sharp contacts with adjacent units above and below.

coating of mossy lava material. f Another example of a armored bomb
with an angular lithic block partially coated in a rind of fluidal lava with
entrained clots of lacustrine sediment. g Lava-lithic fragment with a layer
of “baked” lacustrine sediment (i.e., “mud”) fused to the surface. h A
typical example of a mud clot to the left of a lithic bomb within RTS2
(n.b., a 22.5-mm-wide 100 Icelandic kronur coin is included for scale)

Unit 1

Unit 1 is the lowermost unit in the stratigraphy, extending
from 0 to 2.01 m (Figs. 3, 5, 6, and 7). Layers in this unit
generally have a high abundance of lacustrine sediment
and, relative to the other three units, unit 1 bed pairs tend
to be thinner and finer grained. Unit 1 opens with S1,
which is rich in diatomaceous lacustrine sediment (9%)
and exhibits a distinctive ochre-orange color. This layer
is 5-6 cm thick with a mean grain size of —1.1¢ and poor
sorting. S1 is overlain by unit 1.1.1, which is 5-6 cm
thick with a mean grain size of 7.1¢ and poor sorting.
This layer represents the lower member of the first bed
pair within RTS2 (i.e., unit 1.1). The upper member of the
bed pair (unit 1.1.2) is 18-25 cm thick with a mean grain
size of —4.6¢ and poor sorting. Units 1.1.1 and 1.1.2 are
separated by sharp contacts above and below, exhibit re-
verse grading, and are dominantly composed of juvenile
material. However, unit 1.1 includes a substantially higher
abundance of crystalline lava fragments (i.e., lava-lithics)
than most of the other layers in the stratigraphy (i.e., 2—
6% relative to a typical abundance of <1%). Unit 1.1.2 is
overlain by S2, which is a 6—13-cm-thick layer with a
mean grain size of 0.1¢ and very poor sorting. This layer
is particularly rich in lacustrine sediment (26%) and in-
cludes coarse ash lenses with a greater abundance of
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Fig. 5 Composite grain-size plots for bed-pair layers within units 1-4
and the S layers. To facilitate the presentation, histograms have been
converted over to stacked line plots. Unit 4 grain-size distributions are

basaltic material than the majority of the matrix. S2 also
exhibits low-angle cross-stratification and shows evidence
of tephra interactions with local obstacles (e.g., bombs),
including flow-aligned structures and asymmetrical
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only shown for layers 4.1.1 and 4.2.1, due to the high degree of welding
within the other layers in this unit

deposition of material on the stoss and lee sides of the
bombs protruding from the top of unit 1.1.2 (Fig. 6).
These depositional patterns imply a unidirectional lateral
flow of material from north to south. S2 also includes
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Fig. 6 a Photographic mosaic of unit 1 showing details of the layering
structure of the bed pairs and S layers. Inset showing an example of a
lava-lithic bomb and associated bomb-sag. b Corresponding illustration
showing the layer locations. The talus is shown in dark gray, the top of
Rootless Tephra Sequence 1 (RTS1) is shown in intermediate gray, and

examples of basaltic bombs and lapilli that are embedded
completely within the unit, and around these larger clasts,
fine laminae within S2 are deformed (Fig. 6). The unit 1.2
bed pair is composed of a 3—5-cm-thick lower layer and a
4—6-cm-thick upper layer. Units 1.2.1 and 1.2.2 have
mean grain sizes of —2.5¢ and —3.2¢, respectively. Unit
1.3 is more complicated than the other bed pairs in this
unit because there is a mud-rich layer, S3, interleaved
between units 1.3.1 and 1.3.2. S3 contains the highest
proportion of mud among any of the layers in unit 1
(60% lacustrine sediment abundance). S3 also exhibits
gradational contacts above and below and appears to have
mixed with the adjacent layers. Unit 1.3.1 is therefore
subdivided into two: unit 1.3.1.1, which is a 3—4-cm-thick
unmixed lower layer with a mean grain size of —2.3¢, low
abundance of mud (1%), and poor sorting, and unit
1.3.1.2, which is a 2—4-cm-thick layer of finer-grained
(@ =—1.7) material with a greater abundance of lacustrine
sediment (10%) and very poor sorting. Similarly, unit
1.3.2 is subdivided into unit 1.3.2.1, which is a 6-8-cm-
thick layer that is mixed with the top of S3, and unit
1.3.2.2, which is a 2—-3-cm-thick layer of coarse-grained
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VXY
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1.3.
S3
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12,

