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Abstract

Leg 144 (1995) of the Ocean Drilling Program recovered basalts and volcaniclastic material from the volcanic
basement of several guyots in the northwest Pacific, including MIT Guyot in site 878. Tectonic reconstruction
suggests that this seamount originated as an intraplate volcano on the Pacific Superswell in the Early Cretaceous.
Tephra emplaced by mass flow within the sedimentary cap is the subject of this study. The tephra unit consists of
palagonitized, moderately to strongly vesicular basaltic clasts of apparent phreatomagmatic origin, carbonate mud- to
grainstone clasts, and armoured lapilli. Armoured lapilli are inferred to have been formed during eruption within a
steam envelope that developed above the vent due to magma^water interaction and high gas content of the magma.
Another distinctive feature of the tephra unit are abundant truncation surfaces that cut the lithotypes due to
subsidence, and are juxtaposed to the same lithotypes. These truncation surfaces are inferred to represent intra-
eruption slip surfaces, which formed during eruption of the volcano that generated the tephra pile. The resulting
slumps initiated grainflows and dilute turbidity currents, whose deposits are interspersed with those of high-
concentration density currents. A subaqueous setting of deposition and eruption is indicated by the abundance of
sideromelane glass shards, cauliflower-chilled clasts, the underlying marine carbonates, the lack of tachylite within the
deposits, and sedimentary structures within the breccia.
? 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Facies models for subaerial vs. subaqueous py-
roclastic deposits have helped in interpretation of
ancient deposits and their depositional and erup-
tive environments (e.g. Francis, 1982). Still, we
often have di⁄culty in determining whether a par-
ticular ancient deposit formed subaerially or sub-
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aqueously. This study proposes a model for the
formation of the pyroclastic material recovered
from drilling the Cretaceous MIT Guyot, north-
west Paci¢c, and a reconstruction of the volcanic
event and its environmental setting. A high in£ux
of pyroclastic material apparently occurred in a
shallow marine setting. The paleoenvironmental
reconstruction indicates the probability of entirely
submarine eruption and deposition of the pyro-
clastic ejecta. The presence of abundant armoured
lapilli within the tephra suggests development of

a sustained subaqueous eruption column and a
water-exclusion zone (Kokelaar and Busby, 1992;
White, 1996; Martin and White, 2000) in which
vapor, juvenile material, carbonate clasts, and car-
bonate mud were transported upwards to form
armoured lapilli.

Subaqueously formed successions have been
studied (Gilbert, 1890; Cashman and Fiske,
1991; White, 1991; Fiske et al., 1998; Kano,
1998) but descriptions of shallow-marine erup-
tions through platform carbonates are lacking.

Fig. 1. Location of the study area in the northwest Paci¢c Cretaceous seamount province (modi¢ed after Shipboard Scienti¢c
Party, 1993.
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Fig. 2. Stratigraphic section of Site 878 (modi¢ed after Shipboard Scienti¢c Party, 1993).
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Fig. 3. Generalized lithologic log of the study interval. LT1=Lithotype 1, LT2=Lithotype 2, LT3=Lithotype 3, LT4=Lithotype
4. Lithotypes are explained in Table 1. Note: NO/mm2 =number of clasts per mm2.
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In general, prior studies have concentrated on the
morphology of seamounts, their ages, petrology,
and total volume (cf. Winterer, 1976; Fornari
et al., 1978; Batiza et al., 1984; Batiza, 1989;

Winterer et al., 1993; Rougerie and Fagerstrom,
1994; Bograd et al., 1997; Koppers et al.,
1998; Caplan-Auerbach et al., 2000; Corcoran,
2000).

Fig. 3 (Continued).
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2. Geological evolution of the MIT Guyot

Many of the submarine volcanoes of the north-
west Paci¢c Cretaceous seamount province (Fig.

1) formed in a region of the South Paci¢c that
is characterized today by the numerous island
chains of French Polynesia and Samoa. It has
been called the Paci¢c Superswell (McNutt and

Fig. 3 (Continued).
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Fig. 3 (Continued).
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Fischer, 1987; McNutt et al., 1990) or the South
Paci¢c Isotopic and Thermal Anomaly (SOPITA;
Smith et al., 1989; Staudigel et al., 1991).

