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Abstract During eruptions onto low slopes, basaltic Pahoehoe lava can form thin lobes that progres-

sively coalesce and inflate to many times their original thickness, due to a steady injection of magma

beneath brittle and viscoelastic layers of cooled lava that develop sufficient strength to retain the flow.

Inflated lava flows forming tumuli and pressure ridges have been reported in different kinds of environ-

ments, such as at contemporary subaerial Hawaiian-type volcanoes in Hawaii, La R�eunion and Iceland, in

continental environments (states of Oregon, Idaho, Washington), and in the deep sea at Juan de Fuca Ridge,

the Galapagos spreading center, and at the East Pacific Rise (this study). These lava have all undergone infla-

tion processes, yet they display highly contrasting morphologies that correlate with their depositional envi-

ronment, the most striking difference being the presence of water. Lava that have inflated in subaerial

environments display inflation structures with morphologies that significantly differ from subaqueous lava

emplaced in the deep sea, lakes, and rivers. Their height is 2–3 times smaller and their length being 10–15

times shorter. Based on heat diffusion equation, we demonstrate that more efficient cooling of a lava flow

in water leads to the rapid development of thicker (by 25%) cooled layer at the flow surface, which has

greater yield strength to counteract its internal hydrostatic pressure than in subaerial environments, thus

limiting lava breakouts to form new lobes, hence promoting inflation. Buoyancy also increases the ability of

a lava to inflate by 60%. Together, these differences can account for the observed variations in the thickness

and extent of subaerial and subaqueous inflated lava flows.

1. Introduction

Basaltic flows spreading through tube-fed systems form lobes that can progressively coalesce and inflate to

many times their original thickness over periods of weeks or months due to the steady injection of magma

beneath a cooled upper crust. Inflated basaltic lava flows forming remarkably smooth and horizontal fea-

tures such as tumuli and pressure ridges have been reported in different environments, such as subaerial

shield volcanoes in Hawaii, La R�eunion and Iceland [e.g., Walker, 1991; Hon et al., 1994; Self et al., 1996,

1997], in continental environments such as the US states of Oregon, Idaho, and Washington [e.g., Hon and

Kauahikaua, 1991; Chitwood, 1994; Thordarson and Self, 1998], and in the deep sea at the Axial Volcano on

the Juan de Fuca Ridge [Appelgate and Embley, 1992; Chadwick et al., 2013], on the flat seafloor at the sum-

mit of the Galapagos spreading center, 92–95�W [McClinton et al., 2013], and at the summit of the East

Pacific Rise at �16�N (this study). These lava flows have all undergone inflation processes, yet they display

contrasting morphologies that seem to correlate with their depositional environment, the most striking dif-

ference being the presence of water.

At the summit of the East Pacific Rise at �16�N, inflated lava form tumuli, pressure ridges and large pressure

plateaus. Our morphological analysis of these lava flows is based on high-resolution bathymetric data

(1 m3 1 m gridded data) acquired using an Autonomous Underwater Vehicle (AUV) and complemented

with in situ observations by submersible. Their morphology is similar to inflated lava flows emplaced in ter-

restrial, subaqueous settings such as lakes and rivers of the western US, or in Icelandic lakes. Their emplace-

ment dynamics (e.g., eruption rate) is assumed to be similar to subaerial Pahoehoe flows in which inflation

processes have been well documented [e.g., Walker, 1991; Hon et al., 1994; Self et al., 1996, 1997]. However,
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basaltic Pahoehoe lava flows that have inflated in subaerial environments such as Hawaii and La R�eunion

Island, display inflation structures with morphologies that significantly differ from subaqueous lava, with

smaller inflation heights and larger inflation feature length scales.

This study investigates the morphology of inflated lava emplaced in subaerial and subaqueous environ-

ments. In the deep sea, our study is based on high-resolution bathymetry, photos, and videos. In the United

States and Iceland, we utilize high-resolution aerial photographs and digital topographic data (e.g., airborne

lidar). We also investigate the ambient conditions during their emplacement, i.e., evidence subaqueous

eruption. Finally, this study addresses the role of water in lava inflation dynamics, and demonstrates that

the presence of water (either in the deep seafloor or a lake or a river) during lava emplacement is a key fac-

tor controlling the final size and morphology of inflated flows.

2. Lava Flow Inflation Process

At the onset of subaerial eruptions, basaltic Pahoehoe lava initially form thin (10–20 cm) flows, which form

small lobes that progressively coalesce. The single molten unit resulting from this interconnection can swell

to many times its original thickness (i.e., several meters) over periods of weeks or months due to the steady

injection of magma beneath a solid cooled upper crust. As the lava spreads laterally over subhorizontal

ground, the flow advance eventually ceases when its crust develops sufficient ‘‘strength’’ and to counteract

the internal hydraulic pressure [e.g., Macdonald, 1953; Walker, 1991; Hon et al., 1994; Self et al., 1998; Kauahi-

kaua et al., 1998; Hoblitt et al., 2012]. Inflating flows in subaerial environments have been observed to lift

heavy objects such as cars [Hon et al., 1994]. When only few lava tubes remain active, they can inflate and

eventually form a chain of tumuli and pressure ridges. Sustained injection of magma can increase the

hydraulic pressure within the flow front and cause a rupture and new lava breakouts. The surface of inflated

flows is typically subhorizontal. Lava flow inflation commonly occurs in areas with very gentle slopes (<2�)

[e.g., Self et al., 1996, 1997], and requires long-lasting and moderate effusion rates [e.g., Hon et al., 1994;

Chadwick et al., 1999].

Tumuli and pressure ridges a few meters high are diagnostic features of flow inflation [e.g., Walker, 1991;

Chitwood, 1994; Rossi and Gudmundsson, 1996; Duraiswami et al., 2001]. A tumulus is a circular to oval

mound with tilted sides, and that is cut by axial and radial inflation clefts or fractures, caused by the upward

bending of the crust during swelling [Walker, 1991]. A tumulus develops over a clogged part of an active

lava tube with enough internal pressure to raise its roof upward. Elongated tumuli may grade into pressure

ridges elongated in the direction of the feeding lava tube [Walker, 1991]. One or several inflation clefts often

develop along their crests.

Flow inflation can also result in a pressure plateau that displays subhorizontal surface and sides composed

of outward-tilted slabs of crust. Inflation clefts usually develop around its perimeter. A pressure plateau can

reach 1.5 km in length, with a thickness ranging 1 m–21 m [Chitwood, 1994]. Circular or irregularly shaped

depressions bounded by steep sides are often observed within pressure plateaus. These ‘‘plateau pits’’ (or

‘‘lava-rise pits’’) correspond to regions that did not inflate due to preexisting topographic highs or obstacles

that were not covered by the initial, thin lava flow or not sufficiently covered to inflate with the rest of the

lava forming the plateau [Chitwood, 1994].

Although inflated flows often solidify without significant lava drainage [Chitwood, 1994], they can some-

times deflate dramatically due to a breakout that drains the flow before it solidifies. Deflation occurs when

the hydraulic pressure exceeds the strength of the confining crust, typically at the base of the flow. Defla-

tion can also occur when the molten lava drains back into the source vent, the solid crust remaining intact.