N

larger clasts are depicted in /ight gray. Lower and upper bed-pair mem-
bers for unit 1 are shown in pale blue and dark blue, respectively. Units
2.1.1 and 2.1.2 are shown in pale green and dark green, respectively. S
layers are shown in orange

tephra that appears unmixed with S3. Unit 1.3.2.1 has a
mean grain size of —1.2¢, whereas unit 1.3.2.2 has a mean
grain size of —2.7¢. Both layers are very poorly sorted
(cy = 3.4 for unit 1.3.2.1 versus o, = 2.2 for unit
1.3.2.2). Unit 1.3 is overlain by a 1-cm-thick mud-rich
layer (S4), which exhibits only slight variations in thick-
ness. Unit 1.4 is a reversely graded bed pair with a 3-cm-
thick lower fine-grained (¢ = 1.9) layer (unit 1.4.1) and an
8-9-cm-thick coarser-grained (o, = —2.4) upper compo-
nent. Unit 1.5 represents a change toward thicker bed
pairs in unit 1; however, the lower member of the bed
pair (unit 1.5.1) is mixed with a 3-cm-thick S layer, S5,
which has a gradational lower contact and a sharp upper
contact. This implies that S5 was emplaced concurrently
with the opening phases of unit 1.5.1. The lower mixed
component of unit 1.5.1 (i.e., unit 1.5.1.1) has 54 = —1.2
and contains 11% mud, whereas the unmixed upper part
of unit 1.5.1 (i.e., unit 1.5.1.2) has a slightly coarser
grain-size distribution and much lower mud (75 = 2.1
and <1% mud). Unit 1.5.2 is a 16-19-cm-thick coarse-
grained layer (¢, = —3.9) that does not appear to have
mixed at all with S5. Units 1.6, 1.7, 1.8, and 1.9 represent
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Fig. 7 Detailed stratigraphic log for unit 1 showing the corresponding
grain-size information for each layer. Light and dark layers represent
lower and upper bed-pair members, respectively, whereas orange units

a succession of very similar reversely graded bed pairs
each ranging in total thickness from 14 to 29 cm. The
lower members of the bed pairs range in mean thickness from
5 to 7 cm, and the upper members range in mean thickness
from 7 to 23 cm—with the thickest of the deposit in this suc-
cession being unit 1.9, which has a 5-7-cm-thick lower com-
ponent (unit 1.9.1) and a 21-29-cm-thick upper component.
These four bed pairs are dominantly composed of basaltic
tephra with a minor component of mud. There are no mud-
rich S layers interrupting the sequence. Unit 1.9 is overlain by
another mud-rich layer (S6), which is 10-13 cm thick. This
deposit may mark either the last S layer in unit 1 or the first
layer of the unit 2 sequence, but given the high concentrations
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represent S layers. In the histograms, white columns represent juvenile
material, whereas black columns represent lacustrine sediment. The same
conventions are applied in Fig. 8

of mud-rich layers in unit 1 and the lack of a gradational
boundary at the top of S6, we have assigned S6 to the top of
unit 1. S6 exhibits small variations where the deposit pinches
and swells in thickness in response to the local topography, and
like the other S layers, it is more orange in color and exhibits
fine internal laminations and low-angle cross-stratification.

Unit 2

Unit 2 is the thickest unit in the tephra sequence, spanning
from 2.01 to 7.16 m in the stratigraphy (Figs. 3, 5, and 8).
It is characterized by bed pairs that are generally thicker
and more coarse grained than other bed pairs within the
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Fig. 8 Detailed stratigraphic log for units 2 and 3 showing the corresponding grain-size information for each layer. Note the change in vertical scale

relative to Fig. 7

stratigraphy. Modal and mean grain sizes among each of
the bed-pair members in unit 2 are relatively consistent.
Specifically, lower bed-pair layers have a mean grain size
of —3.0¢, with a range from —2.6¢ to —3.1¢, and upper
bed-pair layers have a mean grain size of —6.3¢, with a