A pre-site survey of the Massachusetts Institute
of Technology (MIT) Guyot in the northwest Pa-
ci¢c led to the location of Site 878 at 27‡19.143PN,
151‡53.028PE in a water depth of 1323 m, on the
northeastern part of MIT Guyot (Fig. 1). MIT
Guyot is an isolated feature close to the Wake
group in the 18^28‡N guyot band (Shipboard
Scienti¢c Party, 1993). MIT Guyot was prob-
ably built over the Darwin Rise about 123 Ma,
during the ¢rst of three constructional volcanic
episodes (Winterer et al., 1993). Subsequent to
the volcanic construction of the MIT edi¢ce, a
carbonate platform developed. The lower carbon-
ate facies consists of pale brown foraminiferal and
pelloidal grainstone, packstone, and wackestone
with minor rudstone rich in nerineid gastropods,
oysters, and corals, indicating a restricted to open
marine environment (Winterer et al., 1993; Ship-
board Scienti¢c Party, 1993; Jansa and Arnaud
Vanneau, 1995; Ogg, 1995). However, only 6.5%
of the lower platform material was recovered.
Given this overall low recovery, precise relation-
ships between di¡erent lithologies cannot be
made.

In this paper we consider unit IV of Site 878
comprising polymictic breccia or lapilli tu¡ of late
Aptian age (Jansa and Arnaud Vanneau, 1995)
that contains both basalt and carbonate mud- to
grainstone clasts from the underlying platform in
a greenish-gray carbonate matrix (Fig. 2). Nearly
100% core recovery was attained through 204.6 m
of the breccia that extends from 399.7 to 604.3
mbsf (Shipboard Scienti¢c Party, 1993). The
uppermost 12 m of the tephra are oxidized, for-
merly interpreted as the result of subaerial expo-
sure before resumption of carbonate deposition
(Ogg, 1995, p. 344). Two cm of dark greenish-
gray, pyrite-rich clay recovered at the top of the
breccia may represent a 7-m interval (Shipboard
Scienti¢c Party, 1993) or 70 cm (Ogg, 1995). It
was variously interpreted as an altered volcanic
layer (Shipboard Scienti¢c Party, 1993) or as a
restricted, marginal-marine, transgressive unit
(Ogg, 1995). Two 10-cm intervals with very low
resistivity within the top 4 m of the carbonate unit

that underlies the breccia are interpreted as vol-
canic ash layers that presaged the explosive erup-
tion (Ogg, 1995, p. 343).

Previous descriptions of the breccias recognized
two cycles of deposition (600^514 mbsf and 514^
399 mbsf), based at least in part on color changes
as re£ecting the volcanic content (Shipboard Sci-
enti¢c Party, 1993; Ogg, 1995; Christie et al.,
1995). Such a di¡erentiation is not indicated by
the core descriptions (Fig. 3) nor by the quantita-
tive measurements (Fig. 5).

The recovered basement at MIT is 185 m of
basalt formed by at least 24 lava £ows consisting
of three geochemically distinct groups separated
by apparent weathering horizons (Christie et al.,
1995; Holmes, 1995). The three groups are
dated at 119.6+0.7; 121.7+1.6; and 122.8+0.2
Ma (Pringle and Duncan, 1995). The volcanics
are extensively altered with both matrix and phe-
nocrysts replaced by smectite and minor hydro-
mica, chlorite, mixed layer smectite^chlorite (Kur-
nosov et al., 1995), kaolinite, goethite, and
hematite (Holmes, 1995, p. 392), but the original
structures are readily recognizable (Christie et al.,
1995). The volcanic rocks were interpreted as sub-
aerial lava £ows based on well-de¢ned vesicular
and oxidized, brecciated £ow tops that grade
downwards into massive basalt (Christie et al.,
1995; Holmes, 1995). Basalts are intercalated
with volcaniclastic material, consisting of 3^4
breccias and 3 intervals of ¢ne-grained, highly al-
tered material with relicts of volcanic glass shards
(Christie et al., 1995). Two of these units are in-
terpreted as water-laid tu¡s comprising poorly
sorted, vesicular and non-vesicular volcanic clasts
in a vitric matrix.