Pahoehoe lava is able to inflate due to the development of a viscoelastic layer covered by a brittle crust of

cooled lava [e.g., Hon et al., 1994] that is able to constrain the flow advance while permitting stretching and

local inflation of lava lobes. Eruption temperature of tholeiitic basalts ranges 1140–1200�C [e.g., Sakimoto

and Zuber, 1998; Cashman et al., 1999; Soule et al., 2004; Helo et al., 2013; Garel et al., 2012] and solidus tem-

perature ranges 990–1100�C [e.g., Turcotte and Schubert, 1982; Griffiths and Fink, 1992b; Hon et al., 1994;

Rowland et al., 2003; Wantim et al., 2013]. Radiative cooling leads to the formation of a thin glassy rind at

the flow surface, with the glass transition being estimated at �730�C for basalts [e.g., Ryan and Sammis,

1981; Griffiths and Fink, 1992a]. At the onset of an eruption, the magma behaves essentially as a Newtonian
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fluid [e.g., James et al., 2004]. Cooling of the flow unit forms a brittle crust at the surface when the tempera-

ture drops below 800–900�C [e.g., Ryan and Sammis, 1981; Wright and Okamura, 1977; Hoblitt et al., 2012].

As the cooling front progresses inward, the zone of crystallization thickens, forming a viscoelastic skin

whose yield strength is able to retain the incoming lava. The thickness of the skin depends on the depth of

the �1070�C isotherm [e.g., Hon et al., 1994; James et al., 2004]. The positive correlation between the thick-

ness of this crust and the square root of time during which inflation occurs is described by Hon et al. [1994],

based on direct measurements from the Kupaianaha basaltic lava field, Hawaii.

3. Inflated Flows at the East Pacific Rise

Lava flows at the summit of the East Pacific Rise (EPR) between 15�220N and 16�150N have been mapped

during the 2010 PARISUB cruise using the R/V L’Atalante, the Autonomous Underwater Vehicle (AUV)

AsterX, and the manned submersible Nautile (Ifremer; Figure 1). Near-bottom, high-resolution (1 m 3 1 m
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Figure 1. High-resolution bathymetry acquired by the Autonomous Underwater Vehicle Aster-X (Ifremer) of the summit of the East Pacific

Rise at 16�N, showing inflated lava lobes, inflation plateaus, and pressure ridges. A bathymetric profile across an inflation plateau, �550 m

in diameter and �8 m in height, is shown. It basin-sag surface shape likely reflects flow deflation.
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gridded) bathymetry acquired by the AUV at 2400 m depth is used to map lava flow boundaries and to

quantify their morphological characteristics. Photos and videos acquired during submersible dives are used

to investigate the surface texture of the flows. The 16�N segment, spreading at a rate of 87 mm/yr, is the

shallowest and the widest of the EPR due to enhanced volcanism as result of its interaction with the Mathe-

matician hotspot [e.g., Scheirer and Macdonald, 1993; Cormier et al., 1995; Wang et al., 1996; Carbotte et al.,

2000]. It is characterized by a wide axial plateau, the low slopes of which constitute an ideal place for flow

inflation.

At the summit of the EPR, lava tumuli, inflated plateaus, and tube-fed pressure ridges are present on the 6–

10 km wide flat surface of the axial plateau that surrounds the axial volcanic ridge (Figures 1 and 2). Inflation

plateaus display lobate edges, and photos and videos indicate a smooth surface texture (Figure 3). They are

primarily composed of jumbled and lineated sheet flows with occurrences of pillow flows at their margin

and at their base. Inflation plateaus are 5–15 m high, and their surface areas 0.2–1.5 km2. Their surface is

either planar or depressed (Figure 1). Depressions likely reflect a decrease in hydrostatic pressure within the

lava core lava during eruption due to lava draining into the eruptive fissure or due to a breakout at the flow

margin to emplace a further lobe. A series of clefts, up to several meters in depth (Figures 2 and 3), parallel

the sinuous edges of the plateaus and separate their horizontal surface from their inclined flanks (15–45�)

that are composed of strongly outward-tilted planar slabs of lava (Figure 3). The depth of the inflation cleft

is likely underestimated due to the insufficient resolution of bathymetry data. Lava-rise pits, up to 70 m in

diameter, and 8 m deep, are observed within inflation plateaus. Tumuli reach 8 m in height. They are char-

acterized by steep flanks (up to 65�) and an exceptionally smooth surface texture (Figure 3). Sinuous pres-

sure ridges, 30–120 m wide, up to 1 km long and to 15 m high, some of which display longitudinal medial

inflation clefts, reflect the existence of lava tubes [e.g., Fornari, 1986; Appelgate and Embley, 1992].

The shape of inflated structures, their surface texture and the fact that they overlie a subhorizontal floor

(always <2�), suggest that they were emplaced as subhorizontal sheets of lava that swelled due to a sus-

tained magma injection beneath cooled crust formed at the surface of the flow. The basin-sag shape of
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Figure 2. A 2-D view and cross section of a pressure ridge and inflated lava flow lobes at the summit of the East Pacific Rise (16�N), show-

ing the several meters—wide and deep axial crack (or inflation cleft).
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plateaus is likely due to episodes of deflation related to the extrusion of new lobes at margin breakouts.

Such lobes display pillow lava at their margins. Some tumuli and inflated lobes remain isolated, not appa-

rently connected with any other inflated flow lobes (Figure 1), and confirming the existence of a complex

tube system within the flow, connected to the eruption source [Walker, 1991].

Similar submarine inflated lava have been observed based on side-scan sonar at Axial Volcano on the Juan

de Fuca Ridge [Appelgate and Embley, 1992; Chadwick et al., 2013]. Authors observe inflated lobes of several

hundred meters in diameter, and 75–100 m wide and 650 m long pressure ridges. They also observe 3–7 m

wide planar slabs of lava at the flow margins, sloping down from the top of the flow at angles ranging 45–

90�. When observed, inflation clefts 0.5–1 m deep separate the upper surface of the flow from their tilted

flanks. Inflated flows with morphological characteristics that seem to be similar to that of the East Pacific

Rise and Juan de Fuca Ridge are also observed on a flat seafloor at the summit of the Galapagos spreading

center, 92–95�W [McClinton et al., 2013].

4. Subaerial Inflated Pahoehoe Flows (Hawaii and La R�eunion Islands)

On Hawaii’s Kilauea volcano, inflated Pahoehoe flows emplaced on subhorizontal surfaces have been well

documented [e.g., Hon et al., 1994]. They form smooth flat-topped flows with margins displaying tilted

outward-dipping lava slabs and vertical fissures. During the eruption of Mauna Ulu on Hawaii (1969–1974),

a Pahoehoe flow swelling to about 4 m was observed [Holcomb, 1981]. Hon et al. [1994] monitored flow

inflation during several eruptions at Kilauea. They observed the coalescence and inflation of originally 10–

50 cm thick Pahoehoe lobes to 1.5 m (for the flow emplaced in January 1988) and 4 m (for the April 1990

flow) over periods of 50–120 h, respectively. The April 1990 flow reached 65% of its maximum thickness

during an initial 10 h period. Although most of the inflation occurs during the first hours of eruption, flows

can continue to inflate at a much slower rate over several years, until it eventually freezes [Hon et al., 1994].