range from —5.3¢ to —7.0¢. However, the average sorting
for the layers tends to decrease slightly with increasing
stratigraphic height for the fine bed-pair layers, from 7,
=1.8to 0, = 1.6, and it slightly increases for the coarse
bed-pair layers, from 7, = 1.3 to 5, = 1.8. Overall, there
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are five reversely graded bed pairs within units 2.1, 2.2, 2.3,
2.4, and 2.5, and one mud-rich layer (S7), which occurs be-
tween units 2.3.2 and 2.4.1. Each of the bed pairs has sharp
contacts above and below and is dominantly composed of
basaltic tephra. Unit 2.1.1 is a 13—18-cm-thick fine-grained
lower bed-pair member located at the base of unit 2. This layer
is directly overlain by unit 2.1.2, which is the thickest layer in
the entire tephra succession, ranging in thickness from 130 to
160 cm. Units 2.1.1 and 2.1.2 have mean grain sizes of —3.1¢
and —7.0¢, respectively, and are discussed in more detail in the
context of lateral thickness variations (“Lateral facies
variation”). Unit 2.2.1 is 9—14-cm-thick and unit 2.2.2 is
120-130-cm-thick. These layers are very similar in their struc-
ture to units 2.1.1 and 2.1.2, respectively. Unit 2.3 marks a
change to considerably thinner bed pairs within the unit—with
unit 2.3.1 being 5-12-cm-thick and unit 2.3.2 being 30-40-
cm-thick. Unit 2.3.1 has a mean grain size of —3.0¢ and unit
2.3.1 has a mean grain size of —5.3¢. Unit 2.3.2 is directly
overlain by S7, which is a mud-rich layer with pinch-and-
swell layer geometry, and sharp contacts above and below.
S7 is 5-8-cm-thick and includes fine laminae and low-angle
cross-stratification. Unit 2.4.1 is another fine-grained lower
bed-pair member that is 5—8-cm-thick, which has the highest
mud content of any layer within unit 2 (nearly 5%). Unit 2.4.1
is directly overlain by a 60—70-cm-thick coarse-grained upper
bed-pair layer (unit 2.4.2), with a mud abundance of <1%.
Low mud contents are typical of most bed-pair layers in this
unit. Unit 2.5 is the uppermost bed pair in unit 2, and it opens
with a fine-grained layer (unit 2.5.1) that is 5—7 cm thick and
the second-most mud-rich (3—4% mud content) of the bed-pair
layers within unit 2. This is overlain by unit 2.5.2, which is a
90-95-cm-thick coarse-grained upper bed pair.

Unit 3

Unit 3 ranges in stratigraphic height from 7.16 to 10.70 m
(Figs. 3, 5, and 8), and like unit 2, it is dominantly composed
of a series of bed pairs. However, relative to unit 2, unit 3
includes much thinner bed pairs. For instance, unit 2 includes
five lower and upper bed-pair members with mean thicknesses
of 7.6 and 94.0 cm, respectively, whereas unit 3 includes 11
lower and upper bed-pair layers with mean thicknesses of 6.2
and 24.4 c¢m, respectively. Among the unit 3 bed pairs, most of
the lower layers range in thickness from 5 to 12 cm, whereas
the upper bed-pair layers are 12-35 cm thick, the exception
being unit 3.5.2, which is 70-80 cm thick. In terms of grain
size, the lower bed-pair layers have a mean grain size of
—2.9¢, ranging from 75 = —2.5 to —3.4, and the coarse-
grained bed pairs have 545 = —4.9, with a range of 7,
=—4.0 to —5.7. Thus, relative to unit 2, the key characteristics
of unit 3 are that it is composed of both thinner and finer-
grained layers. Unit 3 layers also have higher abundances of
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mud than the layers in unit 2, with a mean layer abundance of
7% for unit 3 versus 2% for unit 2 (this average includes
contributions from S layers). Unit 3 includes also two S layers,
whereas unit 2 has only one. The unit 3 S layers include the 7—
9-cm-thick S8 layer and the 7—11-cm-thick S9 layer. Both S8
and S9 exhibit sharp contacts above and below and were
emplaced between units 3.4 and 3.5, and units 3.9 and 3.10,
respectively. Among all of the S layers in the tephra sequence,
S9 includes the highest proportion of lacustrine sediment
(91%).