The volcanic breccia is overlain by 118 m of
Aptian shallow-water platform carbonates (2.26%
recovery), followed by the pyroclastic succession
(204 m), which is subject of this study (Fig. 2).
The pyroclastic sequence is succeeded by 396 m of
late Aptian to late Albian shallow-water lime-
stones and a miniscule pelagic cap with manga-
nese nodules and mixed biota, about 3.2 m thick
(Shipboard Scienti¢c Party, 1993; Jansa and Ar-
naud Vanneau, 1995). Due to the low recovery of
the platform carbonates the precise position of
unit boundaries is not known.
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3. Terminology and methods

Units were distinguished in the core on the ba-
sis of sedimentary structures, volcanic textures,
and the shape and size of pyroclasts. Terminology
follows Fisher and Schmincke (1984), who de¢ned
pyroclastics as particles produced directly by vol-
canic processes without reference to the causes of
eruption or the origin of particles. Volcaniclastic
fragments include all clastic volcanic materials
formed by any fragmentation process, dispersed
by any transporting agent, deposited in any envi-
ronment, or mixed in any signi¢cant proportion
with non-volcanic fragments (Fisher, 1961; Fisher
and Schmincke, 1984).

Semi-quantitative determination of size and
abundance of clasts in 12 slabs is by image anal-

ysis using KS 300 Kontron Elektronik version
2.0. Particles ranging in size between 10 and
0.01 mm were measured and de¢ned as clasts.
The fraction (6 0.01 mm) is de¢ned as matrix
and consists of carbonate mud (Elf-Aquitaine,
1975). We are aware that the 2-D cross sections
do not really re£ect the true size values, but the
ratios bear only small mistakes by using 2-D in-
stead of 3-D values The volumetric proportion of
clasts in a rock is equal to the area proportion of
the clasts in any section (Delesse, 1847; Higgins,
2002).

All armoured lapilli have been quantitatively
recorded by measuring diameters of cores and
thickness of rims in core slabs. In most cases
this was a 2-D observation. We assume that the
shape of the armoured lapilli is rather regular so

Table 1
Description and interpretation of the lithotypes
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that the error is minimal. Bedding dips were mea-
sured directly from the core during qualitative
core description at the ODP core repository.

4. Lithotypes

Four depositional lithotypes, LT1 through LT4,

are recognized in the core (Table 1, lithotype
summary and interpretation; Fig. 3, core log).
Lithotype 2, thick, structureless layers with ran-
domly dispersed dark volcanic clasts and light
carbonate mud- to grainstone clasts, is the most
common and conspicuous facies; it occurs in all
levels in the core. In contrast, lithotype 3, similar
in appearance with larger clasts, is more common

Table 1 (Continued).

Fig. 4. (a) Light-gray carbonate clast in micritic matrix. Note the abundant ooids around the carbonate clast (arrows); photomi-
crograph, plane-polarized light. (b) Semi-lithi¢ed lime packstone clasts (L). Note the irregular margins of the clasts (arrows),
which suggest eruption through a semi-lithi¢ed carbonate platform rather than due to reworking in the vent; photomicrograph,
plane light. (c) Highly vesicular sideromenlane clasts. Note the large, round and irregular vesicles; photomicrograph, plane light.
(d) Sideromelane glass shard with well-developed bubble-wall structure (arrows) and abundant vesicles; photomicrograph, plane
light. (e) Microcrystalline basalt clasts (BC), interpreted to be derived from underlying basalt lava £ows; photomicrograph, plane
light. (f) Cauli£ower-textured (CF) sideromelane clasts with chilled, cracked, and irregular margins surrounding a more highly ve-
sicular interior; polished slab. (g) Well-developed armoured lapillus (AL). Note that the particles in the rim are concentrically ar-
ranged around the core (arrows), polished slab. (h) Segment of an armoured lapillus (AL). Note the core is formed by a cauli-
£ower-textured sideromelane clast (arrows). Rim (R) is formed by ash-sized sideromelane and carbonate clasts; photomicrograph,
plane light.
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lower in the core, between 550 and 590 mbsf, but
occurs locally also at higher levels. Lithotype 1,
thinner, normal- or reverse-graded beds, alternat-
ing between matrix-rich and matrix-poor, is pre-
dominant between 590 and 600 mbsf, but also
alternates with all the other lithotypes at various
levels. Lithotype 4, thinner, but coarser grained,
clast-supported, reverse-graded beds, is least com-
mon; it occurs at 420, 450, and 520 mbsf (Fig. 3).