Inflated lava flow features are also observed on La R�eunion Island, France. A large (11 km2) transitional oli-

vine basalt Pahoehoe flow field emplaced between the 1750s and the 1790s, on a relatively flat area on the

northwestern part of the cone of Piton de la Fournaise, in ‘‘L’enclos Fouqu�e’’ [L�enat et al., 2001] (Figure 4).

Pahoehoe lava texture is generally smooth to ropy. Tumuli up to few meters high and up to �20 m in

Figure 3. Photo of inflated features at the summit of the East Pacific Rise, 16�N, taken by the manned submersible Nautile (Ifremer) during the Parisub cruise onboard the R/V L’Atalante

in 2010. (a) Inflation clefts at the summit of a tumulus (15�4202300N/105�2505900W); (b) steep (slope> 60�) smooth flank of a tumulus (15�4304300N/105�2601700N); and (c) surface of an

inflated lobe (15�4200700N/105�2505400N).
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length are observed. The largest pressure ridges reach �150 m in length and 30 m in width. Field observa-

tions reveal that these tumuli and pressure ridges are a few meters high (but often less than 4 m) and gen-

erally less than 15 m in length (Figure 4). No inflation plateaus are observed.

5. Inflated Flows Emplaced in Subaqueous Environments

Flows emplaced subaqueously (e.g., in rivers and lakes) but now emerged, display inflation structures such

as tumuli, inflation plateaus and pressure ridges and are exposed in many places around the world, e.g.,

Washington (ex. Columbia River Basalts), Idaho (ex. Hells Half Acres, Cerro Grande, Craters of the Moon,

Wapi flows), Oregon (ex. Badlands, Potholes, Devils Garden, Diamond Craters, Deschute River, Owyhee River,

Jordan Crater flows), New Mexico (ex. Cibola, Zuni-Bandera flows), and also in Scotland (ex. Port Haunn,

northwest Mull) and Iceland (ex. Lake Mytvan, Budahraun flows in Snaefellness). For example, an Early Terti-

ary (62–58 Ma) [Pearson et al., 1996], 16–30 m thick inflated lava flow at Port Haunn (northwest Mull, Scot-

land), was emplaced in a gentle topographic depression, the base of the flow is presently still below the sea

level in some places [Kent et al., 1998]. Field studies find evidence for lava tubes, lobes, and vesicle distribu-

tions characteristic of inflated flows. Hyaloclastiste at the base of the flow indicates that the flow was

emplaced under water [Lyle, 2000]. This flow unit far exceeds the thickness of subaerial inflated Pahoehoe

flows, a trait common to subaqueous and submarine inflated flows.

We investigate the morphology of several of these presently emerged inflated flows originally emplaced

underwater, looking specifically at their morphology and depositional environment. Based on high-

resolution aerial photographs and Lidar (Light Detection and Ranging) topographic data, the morphology

of these flows is much more similar to lava flows emplaced at the East Pacific Rise than with subaerial

inflated Pahoehoe flows observed in Hawaii and La R�eunion Island. Based of previous studies, there is abun-

dant evidence for lava-water interaction during flow emplacement such as coeval phreatomagmatic erup-

tions, or fluvial and lacustrine deposits interbedded with basalt flows, for example.

In order to analyze the morphology of the lava flows that are located in United States, we used the Digital

Elevation Model (DEM) based on Lidar data from the National Elevation Dataset (NED) of USGS (United

States Geological Survey), with a resolution of 1/9 arc-second (about 3 m) (http://lidar.cr.usgs.gov/). In addi-

tion, we use high-resolution orthorectified images that combine the image characteristics of an aerial pho-

tograph with the geometric qualities of a map (pixel resolution of 1 m or finer). These images are delivered

Figure 4. Inflated Pahoehoe lava in the ‘‘Enclos Fouqu�e,’’ Piton de la Fournaise, La R�eunion Island (France) (2011). Author: A. Deschamps.
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by USGS (https://lta.cr.usgs.gov/). We used the Fledermaus software package to drape the ortho-images on

DEMs and to explore the geometry of inflated structures.

5.1. Miocene Inflated Lava of the Columbia River Igneous Province, United States

The 16.5–6 Ma Columbia River Basalts (CRB) cover an area of 200,000 km2 in Washington, Oregon, and Idaho

[e.g., Self et al., 1996; Hooper, 1982, 2000]. CRB flows are dominantly Pahoehoe-like sheet lava with thick-

nesses ranging 15–50 m and volumes ranging 100–1000 km3. They were emplaced on gentle slopes

(<0.1%) [e.g., Swanson et al., 1975; Tolan et al., 1989; Self et al., 1996]. Most of the CRB lava underwent infla-

tion by continuous injection of basalt into slowly moving lava lobes [Self et al., 1996, 1997] as shown by the

presence of tumuli, inflation clefts, lava-rise pits [e.g., Hon and Kauahikaua, 1991; Self et al., 1991, 1996; Thor-

darson and Self, 1996; Cashman and Kauahikaua, 1997]. Pillow lava are commonly observed at the base of

the flows [e.g., Schmincke, 1967; Walker, 1992] attesting for their emplacement into water [Jones, 1968].

Based on the cooling model of Hon et al. [1994] for Hawaiian inflated sheet flows, Self et al. [1996] calculated

that 2.7 years are required to form the �12 m thick surface crust in a typical 30 m thick CBR flow.

5.2. Inflated Flows in the Quaternary Lava Fields of Central and Southeast Oregon

Inflated basaltic lava flows are observed in Oregon in the Quaternary lava fields of the badlands [Bergquist

et al., 1990], Devils Garden [Keith et al., 1988; Chitwood, 1990], Diamond Craters [Peterson and Groh, 1964;

Brown, 1980], Jordan Craters [Calzia et al., 1988], and Potholes [Jensen, 2006]. These inflated flows formed

when fluid basaltic lava spread out as thin layers (20–30 cm) onto subhorizontal terrain (slope <1�), devel-

oping tube-fed systems, and swelling 1.5–19 m (Table 1) [Chitwood, 1994]. In this paper, we present the

examples of Jordan and Diamond Craters volcanic landforms.

5.2.1. The Jordan Crater Lava Flow near the Cow Lakes, Southeast Oregon

The Jordan Craters lava flow is the youngest of a large Quaternary olivine basalt field in Southeast Oregon.