Unit 4

Unit 4 is the final unit in the tephra sequence, extending from
10.70 to 13.55 m (Figs. 3 and 5). This unit is characterized by
three alternating fine- and coarse-grained bed pairs that be-
come increasingly welded with stratigraphic height, grading
into a welded “spatter cap” at the top of the succession.
During quarrying operations, unconsolidated tephra deposited
on top of unit 4 was removed, but comparisons with adjacent
parts of the stratigraphy and historical records by von
Komorowicz (1912) suggest that unit 4 is well preserved at
this locality. Unit 4.1 is composed of two parts, unit 4.1.1,
which is an 8-13-cm-thick fine-grained (5, = —3.3) bed-
pair layer, and unit 4.1.2, which is a 30-35-cm-thick coarse-
grained bed-pair layer (grain-size data are not available for this
layer due to tack welding). Unit 4.2 is similarly composed of
an 8—12-cm-thick fine-grained 5, = —3.3) basal layer (unit
4.2.1), which is overlain by a 30-50-cm-thick upper bed-pair
layer (unit 4.2.2; again, grain-size data are not available for
this layer due to welding, intermediate between incipient and
moderate welding). Unit 4.3 is the uppermost unit in the teph-
ra sequence, and both the lower 30—35-cm-thick layer (unit
4.3.1) and the upper 140—170-cm-thick layer (unit 4.3.2) ex-
hibit moderate to dense welding. Unit 4 does not include any
mud-rich S layers. Welded layers of this unit do not exhibit
evidence of post-depositional lateral flow (i.e., rheomorphic,
or clastogenic flow), but other large rootless cones within
Rauoholar do include welded spatter caps that exhibit evi-
dence of rheomorphic flow. Evidence of rheomorphic flow
typically includes dissolution of clast boundaries through
melting and assimilation of their exteriors combined with
down-slope deformation of the material, shearing and elonga-
tion of bubbles into flow parallel chains of oblate vesicles, and
an overall increase in the density of the deposit.

Lateral facies variation

To quantify and compare layer-thinning relationships
within lower and upper bed-pair members, units 2.1.1
and 2.1.2 were chosen as archetypes because of their rep-
resentative structure and accessibility within the outcrop.
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For these two layers, we measured the layer thicknesses at
1-m intervals along the southern cross section.

The southern quarry exposure approximates a radial tran-
sect away from the tephra source region for RTS2, but it is
important to note that the cross section may be oblique with
respect to a true radial profile away from the vent. Thus, ap-
parent thinning geometries provide relative information about
the thickness variations of the layers within the deposit but
cannot be used directly to calculate absolute thinning half
distances (Pyle 1989). Nonetheless, thickness variations for
units 2.1.1 and 2.1.2 clearly demonstrate that lower bed-pair
members thin more gradually than the upper bed-pair mem-
bers (Fig. 9), which implies that lower bed-pair layers have a
more sheet-like geometry, whereas upper bed pairs have a
more conical shape. Unit 2.1.1 is well described
(R* = 0.859) by an exponential thinning relationship,
y=19. 126670'025)6, where x is the distance measured in meters
away from the inferred source region and y is the thickness of
the deposit measured in centimeters. This yields an “apparent”
thinning half distance of 27.73 m. In contrast, for distances
greater than x = 8 m, unit 2.1.2 is well described (R*>=0.976)

by an exponential thinning relationship of y = 531.17¢ %1%,

which corresponds to an “apparent” thinning half distance of
6.80 m. However, in the region from x = 0 to 8 m, the thick-
ness of the deposit significantly departs from an exponential
function (Fig. 9) and is better described by a second-order
polynomial (R* = 0.977), y = 1.2868x> — 2.311x + 148.19.
This suggests that the region from x = 0 to 8 m may be part
of the crater facies, rather than an outer cone facies.
Assuming radial symmetry about the vent location, we es-
timate the volume of solid revolution, V, for units 2.1.1 and
2.1.2 using shell integration. For the curve f{x), which de-
scribes the thickness variation within a given layer, V is ob-
tained by calculating the area beneath the curve f{x), between
the lines x = @ and x = b, and rotating it about the y-axis