The matrix of the breccia is carbonate-rich
throughout, with varying admixtures of altered
glass shards. Lime mud is the dominant compo-
nent, but peloids, pisoids (2^5 mm in diameter),
ooids, foraminifera, bivalve fragments, and other
biota occur in most samples (Fig. 4a,b) (Ship-
board Scienti¢c Party, 1993, p. 1031; Jansa and
Arnaud Vanneau, 1995, table 1). Peloids comprise
up to 45% of some samples, and ooids are locally
30% of the volume.

Bent and truncated bed contacts are common

in the breccia. Distorted beds occur in many levels
of the succession, suggesting post-depositional de-
formation from loading or from steam and water
escape. Many small-scale faults observed in the
core are attributed to syn-eruptive slip failure.
Similar breaks are reported as characteristic in
the evolution of Surtseyan volcanoes (Kokelaar
and Durant, 1983; Lorenz, 1974; see below).
The dip angles of the various types of surface
generally increase with depth in the core, from
10‡ near the top to as much as 60‡ at the base
(Fig. 3).

5. Clast types

Three types of clasts predominate in the brec-
cia: (1) carbonate mud- to grainstone clasts; (2)
volcanic clasts, and (3) armoured lapilli. In the
lower part of the core (540 to 600 mbsf) the pro-

Fig. 5. Clast size. (A) Core size (volcanic or carbonate) of armoured lapilli plotted against depth in core. (B) Percentage of core
area occupied by volcanic and carbonate clasts. (C) Abundance of clasts per unit area of core. Quantitative determinations in (B)
and (C) are by image analysis using KS 300 Kontron Elektronik version 2.0.
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portion of small limestone clasts is relatively high
in comparison to the rest of the core, whereas the
proportion of volcanic clasts increases toward the
top of the core (Fig. 5B). This is consistent with
the abundance of limestone-cored armoured lap-
illi in the lower part of the core (Fig. 5A). The
largest carbonate clasts are at about 450 mbsf
(Fig. 5C).

5.1. Carbonate mud- to grainstone clasts

These clasts are easy to identify due to their
whitish color (Fig. 4a). Dominant limestone li-
thologies are mudstone, wackestone, and peloid
or ooid pack- to grainstones. Locally small
benthic foraminifera, bivalve fragments, or vuggy
porosity is present. The carbonate clasts are gen-
erally rounded to subangular or have irregular,
broken and £uidal margins (Fig. 4a,b).

5.1.1. Interpretation
The abundance of carbonate mud- to grain-

stone clasts and the calcareous matrix, as well as
the juxtaposition of the breccia on platform car-
bonates, clearly demonstrates renewed eruption of
the volcanic pedestal through its carbonate cap,
following perhaps 4 m.y. of dormancy (dates from
Pringle and Duncan, 1995).

Carbonate mud- to grainstone clasts with irreg-
ular and broken margins, especially in grain-sup-
ported textures that lack intergranular cohesion
(Fig. 4b), indicate partial consolidation of the
platform carbonates before the ¢rst eruption. Re-
working in the vent may have produced the
rounded clasts. The prevalence of lime mud and
isolated carbonate particles in the matrix suggests
penecontemporaneous volcanism and sedimenta-
tion.