It is located at 43.1�N/117.4�W on the Owyhee-Oregon Plateau, in the vicinity of the Owyhee River. This 75

km2 (>1.5 km3) Pahoehoe flow was emplaced �3200 years ago near Cow lake. It erupted from several

source vents, the main vent being the Coffeepot Crater (Figure 5). The flow displays ropey and shelly surfa-

ces, lava tubes, pressure ridges, and lava-rise pits. Pyroclastic activity occurred during lava emplacement as

shown by the presence of cinder cones [Otto and Hutchison, 1977; Hart and Mertzman, 1983.

The lava flowed southeast from the Coffee Pot Crater, creating a natural dam at the origin of two lakes (the

Upper and Lower Cow lakes) at the southern end of the lava field. Lava was emplaced in two stages: initial

strombolian eruptions produced tephra and spatter cones and was followed by voluminous outflows of

lava creating a lava pond, with limited phreatomagmatic activity. These flows show excellent examples of

inflated lava structures emplaced in a subaqueous environment.

DEM and orthoimages (Figures 5 and 6) reveal inflation plateaus with diameters of 100–700 m and heights

of 2–10 m. Their upper surface is subhorizontal, always sloping less that 0.15�. Sinuous pressure ridges, 30–

100 m wide, 1–11 m in height, and up to �800 m in length are observed.

5.2.2. The Diamond Crater Lava Flow Field, Southeastern Oregon

The Diamond craters volcanic field is located 43.1�N/118.7�W, in Harney County (Southeastern Oregon), on

the Oregon Plateau southeast of the Jordan Craters volcanic system, within the Malheur lake drainage basin.

Eruptions took place �7300–7800 years ago, with eruptive activity lasting at least 10–20 years, producing

�1.6 km3 of lava covering an area of �70 km2 [e.g., Russell and Nicholls, 1987; Sherrod et al., 2012]. Olivine

tholeiite basalts emitted from a fissure system [e.g., Hart et al., 1984] producing Pahoehoe lava flows with

Table 1. Main Characteristics of the Basaltic Quaternary Lava Fields of Central and Southeast Oregon, after Chitwood [1994]a

Flow Name Badlands Devils Garden Potholes Jordan Craters Diamond Craters

Emplacement slope (�) 0.8 0.6 0.5 0.9 0.5

Flow extent (km2) 75 86 65 65 67

Volume (km3) 1.4 1.2 0.96 1.0 1.0

Thickness (m) 19 15 15 15 15

Age (years) 300,000 20,000 50,000 3200 17,000

aLava flows discussed in the text are indicated in bold.
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smooth, wrinkled, or ropy surfaces. Numerous tumuli and lava tubes are visible within the lava field. Phrea-

tomagmatic and strombolian activities produced explosion craters, lapilli, scoria cones, and maars (Figure 7)

[Wood and Kienle, 1992].

The Diamond Crater lava field is underlain by floodplain (alluvial) silts, approximately 7790 years old. In

the Pleistocene, the water level in the Malheur Lake was elevated, overtopping the basin’s eastern thresh-

old several times and spilling into the Malheur River, a tributary of the Columbia-Snake river system

[Dugas, 1998]. During eruptions, the lava flows modified the drainage system of rivers [Sherrod et al.,

2012].

Within the Pahoehoe lava field, sinuous pressure ridges, 30–140 m wide, and up to 1900 m in length are

observed. Inflation plateaus are 150–1200 m in diameter and 2–11 m in height (Figures 7 and 8). Their

upper surface is subhorizontal, sloping by less that �0.1�.

5.3. Lava Flows of the Owyhee River, Malheur County, Oregon

The Owyhee River is located in Southeast Oregon, draining Nevada, Idaho and the Southeastern Oregon,

flowing northward into the Snake River. Over the last 2 million years, the river canyon has been dammed by

at least six Pahoehoe lava flows composed of numerous piled up lobes [Self et al., 1998; Walker, 1971]. Each

flow temporarily blocked the Owyhee River forming lakes before being subsequently incised by the river

[e.g., Orem, 2010; Ely et al., 2012]. The three best-preserved lava dams and associated lakes are the West Cra-

ter (�70 ka), the Saddle Butte 2 (�144 ka), and the Bogus Rim lava flows (�1.9 Ma) [Bondre, 2006; Bondre

et al., 2004; Brossy, 2007; Orem, 2010; Ely et al., 2012].

The West Crater lava flow was erupted from the West Crater vent located at 43�N/117�320W, on the Bogus

Bench. The flow followed Bogus Creek to the Owyhee River Canyon, filling the canyon to depths up to 25 m

over distances of at least 12 km [Bondre, 2006; Bondre et al., 2004; Brossy, 2007; Ely et al., 2012]. The dam per-

sisted for at least 25 kyr before incision by the river began. Stratigraphic studies of the lava flow [Evans,

1991; Ely et al., 2012] confirm that lava advanced into water, resulting in fluvial and lacustrine sediment sec-

tions intercalated with lava lobes, and alternating beds of pillow lava and shattered volcanic glass (hyalo-

clastite). Within the lava dam, several rising passage zones mark the transition between subaerial and

subaqueous portions of the lava flow, and constrain the water surface elevation into which the lava flowed

[Jones and Nelson, 1970]. These indicate that the water level rose during the formation of the lava dam but

did not exceed the lava emplacement rate [Ely et al., 2012].
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Figure 5. (a) A 3-D view of the topography of the Jordan Crater lava field, southeast Oregon. The map is derived from a 10 m light detection and ranging (LiDAR) digital elevation model.

The location of the main source vent, the Coffee Pot Crater is indicated. Lava flowed to the southeast, creating a natural dam in the drainage system, resulting in the formation of the

Upper and Lower Cow lakes (positions indicated in white). Data source: National Elevation Dataset of United States Geological Survey. The location of the topographic cross section

shown on Figure 6 is indicated in red.
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The Owhyee River lava field display tumuli and other inflated structures [Orem, 2010, 2011] (Figure 9). Infla-

tion plateaus range from 140 to 550 m in diameter, and 2 to 8 m in height, with subhorizontal upper surfa-

ces. Sinuous pressure ridges 30–150 m wide, up to 1100 m long, and 1 and 11 m high meander through the

lava field.

5.4. Quaternary Basaltic Magmatism in the Eastern Snake River Plain, Idaho

The Eastern Snake River Plain (ESRP) is a 600 km long and 100 km wide volcanic corridor characterized by

basaltic dikes and lava, and phreatomagmatic eruptions related to proximal rivers and lakes. The main Qua-

ternary (Pleistocene to Holocene) basaltic fields are the Hell’s Half Acre, Craters of the moon, Wapi, Cerro

Grande, and Menan Buttes lava fields [Hughes et al., 1999]. The Snake River was progressively shifted south-

ward by successive ESRP lava flows. Lava fields are composed mainly of olivine tholeiites emplaced as chan-

nels or tube-fed Pahoehoe flows, 5–25 m thick [e.g., Leeman, 1982; Greeley, 1982].

The Hell’s Half Acre lava field covers an area of �400 km2 Southwest of Idaho Falls. Pahoehoe flows were

emplaced 4100–2000 years ago from a 3 km long, NW-SE trending vent system at the Northwestern part of

the field during a eruptive episode lasting a few days to few years [Kuntz et al., 1982, 1992]. Lacustrine,

playa, and fluvial sediment lenses and eolian soil blankets are intercalated between the individual flows.