(centered on the vent location),
b

V:27r/x|f(x)|dx (2)
a

These calculations assume radial symmetry about a root-

less vent located at x = 0 m, but given the uncertainty in this

condition, volume estimates for units 2.1.1 and 2.1.2 are most

Fig.9 a Locations of layers 2.1.1
and 2.1.2. Lateral variations in
thickness for layers 2.1 and unit
2.2. These layers are partially
buried by talus but were
excavated to obtain the thickness
measurements shown in b. The
thickness variations within layer
2.1.1 are well described by a
single exponential function,
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appropriately considered on a relative basis to one another,
rather than as a measure of true volume. To calculate the
volume of unit 2.1.1, we integrate between ¢ = 0 m and
b = 118.05 m, where b corresponds to the distance where the
deposit is expected to thin to 1 cm. Changing the boundary to
the distance that the deposit would thin to 1 mm
(b =210.15 m) increases the estimated volume of the deposit
from 1525.9 to 1859.9 m® (a difference of 21%). However,
such a thin layer would be composed of very fine particles that
would be strongly affected by turbulence, which could affect
the continuity of the distal tephra deposits and make the ma-
terial very difficult to discern from the products of other near-
by rootless eruption sites. Nonetheless, the distal component
of the lower bed-pair layers is volumetrically significant and
likely a major constituent of the tephra platform upon which
the VRCs are constructed. To estimate the volume of unit
2.1.2, we use the second-order polynomial for f{x) between
a =0m and » = 8§ m, which yields a volume of 356.0 m>. To
this, we add the volume of revolution obtained for the expo-
nential function, evaluated between a = 8 mand » = 61.52 m.
This value of b corresponds to the distance where the layer
would be expected to thin to 1 cm, but if we were to extend
this range to 1 mm (b = 118.05 m), the estimated total volume
of the deposit would only increase from 2896.9 to 2926.2 m®
(a 1% difference). Thus, given the rapid thinning of unit 2.1.2,
material from upper bed-pair layers is unlikely to be a major
contributor to the distal platform facies because most of the
tephra would accumulate around the rootless vent—either
providing infill for the crater facies or constructing the outer
cone facies. The results show that although unit 2.1.2 is ~12
times thicker than unit 2.1.1 in the proximal tephra stratigra-
phy (155 versus 13 cm modal thickness), the upper unit is only
1.57 to 1.89 times more voluminous, depending on whether b
is evaluated using the 1-mm or 1-cm thickness threshold, re-
spectively. Therefore, while lower bed-pair members may ap-
pear thin within the proximal stratigraphy, they have a sheet-
like geometry, which implies widespread distribution.
Consequently, lower bed pairs represent a critical part of the
overall structure of VRC groups and may be the dominant
contributors to the VRC sheet facies, while upper bed-pair
layers represent the dominant component of the VRC cone
facies—with both layers contributing to the construction of
the VRC platform facies (Hamilton et al. 2010a).

Interpretation

The origin of bed-pair layering

The stratigraphy is dominantly composed of a rhythmic suc-
cession of bed pairs, which we interpret to be fall deposits

generated by discrete episodes of explosive activity from the
RTS2 rootless eruption site within Cone 53. Both the lower

@ Springer

and upper bed-pair members exhibit conformal layering that
drapes the underlying topography, and they are either massive
or reversely graded. This is consistent with a depositional
mechanism involving tephra fall. The lower bed-pair layers
also include a contribution of ballistics, including lava-lithic
blocks and spatter clasts that deformed on impact; however,
spatter clasts are common within the upper bed-pair layers.
The lower member of each bed pair is interpreted to be the
energetic opening phase of an explosion cycle, as evidenced
by its finer grain size and greater dispersal (i.e., a greater
thinning half distance) of the deposits relative to the upper
bed-pair layer. The lower bed-pair members have more of a
sheet-like geometry, evidenced by their greater thinning half
distances, than the upper bed-pair members, which are more
conically shaped and have a shorter thinning half distance. We
therefore interpret the upper bed-pair layers to be the products
of a lower-energy ballistic phase at the end of each explosion
cycle, likely including spray-like jets or lava fountains as well
as the products of discrete bubble burst events (Mattox and
Mangan 1997; Greeley and Fagents 2001), with bubble burst
explosions becoming increasingly common in units 2—4. The
repetitive nature of the bed pairs, separated by sharp contacts
above and below, implies that each explosion cycle occurred
as a discrete event, separated by a period of repose. The paired
layering structure within RTS2 also suggests that the bed pairs
were formed during a two-stage process, not as a result of
series of explosions that each produced a single uprush of
material.

One possibility that could account for the paired layering is
a process that dynamically segregates material from the root-
less explosion site and tephra derived from the overlying lava
column. A similar process was described by Andrews et al.
(2014), who used laboratory explosion experiments in granu-
lar material to show that debris jet deposits can be formed by a
two-stage process involving cavitation and subsequent granu-
lar fountaining. During the first stage, a slug of rapidly
expanding gas pierces the overlying material and shoots
through the overburden to the surface to form an incipient
rootless conduit. During the second stage, a transient
cavity—formed by the passage of the gas through the over-
burden—will continue to expand, collapse, and rebound to
produce a second fountaining event. These experiments in-
volved granular material, rather than multi-phase lava overly-
ing a layer of sedimentary material, but there may be some
similarities in terms of an initially energetic slug of gas and
tephra rising from the rootless eruption site and piercing
through the overlying lava column to deposit material onto
the surface of the lava before a second, lower-energy lava
fountaining stage is initiated. This would result in a paired
layering structure with more deeply sourced material being
deposited in the lower layer and more shallowly derived ma-
terial deposited in the upper layer. The lower layer, resulting
from a more highly energetic opening explosion phase, would
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also be expected to have a finer grain-size distribution and
wider dispersal than the upper layer, which would have been
produced during a weaker lava fountaining-like phase.