5.2. Volcanic clasts

The volcanic clasts can be subdivided petro-
graphically on the basis of vesicle abundance
and composition. The subtypes are: (1) micro-
crystalline basalt clasts (Fig. 4e), which are very
rare (less than 1% total volume); (2) low-vesicular
sideromelane clasts; and (3) highly vesicular vol-
canic clasts (Fig. 4c) formed by sideromelane,

which are commonly angular to sub-rounded.
Vesicle diameters show a wide range; some
vesicles are stretched into tubes; coalescence of
vesicles is common. Locally zeolites ¢ll vesicles.
No tachylite (opaque glass) was observed in the
core.

Both types of sideromelane glass shards locally
contain microliths. Sideromelane grades from al-
most fresh glass, through particles with palagonite
rims, to fully palagonitized tephra in which a per-
vasive pseudomatrix of zeolites and clays has
completely ¢lled the vesicles or even replaced en-
tire beds. Sideromelane glass shards locally show
bubble-wall structures (Fig. 4d). Clast size varies
from a few mm to several cm. Almost all volcanic
clasts are angular to sub-angular; a few are sub-
rounded. Typically lapilli-sized clasts are angular,
whereas larger ones are sub-angular to sub-
rounded. Larger clasts lie sub-horizontally with-
out any impact sags. Some larger fragments show
chilled, cracked, and irregular margins surround-
ing a more highly vesicular interior (Fig. 4f); such
fragments have been called ‘cauli£ower bombs’
(Lorenz, 1973).

Quantitative analysis of the clasts shows that
the volume of volcanic clasts was rather constant
during eruption (Fig. 5B), but that the size of
clasts increased upward from 600 to 550 mbsf
and then decreased toward the top (Fig. 5C).

5.2.1. Interpretation
Sideromelane clasts in the samples are inter-

preted as juvenile, the result of phreatomagmatic
interaction of basalt and water. Microporphyritic
basalt clasts are interpreted as accidental clasts
derived from underlying lava pile (cf. Christie et
al., 1995). Coalescing vesicles in the sideromelane
clasts generally suggest signi¢cant bubble nucle-
ation prior to eruption. The abundance of spher-
ical vesicles is consistent with vesiculation at shal-
low depths near the vent (Heiken and Wohletz,
1991). Di¡erent vesicle shapes commonly imply
variable lava viscosity and internal shear. The
wide variation in abundance of vesicles found in
the clasts probably re£ects complex variation in
the relative timing of vesicle formation and water-
induced fragmentation. Magma^water interaction
at an early stage greatly reduces the vesicularity
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index and broadens the size range. Late-stage in-
teraction, in contrast, has only minimal e¡ect on
the index and broadens the size range to only a
limited extend (Houghton and Wilson, 1989).

Shards formed by cracking due to thermal
shock are typically glassy and lack vesicles. How-
ever, many tu¡s associated with maar and tu¡-
ring deposits include shards that range from vitric
to slightly to highly vesicular (White, 1991, 1996).
Such variety apparently results from a combina-
tion of vesiculating magma and quenching by
water or steam. Deposits of such shards, which
may show all transitions from blocky through
slightly vesicular with scalloped edges to highly
vesicular, are characteristic of shallow-water erup-
tions (Fisher and Schmincke, 1984). They are re-
portedly the most common type of ash produced
underwater and typically occur in seamounts and
in the transition from seamount to oceanic island
(Fisher and Schmincke, 1984).

The presence of cauli£ower bombs indicates
contact with water during fragmentation (Lorenz,
1973). The larger chilled cauli£ower-margins are
inferred to have chilled abruptly upon leaving the
gas-thrust column, initially at the column margin
and later, for some of the larger clasts, during
aqueous transport.

Elongated vesicles in the sideromelane clasts
formed in response to shear of vesiculating mag-
ma against the walls of the vent (Fisher and
Schmincke, 1984; McPhie et al., 1993). The
roundness of the larger clasts is probably not a
result of abrasion, but results instead from shap-
ing of molten clasts by surface tension. The pau-
city of reworked and abraded clasts suggests on-
going deposition directly from an eruption
column.