The lava field displays channels, tubes, inflated lobes, tumuli, pressure ridges, and lava-rise pits [Hughes

et al., 1999]. Hughes et al. [1999] note that many lava flow features are similar to inflated sheet flows in

Hawaii, having relatively low viscosities and emplaced as coalescing and inflating lobes, but that they expe-

rienced inflation at a much larger scale than is typical of Hawaiian Pahoehoe lavas. Flow fronts are several

meters thick, and Pahoehoe toes are several tens of meters wide (Figures 10 and 11). Lobes are 5–8 m high,
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posed on the Digital Elevation Model. Data source: National Elevation Dataset (NED) of United States Geological Survey; (b) 3-D view of inflated features at the summit of the East Pacific
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and up to 100 m wide. Inflation clefts at the peripheries of the lobes are 3–5 m deep. Some flows display a

basin-like sag shape due to deflation as magma broke out from an expanding lobe [Hughes et al., 1999].

5.5. Inflated Subaqueous Basaltic Flows of Iceland

To analyze Icelandic lava flows, this study used photographs from the National Land Survey of Iceland,

IS50V database (http://atlas.lmi.is/kortasja/) that gathers GPS road surveying, aerial photographs, and SPOT-

5 satellite images, and aerial photographs of Loftmyndir ehf’s database (http://www.loftmyndir.is/), which

recently unveiled a model of the whole country that is accurate down to the nearest 2 m (resolution up to

1:2000). No DEMs with sufficient resolution are available over the regions of interest so flow unit analysis is

based only these images.

Inflated Pahoehoe flows displaying large inflation structures such as plateaus of several hundred meters in

diameter are also observed in Iceland. These flows emplaced in subaqueous environments, such as lakes,

river beds, or below the sea level but they are presently subaerial. Here we show two examples of such

inflated subaqueous flows in Iceland:

5.5.1. Eld�a Lava Flow, Northern Shore of the Mytvan Lake

The Myvatn lake, �4.2 m deep and covering an area of �37 km2, is located in Northeast Iceland, Southwest

of Krafla Volcano. The lake has been shaped by the 2500 year old ‘‘younger Laxarhraun’’ lava flow from Mt.

Hverfjall. When the lava flowed into lakes and wetlands, steam explosions formed the pseudocraters and

rootless cones and the small islands of Myvatn lake, which covered a much larger area than today [Einars-

son, 1982; Greeley and Fagents, 2001; Mattsson and H€oskuldsson, 2011]. Over the last 250 years, Krafla has

been the source of two major volcanotectonic episodes: the 1724–1729 Myvatn Fires and the 1975–1984

Krafla Fires. The Myvatn Fires included a series of four small (<0.2 km3) effusive eruptions [e.g., Einarsson,

1991; Sæmundsson, 1991] during which rapid water level fluctuations occurred in the Myvatn Lake. The

northern part of the lake dried up in 1724 for 9 months, so much so that trout catches dramatically failed

[e.g., Thorarinsson, 1979; Olafsson, 1979; Einarsson et al., 2004]. The younged Myvatn lava (1729) flowed

along the Eld�a riverbed (herein called the ‘‘Eld�a lava flow’’) into the northern part of the lake, now
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Figure 11. (a) A 3-D view of the topography of the Hell’s Half Acre lava field, Idaho, with surimposed semitransparent aerial photographs.
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section across an inflation plateau. Data source: National Elevation Dataset (NED) of USGS.
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constituting 2.4 km of the shoreline on its Northern border. Historical reports indicate that the lake water

reached high temperatures during this eruption, but do not indicate the length of time before the lake

returned to normal [Olafsson, 1979]. The Eld�a lava flow consists of smooth inflated lava. The maximum

height for this inflated facies is �18 m, which corresponds to lacustrine terraces and the altitude of the lake

paleo-outlet on aerial photos. Inflation plateaus are up to 350 m in diameter, and pressure ridge are up to

250 m long (Figure 12).

5.5.2. Brunahraun Lava Flow, Laki Eruptive System

The Laki system, SouthEast Iceland, was active for 8 months in 1783–1784 AD, erupting �15 km3 of tho-

leiitic basalts from a 27 km long fissure. Lava flowed down the Skaft�a and the Hverfisflj�ot riverbeds, forming

a �600 km2 lava field [Guilbaud et al., 2007]. It impeded the drainage from the Vatna ice sheet, inducing

temporary lakes within two valleys and local pseudocrater fields (close to Lakigirar and Vatnaj€okull). It finally

spread onto a coastal plain [Gr€onvold, 1984; Sigmarsson et al., 1991; Thordarson and Self, 1993; Thordarson

et al., 1996; Thordarson and Hoskuldsson, 2002]. In June 1783, �130 scoria cones related to phreatomag-

matic explosions formed due to the groundwater interacting with the rising lava. The lava flow blocked the

Skafta River, filling the gorge (up to 100 m deep) [Steingr�ımsson, 1998]. Over a few days the eruptions

became less explosive, Strombolian, and later Hawaiian in character. According to Self et al. [1998], pulses of

inflation and drain out causing new lobes, occurred during at least a few tens of days.

Aerial photographs of inflated Pahoehoe flows in the Hverfisflj�ot river gorge, �300 m to the North-

NorthEast the Eyjalon lake (Figures 13 and 14), reveal plateaus several hundred meters in diameter (�700 m

at maximum), with a smooth to platy-ridged upper surface [Keszthelyi et al., 2004]. Lava-rise pits, 3–15 m in

diameter, and deep inflation clefts are observed at the surface and at the flow margins. Figures 13 and 14

indicate how the morphology of these flows is similar to the inflated flows in the deep sea, at the summit of

the East Pacific Rise.

In conclusion, the morphology of inflation features such as tumuli, pressure ridges, and inflation plateaus of

the submarine basaltic lava flows at the East Pacific Rise, and subaqueous lava flows in the Western US and

Iceland, indicates that these flows experienced inflationary emplacements at a much larger scale than

Pahoehoe flows in subaerial environments such as Hawaii and La R�eunion Island. The geometry and size of

Figure 12. (a) Aerial photograph of the Eld�a lava flow emplaced during the Krafla fires in 1724–1729 on the northern shore of the Mytvan

Lake, Iceland. Inflation plateaus up to 350 m in diameter, and pressure ridges up to 250 m long are visible. Data source: Loftmyndir ehf’s

database. (b) Pressure ridge with inflation cleft and tilted flanks. Source: Deschamps [2013].
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inflated features emplaced in either lakes, rivers, or deep sea are similar: tumuli have lengths up to 55 m

and heights up to 10 m, pressure ridges reach 2 km in length and their height exceeds 11 m. Inflation pla-

teaus have diameters up to 1.2 km and heights up to 15 m. In contrast, lava inflation in subaerial environ-

ments form features that are typically less than few meters in height, and few hundred meters in length