We infer that each explosion cycle began after a period of
repose in which groundwater recharged into the rootless erup-
tion site. This enabled a hydrodynamic premixing phase in
which fluidal lava and adjacent wet sediments were able to
mingle intimately under non-explosive (i.e., stable vapor film)
conditions. Material that consists of fluidal lava with embed-
ded mud clots (e.g., Fig. 4f) is interpreted to have been pre-
served at this MFCI stage. The core of the Ellidaa lava flow is
not exposed in the vicinity of Raudholar, but Reynolds et al.
(2015) describe cross sections through an analogous rootless
cone group in the Ice Harbor flow field of the Columbia River
Basalt Province, which reveals the presence of funnel-shaped,
upward flaring features in the lava that include spatter and
irregularly shaped cavities. Reynolds et al. (2015) interpret
these structures to be partially infilled rootless conduits, which
is in accord with the transient conduit formation mechanisms
proposed here.

Hydrodynamic premixing within the rootless eruption site
would have continued until a triggering mechanism (e.g.,
undercooling, rapid condensation, and vapor film collapse,
or propagation of a pressure pulse through the mixture) initi-
ated fine fragmentation of the lava and wet sediment mixture.
Water within the system then underwent rapid vaporization
and runaway expansion. The resulting MFCI explosion gen-
erated a highly energetic slug of material that expanded out-
wards and pierced through the overlying lava column to de-
posit a widely dispersed layer of fine-grained material, which
included both juvenile material and lacustrine sediment.
Passage of the high-energy slug through the overlying lava
column would also cause the formation and collapse of a
transient cavity, which in turn would have caused the molten
lava to rebound and deposit spatter-rich material near the root-
less vent. The collapse of the transient cavity may also have
helped to initiate a subsequent stage of lava fountaining by
forcing molten lava downward and into the rootless eruption
site, which would help to drive continued dynamic mixing of
lava and underlying wet sediments. Both of these processes—
rebounding of the collapsed transient cavity and enhanced
dynamic mixing and the generation of new MFCI explo-
sions—would have helped to construct the remainder of the
upper bed-pair member. However, these MFCI explosions
would have been less energetic than the initial explosion be-
cause partial excavation of lava above the rootless eruption
site would have enabled the system to reach the explosive
decompression stage at an earlier point due to the lower con-
fining pressure of the overlying lava column (see Eq. 1).

The overall division of rootless tephra stratigraphy into
fine- and coarse-grained bed pairs raises important questions
regarding the efficiency of rootless MFCI explosions and the
role of “active” versus “passive” particles in the process. In

“Molten fuel-coolant interaction theory,” we described how
ideally efficient MFCI explosions require the development of
uniform melt fragments with a diameter of approximately
1 um (Wohletz 1986); however, the mean grain size ranges
from fine to coarse lapilli among the lower bed-pair layers and
from coarse lapilli to bomb-sized clasts among the upper bed
pairs. This suggests that rootless MFClIs are far from being
ideally efficient; the majority of the tephra generated from a
rootless explosion, particularly in the upper bed-pair layers,
may not have been directly involved with the MFCI, but rather
was ejected from the upper lava column as a consequence of
underlying explosions. Fitch et al. (2017) explores this theme
in more detail by investigating the fragmentation mechanisms
associated with rootless explosions at Raudholar.

In terms of understanding the relationship between lava—
substrate mixing environments and explosion type, Mattox
and Mangan (1997) described four general types of littoral
hydrovolcanic explosion including tephra jets, lithic blasts,
bubble bursts, and littoral lava fountains. Mattox and
Mangan (1997) attributed tephra jets and lithic blast events
to open mixing processes, which begin with bench collapse
events that expose an active lava tube or incandescent rock
scarp to wave action, thereby forcing coarse mixing of
seawater and lava. In contrast, they attribute bubble bursts
and littoral lava fountaining to confined mixing, which occurs
when a lava tube is situated at, or below, sea level, and allows
water to enter into the tube system though fractures in the lava.
Within this context, bed-pair deposits within RTS2 are gener-
ally consistent with the products of lava fountaining and bub-
ble burst events generated by MFCI explosions under con-
fined mixing conditions, rather than open mixing conditions.
This agrees with the inferred lacustrine paleo-environment for
Raudholar, which would have been less dynamic than a ma-
rine littoral setting. Pahoehoe emplacement under stable con-
ditions would also have favored the development of well-
established internal lava pathways (i.e., lava tubes), particular-
ly in the deeper parts of the lake basin. Lava tube formation
may therefore have been a critical precondition for enabling
efficient resupply of lava to the rootless eruption sites as they
developed, and without this mechanism of lava replenish-
ment, the rootless eruptions would have been lava limited,
rather than water limited, and failed to construct such large
edifices.