Abundant sideromelane is thus a criterion for
recognizing basaltic magma quenched by external
water. The mixture of well-preserved, clear side-
romelane pyroclasts with palagonitized ones, in
contrast, suggests recycling of pyroclasts within
the vent (White, 1991).

The increase in size of volcanic (and carbonate)
clasts from 600 to 550 m-bsf in the MIT succes-
sion (Fig. 5C) is interpreted to re£ect declining
fragmentation e⁄ciency after the initial contact
of water and magma. Fragmentation e⁄ciency

rose again at a later stage when the vent was
cleared of carbonate mud (Fig. 5).

5.3. Armoured lapilli

Armoured lapilli with carbonate cores domi-
nate some segments within the breccia, whereas
others are dominated by volcanic rock cores
(Figs. 3 and 5A). Most of the lapilli are well
rounded; many are spherical ; others are slightly
oval or elliptical. The armoured lapilli have cores
of lapilli-sized and block-sized rock fragments
(2^64 mm; Fisher, 1961) concentrically coated
by carbonate mud mixed with ash-sized siderome-
lane glass shards (Fig. 4g,h). Cores are formed
either by carbonate clasts (commonly mudstones)
or by vesicular sideromelane glass shards, excep-
tionally with cauli£ower-texture (Fig. 4h). Varia-
tion is great in the size of cores (10^110 mm) as
well as thickness of rims (1^30 mm). The core size
and rim thickness of all armoured lapilli were
measured (Fig. 2). Diameter of volcanic and car-
bonate cores is plotted as a function of depth in
Fig. 5A.

5.3.1. Interpretation
Armoured lapilli are a type of accretionary lap-

illi composed of a crystal, pumice, or lithic frag-
ment core which is surrounded by a rim of ¢ne to
coarse ash (McPhie et al., 1993). They are com-
mon in the geological record, particularly in facies
of phreatomagmatic eruptions that generated
abundant ¢nes (Fisher and Schmincke, 1984).
However, armoured lapilli within MIT deposits
are unusual because cores are coated mainly by
carbonate mud and minor coarse ash particles.
This is facilitated by the high incorporation of
carbonate mud into the eruption cloud. Ar-
moured lapilli are generally considered to be re-
stricted to the proximal facies (Schumacher and
Schmincke, 1991). Although armoured lapilli
commonly have been used to identify subaerially
erupted tephra, recent studies (e.g. White and
Houghton, 2000) show that their formation is
also possible in subaqueous settings within the
steam envelope of the eruption column. Conden-
sation of steam during out£ow of pyroclastic
mass £ows and wet carbonate clasts promote
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early, thick coatings of ash on the coarser clasts.
The presence of armoured lapilli throughout the
MIT breccia indicates continued incorporation of
unconsolidated lime mud into the erupting vent
(cf. White, 1991).

6. Submarine vs. subaerial eruptive and
depositional environment

Although most of the described features may
also form in a subaerial setting due to magma^
water interaction, we suggest a submarine setting
for the following reasons. (1) Most of the beds are
massive and do not resemble typical base surge
deposits but rather subaqueous mass £ow depos-
its. Fisher (1977) for example reported from de-
posits of Koko Head (Hawaii) that they are well
bedded, dune- and cross-bedded, all features
which are missing at MIT deposits. In contrast,
transitional, subaqueous deposits of Tok Island
(Korea) have been described as thick-bedded,
massive or inversely graded beds (Sohn, 1995).
At Koko Crater (Hawaii), where slumping of
oversteepened slopes played a major role during
formation, clear evidence of magma^water inter-
action is lacking as a result of isolation of the
active vent from sea water (Knight et al., 1987).
(2) The whole sequence shows a more or less sim-
ilar composition without any changes in the ap-
pearance of volcanic glass (sideromelane vs tachy-
lite). Tachylite is basaltic glass that is highly
charged with Fe and Ti-oxides, and therefore
nearly opaque, whereas sideromelane is com-
monly transparent. The formation of volcanic
glass is mainly dependent on the cooling rate of
the melt and the viscosity of a stable silicate liquid
(Fisher and Schmincke, 1984). When a silicate
melt is cooled rapidly below its crystallization
temperature, it ¢rst forms a supercooled liquid
and then a solid amorphous substance, volcanic
glass (Carmichael, 1979). The composition of vol-
canic glass, therefore, represents the initial com-
position of the melt. The cooling rate determines
which variety of glass, tachylite or sideromelane,
is formed. Slow cooling allows Fe and Ti oxide
crystallites to form, thus favoring tachylite. There-
fore, it is commonly more abundant in the emer-