(most often few tens meters; Figure 15). In both subaerial and subaqueous environments, units emplaced

on horizontal terrain (slope <2�, most often <1�), during a long-lived eruption, inflate due to the develop-

ment of viscoelastic and brittle layers at the flow surface that counteract the internal hydraulic pressure and
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Figure 13. (a) Aerial photograph of the Brunahraun inflated lava flow field, �300 m NNE the Eyjalon lake. The lava have been emitted

from the Laki vent system, and flowed the Hverfisflj�ot river bed. Inflation plateaus reach �700 m in diameter. (b) Inflated lava flows at the

summit of the East Pacific Rise, 16�N, at the same scale. Data source: high-resolution (1 m cells) bathymetry acquired by the Autonomous

Underwater Vehicle Aster-X (Ifremer).
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Figure 14. (a) Aerial photograph of the Brunahraun inflated lava flow field. The lava have been emitted from the Laki vent system, and

flowed the Hverfisflj�ot river bed. Inflation plateaus reach �800 m in diameter. (b)A 2-D view of inflated lava flows at the summit of the East

Pacific Rise, 16�N, at the same scale.
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whose tensile strength is able to

retain the incoming lava. Even if

this primary mechanism is similar

in both types of environments,

one or several key parameters

influencing lava emplacement

dynamics necessarily differ. In

the section 6, we investigate the

role of water during eruption in

lava flow shaping.

6. The Role of Water in

Lava Dynamics

The eruption temperature and

the rate of heat loss from the sur-

face control the formation and

the thickening of this cooled

layer, and together with the

extrusion rate and the melt vis-

cosity, the flow advance and

morphology [Griffiths and Fink, 1992b]. As lava initial temperature and composition are fairly identical for all

the lava flows addressed in this study, i.e., olivine tholeiites, the most obvious difference that appears here

is the emplacement of lava in a subaerial or a subaqueous environment. We compare the theoretical heat

loss of a lava flow erupting in subaerial and subaqueous environments. Cooling controls the thickness of

the upper brittle and viscoelastic layers, and thus likely partly controls the lava inflation process. A more effi-

cient lava cooling in ‘‘wet’’ environments may result in the development of a thicker (hence stronger) upper

cooled layer, which resists continued movement of the flow, whereas a thinner layer developing in aerial

environment may favor lobe breakouts since internal pressure more rapidly exceeds its tensile strength.

The ability of a lava flow to inflate depends on the tensile strength of the viscoelastic and brittle upper

layers at the flow surface [e.g., Hon et al., 1994]. Below, we compare the development of these layers in air

and water with a simple model of cooling in one dimension, by computing the deepening of the 1070�C

and 800�C isotherms that define the bases of the viscoelastic and brittle layers, respectively.

6.1. Heat Loss of Lava Cooling in Air and Water

In air, the heat transfer from the lava into atmosphere occurs mostly through radiative cooling, which far

exceeds the heat loss by other mechanisms, especially at high temperatures [Dragoni, 1989; Keszthelyi and

Denlinger, 1996; Harris and Rowland, 2001; Patrick et al., 2004]. The radiative heat transfer can be expressed

using the Stefan-Boltzmann equation:

Qr5reðT4l 2T4ambÞ (1)

where Qr is radiative heat flux, r is Stefan-Boltzmann constant (5.6703 1028 Wm22 K24), and e is emissivity

of the lava surface (generally 0.90 for basalt) [e.g., Kahle et al., 1988; Crisp and Baloga, 1990; Salisbury and

D’Aria, 1994], Tl is the temperature of the surface of the flow, and Tamb is the ambient air temperature [Kreith

et al., 1993]. Based on this equation (1), the radiative heat loss of a basalt flow initially erupted at �1140�C

ranges from 2.3 3 103 to 1.4 3 105 Wm22 for a surface temperature ranging from 200 to 1000�C.

Convective heat transfer in a fluid (air or water here) occurs when temperature gradients are sufficient to

generate fluid motion. Convective heat loss can be described by Newton’s law of cooling:

Qc5hcðTl– TambÞ (2)

where Qc is the convective heat flux, Tl is the temperature of the lava surface, Tamb is the ambient (air or

water) temperature, and hc is the heat transfer coefficient, which describes the convective vigor. A low fluid
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viscosity (g) or a high thermal gradi-

ent between the lava and the ambi-

ent fluid result in fast convective

motions (high hc) and a very efficient

heat transfer. Here we relate this coef-

ficient hc to the thickness d of the

thermal boundary layer (TBL) at the

base of the fluid: heat transfer

through this thin TBL is purely con-

ductive [e.g., Howard, 1964], so that:

hc5k=d (3)

where k is thermal conductivity of the

lava. The thickness of the boundary

layer (d) depends on the temperature

change across the TBL (DT5 Tl 2

Tamb) and on the viscosity g of the

ambient fluid (either air or water),

which itself depends on the average

temperature ð�T Þ within the TBL. A boundary layer analysis [e.g., Howard, 1964] to express d as a function of

the temperature change and viscosity, combined with equation (3), yields:

hc5 hcref ðDT=DTref Þ
b

ðgref=gÞ
b

(4)

where the subscript ref is for a reference value of the temperature Tref at the surface of the lava, and where

the exponent b s in the range 0.25–0.33. We choose beta5 0.33 as it is the value predicted by a boundary

layer analysis [e.g., Howard, 1964]. Hereafter, the depths of isotherms change by less than 0.5% when vary-

ing beta between 0.25 and 0.33.

The differences between convective heat transfer in air and in water are the following: (1) hcref is larger in

water than in air for the same temperature Tref [e.g., Patrick et al., 2004] and (2) the dependence of the vis-

cosity on temperature in air and water shows a divergent trend: in air, the viscosity increases with tempera-

ture, due to higher thermal agitation, while in liquid such as water the viscosity decreases with

temperature. In air, viscosity can be expressed by the Sutherland’s law [Sutherland, 1893]:

g=gref 5ð�T =�T ref Þ
3=2ð�T ref1TairÞ=ð �T1 TairÞ (5)

where Tair is the Sutherland temperature constant for air (Tair 5 110.54 K) and �T denotes the average value

of the temperature within the thermal boundary layer, taken as �T 5 Tl1 Tambð Þ=2.

In water, an Arrhenius law is used:

g=gref5expðE=Rð1=�T 21=�T ref ÞÞ (6)

Symbol definitions and their values are given in Table 2.

The calculated values of hc obtained using Tref 5 400�C, combining equations (4–6), are shown in Figure 16.

In air, hc is less dependent on the lava temperature than in the case of water, due to the increased viscosity

of air at high temperatures which limits heat transfer efficiency. In water, hc increases fairly linearly with the

surface (and hence the lava) temperature.