In the presence of excess lava, depletion of groundwater in
the vicinity of the rootless eruption site would have lowered
MFCI efficiency as the water-to-melt mass ratio decreased.
The process would have continued until the ratio descended
below a critical value required to trigger the next MFCI ex-
plosion. At this point, the rootless eruption would have ceased
until groundwater infiltrated back into system and enabled the
development of another explosive cycle and the production of
an additional bed pair in the stratigraphy. In the context of
RTS2, this process was repeated a total of 28 times to
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construct the 28 bed pairs represented by units 1-4. The over-
all increase in grain size with stratigraphic height, combined
with the occurrence of welded deposits near the top of unit 4,
supports the conclusion that there was a gradual decrease in
the efficiency of the MFCI explosions with time. This may
have been due to the depletion of available coolant (i.e.,
groundwater) through a drawdown of the local piezometric
surface below the depth of the rootless eruption site.
Alternatively, the reduction in available water may have been
due to the depletion of wet sediments in the rootless eruption
site, which may have only been a few meters thick based on
nearby drill core records (Tomasson et al. 1977). However,
other processes such as changes in the rootless conduit/vent
geometry, mixing conditions, lava temperatures, and coolant
impurities may have also contributed to variations in MFCI
efficiency (White 1996; Wohletz 2002).

The origin of the S layers

The stratigraphy also includes nine S layers, which are mud-
rich deposits that interrupt the regular sequence of alternating
fine- and coarse-grained bed-pair layering. S layers typically
occur as isolated layers with sharp contacts above and below;
however, in unit 1, S3 and S5 are mixed with units 1.3.2 and
1.5.1, respectively. This implies that S layer emplacement does
not follow a regular pattern and that the S layer may either be
emplaced between the deposition of successive bed-pair units,
or concurrently with them. S layers generally include a high
abundance of lacustrine sediment and show evidence of fine
internal lamination, low-angle cross-stratification, and pinch-
and-swell layer geometries that vary in response to the local
topography. Additionally, the S layers show systematic differ-
ences in the deposition on the lee and stoss sides of high-
standing obstacles, which together with cross-stratification im-
plies lateral flow. Where present within the S layers, coarse
lapilli and bombs appear to have deformed the internal layering
structure in a process consistent with the formation of bomb-
sags within deformable (typically wet) sediments (Lorenz
1973, 2007; Schmincke 2004). High concentrations of con-
densable water associated with these explosions (Wohletz
2002) may have favored gravitational collapse of the ejecta.
We therefore interpret the S-layer deposits to result from dilute,
laterally moving pyroclastic density currents (i.e., surges) sim-
ilar to those documented by Belousov et al. (2011) in associa-
tion with explosions generated by the flow of lava over snow
and ice and by Reynolds et al. (2015) in the context of rootless
explosions occurring in a lacustrine setting.

Unit 1 opens with an S layer, which implies that the initi-
ation of a new rootless eruption site coincided with the em-
placement of a dilute pyroclastic density current that was rich
in lacustrine sediment and condensable water. Unit 1 also
includes six of the nine S layers, two of which are mixed with
bed-pair layers, which suggests that surges were the most

@ Springer

frequent during the opening phases of the new eruption and
that some surges were emplaced concurrently with bed pairs
formed by tephra fall and ballistic emplacement of ejecta. All
of these factors support the conclusion that the opening phase
of the eruption (i.e., unit 1) occurred under conditions with
ample groundwater availability and that the gradual decrease
in the frequency of surge-forming explosions during the later
stages of cone building was related to a gradual desiccation of
the rootless eruption site due to the rate of water extraction
exceeding the rate of water recharge, with recharge being lim-
ited by pore water flow velocities through the substrate and/or
the development of physical blockages associated with the
lava and associated rootless explosions.