gent part of Surtsean volcanoes. Lack of tachylite
together with the high vesicularity of the glass
shards indicates shallow subaqueous eruption
(Staudigel and Schmincke, 1984). Water has a
much higher heat capacity and conductivity than
air (Carslaw and Jaeger, 1947) and thus absorbs
large quantities of vaporization heat. As a result,
cooling rates at magma/water contacts are much
higher than where lava erupts in air. The volcanic
breccia is overlain by waterlain tu¡ (today altered
to mud).

Deposition of the MIT sequence, therefore, ei-
ther took place completely subaerially where
somehow cooling rate of the melt was exception-
ally high and/or subaerial part has been destroyed
by erosion, or completely subaqueously. We favor
the latter possiblity, because in all known sub-
aqueous to emergent volcanoes there is a signi¢-
cant change in the sequence from subaqueous
to emergent generated deposits (e.g. Sohn and
Chough, 1992; Sohn, 1995; Belousov and Belou-
sova, 2001). Underlying carbonate platform sedi-
ments suggest £uctuating environments from open
marine to restricted lagoon, therefore it is likely
that eruption took place during marine high-stand
after subsidence of the carbonate platform.

7. Carbonate sedimentology ^ de¢ning the
palaeodepth of the lagoon

The contact of the early Aptian carbonate unit
with the overlying volcanic breccia is formed by
mud-free grainstones. If it is assumed that these
sediments really represent the surface deposits at
the time of the volcanic event, palaeowater depth
would have been in the range of only a few me-
ters. It is therefore unlikely that the water column
covering the lagoon during the explosion was suf-
¢cently thick to produce an entirely submarine
eruption. However, several lines of evidence sup-
port a water^magma interaction within the sedi-
mentary column.

The uppermost layers preserved in the core be-
low the breccia are composed mainly of carbonate
sands. The bulk of carbonate incorporated in the
breccia, in contrast, consists of lime mud. The
breccia is about 200 m thick covering the entire
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buildup. Even if a part of the inner lagoon during
the explosion was ¢lled with lime mud, its volume
was surely not enough to explain the amount of
¢ne-grained carbonate incorporated in the brec-
cia.

Besides the mud, also angular clasts of well
lithi¢ed parts of the succession occur in great
abundance within the volcanic breccia. This ar-
gues for the incorporation of a signi¢cant amount
of buried Aptian rocks during the explosion.
Large amounts of still unlithi¢ed carbonate mud
intercalated with lithi¢ed beds form the inner part
of the lagoonal succession (Ogg, 1995). It is likely
that these pore spaces were ¢lled with marine
water during the Aptian explosion. This is also
indicated by rims of equally grown early calcite
cements around sand-sized grains throughout the
cored interval. For a maximum of 120 m over-
burden between 40 and 50% of pore space is en-
visaged for carbonate muds (see compilation of
several sources in Goldhammer, 1997). The pore
volume in carbonate sands at a depth of 120 m is
about the same (40^60%). However, only the
basal layers of the studied locality should have
had these porosities, most of the succession would
show a higher water content due to less pro-
nounced compaction. With an average of 50%
of water-¢lled pores and a depth of no more
than 120 m below sea level, it is most likely that
the explosion occurred within the only partly lithi-
¢ed succession. In case of a strong reworking of
parts of the succession during the volcanic event,
however, the original early Aptian sedimentary
column could have been signi¢cantly thicker.
With an overburden of some 300 m more as will
be discussed later in this study, the porosity values
decrease, but according to Goldhammer (1997)
for both carbonate sands and muds a primary
porosity of around 40% is still present.