It should be noted that we consider only free (or natural) convection that typically occurs in still conditions,

when the relative velocity between the lava and the overlying fluid is close to zero (i.e., no wind in air nor

current in water) [Holman, 1992]. Forced convection occurs when the relative velocity between the surface

Table 2. Parameters Used for Heat Loss Calculation Based on the Equation of

Heat Diffusion

Parameter Value

Lava flow thickness 10 m

Lava emission temperature 1140�C

Lava thermal conductivity in air (k) 1.5 W m21 K21

Lava thermal conductivity in water (k) 2.5 W m21 K21

Glass thermal conductivity (k) 1.25 W m21 K21

Lava heat capacity 1100 J kg21 K21

Lava density 2500 kg m23

Ambient temperature (in air and water) 278 K, 5�C

Emissivity in air 0.9

Emissivity in water 0

Reference temperature (Tref) 673 K, 400�C

Reference heat transfer coefficient

range in air (hcref)

5–15 W m22 K21

Reference heat transfer coefficient

range in water (hcref)

100–1000 W m22 K21

Thickness of the glassy rind in air 2 mm

Thickness of the glassy rind in water 2 cm

Water energy activation (E) 14.5 kJ mol21

Gas constant (R) 8.314 J mol21 K21

Sutherland’s law temperature constant (Tair) 110.54 K
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of the flow and the ambient fluid is significant (i.e., wind speed above 5 m s21, for example [Harris and Row-

land, 2001]). In air, forced convection is negligible compared to the free convective flux during the early

stage of lava cooling [e.g., Head and Wilson, 1986; Griffiths and Fink, 1992b]. In water, a calculated example

for the �4000 m deep North Arch lava flows (Hawaii), finds the forced convective heat transfer coefficient is

lower by an order of magnitude compared to the free convective transfer coefficient, for surface tempera-

ture ranging 0˚–600�C of basalts emplaced in 0�C waters [Morris et al., 2002; Morris, 2003]. We thus ignore

the heat loss by forced convection in this study.

We solve the heat diffusion equation in one dimension considering a 10 m thick lava layer, with a fixed tem-

perature at the base of the layer (Tb5 1140�C) and an imposed heat flux at the surface given by the sum

Qr1Qc, where both Qr (equation (1)) and Qc (equation (2)) depend on the evolving temperature Tl at the

surface of the lava. Computations start with a uniform initial temperature of 1140�C across the lava layer.

We consider the first 5 days (120 h) of lava cooling and under this condition, only the upper 2–3 m at most

of the layer are affected by cooling, the remainder of the flow maintains a uniform temperature of 1140�C.

Results are thus not affected by our chosen thickness for the lava layer.

Figure 17 shows the total heat flux in air and water for different values of hc. It indicates that for a given

surface reference temperature (e.g., 400�C), variations in hc value do not significantly influence the total

heat flux. In air, variations in hc value influence the respective contributions of the radiative and convec-

tive flux: radiative flux largely dominates the convective flux when hc value is below 5 W m22 K21, for

example, especially during the first days of cooling. In water, when above 100 W m22 K21, the hc value

does not influence the total heat loss, which is instead controlled by the rate of cooling of the lava as

shown by equation (2). The heat loss of the lava flow emplaced in water (�3.1032105 W m22) exceeds

Figure 16. Heat transfer coefficient (hc), as a function of the lava surface temperature Tl, calculated using equation (4), combined with

equation (5) in air (Sutherland’s law for the dependence of air viscosity on temperature) and with equation (6) in water (Arrhenius-type law

for the dependence of water viscosity on temperature).
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the heat loss from a similar lava

flow in air (�6.1022104 W m22),

implying more efficient cooling

in water (Figure 17).

The method described above

(equations ((1–6))) to constrain

the upper thermal boundary con-

dition of the cooling layer yields

results that are consistent with

previous studies. Patrick et al.

[2004] computed values of hc in

air ranging from 3 to 10 W m22

K21 for lava surface temperatures

ranging from 20 to 1200�C,

whereas we obtain hc between 5

and 15 W m22 K21 [cf. Patrick

et al., 2004] (Figure 4). In addition,

we computed that the surface

temperature of a lava emitted at

a temperature of 1140�C drops

to 150�C within 2 days if hc value

is 10 W m22 K21 in air. This

agrees with the field measure-

ments of Hon et al. [1994] in the

Makaopuhi inflated lava, Hawaii, whose surface temperature dropped from �1180�C to �180�C over 24 h

(and remained constant for at least the next 12 days).

In water, previous studies used hc values ranging 1300–3500 W m22 K21 [Morris et al., 2002; Morris, 2003]. In

the following, we calculate the deepening of the isotherms of a lava flow cooling in water using hcref values

ranging 100–1000 W m22 K21 at Tref 5 400�C, since heat loss does not depend on the chose value of hcref,

provided that it exceeds �100 W m22 K21 (Figure 17).

6.2. Isotherms Deepening in a Lava Flow Cooling in Air and Water

Figure 18 illustrates the importance of the lava thermal conductivity on the time-dependent depth of the

cooling front. For volcanic rocks, porosity is a main controlling factor on thermal conductivity [e.g., Horai,

1991; Clauser and Huenges, 1995]. A high porosity leads to lower conductivity due to the low-conductivity

fluid filling the vesicles, which can be either air or water. Hence, conductivity of Hawaiian basalts ranges

from 0.1 to 2.5 W m21 K21, with low-porosity basalts whose pores are filled with air and water at 1.5 and

2.5, respectively [e.g., Horai, 1991; Clauser and Huenges, 1995].

Another parameter to consider in lava cooling is the formation of a thin glassy crust at the flow surface that

can insulate the lava flow due to its low thermal conductivity. This is especially so in water, due to the

greater thickness of the glassy layer than in air [e.g., Fink and Griffiths, 1990]. Theoretical models shows that

the surface of an erupting lava will reach its solidus in �1023 s. Assuming a glass transition temperature of

�730�C [e.g., Ryan and Sammis, 1981; Griffiths and Fink, 1992a], a 1 mm thick glassy crust will grow in only

0.2–0.7 s in water [Griffiths and Fink, 1992b; Gregg and Fornari, 1998] and in 10–12 min in air [Hon et al.,

1994; Keszthelyi and Denlinger, 1996]. Videos of subaerially erupted lava on Kilauea volcano that flowed into

the ocean [Tepley and Moore, 1974] as well as observation of mid-ocean ridge basalts covered with a glassy

rind �1–5 cm thick confirm such a chilling of the lava upper surface [e.g., Gregg and Chadwick, 1996]. How-

ever, Figure 19 shows that the effect of a 2 mm–5 cm thick glassy rind, whose thermal conductivity is set at

1.25 W m21 K21 [e.g., Horai, 1991] on the lava cooling is relatively limited, with only few centimeters of dif-

ference in isotherms depth after 120 h of cooling. Yet, in the following, the calculation takes into account

the presence of a glassy rind 2 mm thick in air and 2 cm thick in water.

Finally, the deepening of the isotherms 800�C and 1070�C in air and water has been calculated (Figure 20)

based on heat diffusion equation. Parameters used in this calculation are shown in Table 2.