Conclusions

Quarry exposures within Raudhoélar provide extraordinary
cross sections through the stratigraphy of numerous rootless
cones. Among these, the 13.55-m-thick vent proximal section
through Cone 53 provides the best example of a complete root-
less tephra sequence (RTS). This section (RTS2) divides into
four units. Unit 1 represents the opening phase of a new rootless
eruption site and includes dilute pyroclastic density current (i.e.,
surge) deposits and lapilli-dominated bed pairs, composed of a
fine-grained basal layer and a coarser-grained upper layer,
which we infer were emplaced through a combination of tephra
fall from a weak ash-plume and ballistic ejecta from lava foun-
tains and/or bubble burst events. Based on the grain-size and
thinning half-distance relationships, we infer that the explosions
associated with unit 1 were the most energetic within the se-
quence and were driven by relatively efficient MFCI explosions
with higher conversion ratios (CR; Eq. 1) than the other units in
the tephra sequence. Units 2 and 3 are dominated by a rhythmic
succession of bed pairs, with unit 2 deposits being thicker and
the most coarsely grained, whereas unit 3 layers are more nu-
merous and generally much thinner and finer grained. Unit 3
also contains a higher abundance of lacustrine sediment, but
relative to unit 1 the mud clots in unit 3 appear more desiccated.
Unit 4 includes a series of bed-pair units that exhibit increasing
degrees of welding near the top of the section. Welding may be
explained by a decreased MFCI efficiency, which would reduce
the conversion of thermal energy into mechanical energy (i.e.,
fragmentation) and kinetic energy (i.e., dispersal) of the ejecta.
This would result in the eruption of material that was less thor-
oughly fragmented (i.e., coarser) and ejected with lower veloc-
ities, which would promote the rapid accumulation and welding
of hot tephra deposits near the rootless vent.

Overall, the observed tephra succession is consistent with
an explosive MFCI system in which the water-to-melt ratio
gradually decreased with time from a highly efficient state,
during the emplacement of unit 1, to a less efficient state,
during the deposition of unit 4. This pattern is interpreted in
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the context of local depletion of coolant (i.e., groundwater or
wet sediments) in the presence of excess fuel (i.e., molten
lava). However, groundwater recharge may have temporarily
re-primed the MFCI system and enabled renewed cycles of
vigorous explosive activity after periods of repose. Thus,
while groundwater depletion would result in an overall de-
crease in MFCI efficiency with time, each unit is composed
of a series of energetic explosive cycles that could reflect
temporary increases in MFCI efficiency due to groundwater
recharge. However, this process was complicated by the em-
placement of a series of surge deposits that may have been
associated with initiation of new explosion sites near the main
rootless eruption site. These new explosions may have
accessed previously undisrupted pockets of wet sedimentary
material, but the prevalence of juvenile (i.e., basaltic) material
within each of the S layers suggests that they were generated
by MFCI explosions involving an intimate mixture of sub-
strate sediment and lava, rather than being the product of pure
steam (i.e., phreatic) explosions.

This study demonstrates that VRCs are complex structures,
which can be composed of multiple rootless tephra sequences
originating from nearby, but distinct sources. Rootless tephra
deposits can include contributions from fall emplacement, bal-
listic ejecta, and pyroclastic density currents. However, the
bulk of a rootless cone’s stratigraphy is dominated by a rhyth-
mic series of bed pairs, which imply cycles of explosive
activity. Relative to the layers that compose the upper compo-
nent of each bed pair, lower bed pairs are typically finer
grained, more widely dispersed, and include twice as much
lacustrine sediment. This suggests that these layers result from
more intense (i.e., higher efficiency) explosions involving a
larger proportion of wet sediment. However, the prevalence of
lapilli in the lower bed pair layers, and lapilli to bomb-sized
material in the upper bed pairs, implies that very little molten
lava directly participated in highly efficient thermodynamic
interactions that would be analogous to the role of “active”
particles in laboratory MFCI experiments. This means that
heat transfer from only a small proportion of the material
involved in a rootless eruption is actually responsible for sup-
plying the energy needed to drive the explosions. In terms of
morphology, lower bed pairs are the dominant contributor to
the distal sheet facies; the upper bed pairs are the main con-
tributor to the vent-proximal cone facies, and both layer types
contribute to the vent-proximal to medial platform facies.
These observations contribute to an improved understanding
of the hazards associated with rootless eruptions and their
morphological expression in the geologic record by (1) better
documenting the range of eruptive products generated by root-
less eruptions; (2) assessing their similarities and differences
relative to laboratory MFCI experiments; and (3) characteriz-
ing the facies-associated VRCs and their morphologies, which
is important for identifying the products of explosive lava—
water interactions on Earth and other planetary surfaces.
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