Figure 17. Heat loss in air and in water, calculated based on the heat diffusion equation

in (1)-D, as a function of time, with three values of the heat transfer coefficient (hc) in

each case, assuming natural convection in both media and no radiation in water. Here

lava conductivity is set at 1.5 W m21 K21 in air and 2.5 W m21 K21 in water. Convective

heat flux in water is indicated for 3 hcref values (100, 500, and 1000 W m22 K21). The three

corresponding curves are surimposed, indicating that above 100 W m22 K21, the hcref
value does not influence significantly the cooling rate. The radiative flux is calculated

based on equation (1). In air, hcref value only influences the relative contributions of the

radiative and convective heat loss (dotted and dashed lines, respectively), but not the

value of the total heat flux (solid line).
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Our calculations indicate that the

isotherms that define the cooled

layers deepen more quickly (by

approximately 25%) when the lava

emplaces into water, assuming an

identical temperature of 5�C in

both environments (water and air).

In air, the depth of the 800 and

1070�C isotherms is approximately

38 cm and 75 cm below the lava

surface after 48 h of cooling. These

values are similar (within a few

centimeters) to values measured

directly by Hon et al. [1994] during

subaerial Pahoehoe flow inflation

at Kilauea. In water, due to more

efficient cooling, the depth of the

800 and 1070�C isotherms reap-

proximately 55 and 105 cm below

the lava surface after 48 h of cooling. To the extent that thicker crust results in greater strength, the ability of a

lava flow to inflate is likely enhanced in subaqueous over subaerial environments. For similar extrusion rates, this

would prevent outbreaks occurring at the margins, and result in an increased hydrostatic pressure within the

lava core, promoting a greater maximum inflation of the entire flow.

6.3. Mechanical Effect of Water During Lava Emplacement

In water, the effective gravity force acting on a flow is reduced compared to the subaerial environment

[Fink and Griffiths, 1990], due to the lower density difference between the lava and the water. The reduced

gravity (g0) is given by:

g
0

5g
ðqlava2qwaterÞ

ðqlava2qairÞ
(7)

where g is the acceleration due to gravitational forces, qwateris the density of the water, and qlava is lava den-

sity, pair is air density, which is negligible with respect to lava and water density.

For a 1000 m deep submarine environment, seawater at a temperature of 0�C has a density of 1 046 kg

m23. With a lava density of 2.6 g cm23, the effective gravity is 5.93 m s22. For a shallow, subaqueous envi-

ronment, fresh water at a tem-

perature of 0�–10�C has a density

of 999.8 kg m23. With the same

lava density as above, the effec-

tive gravity is 6.03 m s22. The

buoyancy force countering the

effect of the gravity is thus signif-

icantly higher in water, whether

in the deep marine environment

or in the shallow waters of a lake

or a river. The presence of water

that fully submerges the

emplaced lava will thus greatly

increase the ability of a lava to

inflate. A similar result was

reached by Gregg and Fornari

[1998], who calculate that a

deep-sea basalt flow should be

Figure 18. Depth of isotherms 800�C and 1070�C calculated for a lava emplaced in air

(hcref value of 10 W m22 K21), showing the influence of the lava thermal conductivity k

(here ranging from 1.5 to 2.1 W m21 K21) on the deepening of the cooling front of the

10 m thick lava flow emitted at a temperature of 1140�C.

Figure 19. Effect of a glassy crust up to 5 cm thick on the depth of the 800�C and

1070�C isotherms in a lava flow emitted at a temperature of 1140�C after 120 h of cool-

ing, with the glass layer installed at t5 0. A heat transfer coefficient (hcref) value of 500 W

m22 K21 and thermal conductivities of 1.25 for the glass and 2.5 W m21 K21 for the lava

have been set for these calculations.
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roughly 30% thicker than an

identical subaerial one. Hence,

considering only the magma

driving pressure (pushing up the

lava flow) and the gravity forces

per unit of the flow surface, at

equilibrium (i.e., when the lava

flow stops inflating), Newton’s

First law leads to:

zair

zwater
5

qlava2qwaterð Þ

qlava2qairð Þ
(8)

where z is the maximum lava

flow height in air and in water

and q the density of lava, water,

and air.

Equation (8) shows that for the

same magma driving pressure,

the buoyancy equilibrium occurs for a thicker (by 60%) lava flow when emplaced in water. In water, buoy-

ancy thus increases the ability of a lava to swell vertically by 50%–64% depending on the lava density

(2.600–3.00 g cm23, i.e., the density of liquid and solid basalts, respectively), for a similar driving pressure,

regardless of the water column height and the thermodynamic effects addressed in the previous

paragraph.

7. Conclusion

Our morphological study of inflated flows in different environments (air, lake, river, East Pacific Rise) reveals

different geometries of inflated flows depending upon whether their deposition is in a subaqueous or in

subaerial environment. Inflated structures in subaqueous environments are remarkably similar to each other

in terms of geometry and size, and are characterized by tumuli with lengths up to 55 m and heights up to

10 m, pressure ridges that reach 2 km in length and 11 m in height. Inflation plateaus have diameters up to

1.2 km and heights up to 15 m. In contrast, lava inflation in aerial environments forms features that are typi-

cally less than few meters in height, and few hundred meters in length (most often few tens meters). This

indicates that the water plays a major role in lava shaping, likely acting on the eruption dynamics.

Based on the equation of heat diffusion, we demonstrate that a more efficient cooling of a lava flow in

water than in the air, due to vigorous convection and efficient heat transfer, leads to the development of a

thicker (by approximately 25%) crust at the surface of the flow, composed of a brittle part and a visco-

elastic part, the base of which being defined by the isotherms 800�C and 1070�C, respectively. Such a

thicker crust in water has more strength to retain the lava than in subaerial environment, counteracting

more efficiently the internal hydrostatic pressure of the flow, thus limiting breakouts of lava to form new

lobes and promoting lava swelling. We show that the glassy rind that forms rapidly at the surface of the

flow due to lava chilling, has only a minor influence on the depth of the cooling front (only by a few centi-

meters). In addition, we show that buoyancy increases the ability of a lava to swell by 60% on the condition

the lava flow is fully submerged, whatever the water depth, with no thermodynamic consideration.

The presence of water can thus explain that inflated features such as tumuli, inflation plateaus, and pressure

ridges are 2–3 times higher in subaqueous environments, enhanced cooling and buoyancy in water pro-

moting lava swelling. However, we have considered in this comparative study that lava flows in air and

water are similar in terms of composition, viscosity, temperature, for example, and are emplaced in the

same conditions (same driving pressure) which may be valid at the first order only. Further studies are

required to compute the heat exchange and progress toward thermal equilibrium when other factors are

considered such as vesiculation, viscous dissipation, thermal conductivity changes, conductive cooling at

the flow base, and latent heat of crystallization under varying ambient conditions existing in the eruptive

Figure 20. Depth of 800�C and 1070�C isotherms within a 10 m thick lava flow cooling in

air and in water. See Table 2 for values of parameters used in the equation of heat

diffusion.
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environment (e.g., changes in temperature, wind, currents, and rainfalls). Such computations have been

done for lava emplaced in air [e.g., Patrick et al., 2004] but not yet in water.
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