The recovered rock samples show only a minor
content of reworked reef-derived algal facies and
coral debris. Therefore, the drilling must have
perforated lagoonal facies situated in some dis-
tance from the back-reef sand shoals of the early
Aptian carbonate platform. It is, however, unclear
if the palaeobathymetric position of the drilling is
comparable to the part of the lagoon where the
explosion took place. Whether a 4-m-thick grain-

stone package that formed the uppermost Aptian
carbonate layers preceding the volcanic event was
present in the locality where the eruption took
place is speculative. The high mud content in
the breccia and the comparatively small number
of carbonate grain clasts rather supports eruption
within more mud-dominated lagoonal sediments.

Furthermore, a single well may not fully re£ect
the evolution and geometry of this buildup. It
remains unclear how much unconsolidated sedi-
ment on the platform top has been removed and
incorporated in the breccia. In contrast to the
model proposed by Ogg (1995), it is possible
that the explosion a¡ected the platform during a
relative sea-level highstand with widespread mud-
dominated facies. In this case, the explosion could
have led to the removal of the uppermost carbon-
ate layers. The preserved contact between the car-
bonates and the breccia would then represent a
surface within the sedimentary column that does
not at all re£ect the sedimentary conditions at
the time of the volcanic event. As large parts of
the early Aptian sediments, especially the mud-
dominated facies, show little cementation even to-
day (Ogg, 1995), the explosion might have re-
moved preferentially the mud and left behind
more cemented grainstones that form the contact
today.

Ogg (1995) suggests that the uppermost grain-
stone beds preceeding the eruption re£ect a rela-
tive sea-level lowstand. However, as dicussed
above, the eruption might have occurred during
a sea-level highstand, and indeed the great
amount of carbonate mud incorporated in the
volcanic breccia rather supports this hypothesis.
A correlation of the sea-level changes observed
within the MIT Guyot with the Haq et al.-curve
(1987) is not envisaged. Biostratigraphic resolu-
tion is poor, and the recovery rate so low that
the sea-level interpretations by Ogg (1995) are
largely speculative. It has to be stressed, however,
that the restricted data base does not allow for
better reconstructions. It should further be kept
in mind that for the Cretaceous, correlation of
individual sequences is problematic even with bet-
ter time control (Miall, 1992), especially when the
study area is situated on a still active magma
chamber that might control subsidence or uplift.
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8. Discussion

Each of the four lithotypes recognized at MIT
Guyot is attributed to deposition from density
currents (Table 1). The emplacement of high-
and low-concentration pyroclastic density cur-
rents in subaqueous settings has been documented
widely (Fiske and Matsuda, 1964; Cashman and
Fiske, 1991; Nishimura et al., 1992; Kokelaar
and Busby, 1992; White, 1996; Kano, 1996;
Smellie and Hole, 1997; Fiske et al., 1998) but
reports on eruption within an atoll appear limited
to the MIT Guyot (Shipboard Scienti¢c Party,
1993; Christie et al., 1995; Ogg, 1995). Abundant
carbonate mud- to grainstone clasts and calcare-
ous matrix in the breccia demonstrate that erup-
tion occurred through the underlying platform

carbonates. Carbonate clasts with irregular and
broken margins indicate that at least portions of
the carbonates semi-lithi¢ed prior to eruption.
Fragmentation of lithi¢ed carbonates and round-
ing by reworking in the vent or during transport
appears less likely.

The distribution of the clasts within the succes-
sion is interpreted to re£ect di¡erences in eruption
style or di¡erences in eruption locus. The large
number of small carbonate clasts in the lower
part of the core suggests initial phreatomagmatic
interaction of magma with water-saturated, semi-
solidi¢ed carbonate. In the process of eruption,
the vent area was cleared and magma^water inter-
action gradually led to the formation of more ju-
venile clasts, as shown by an increase of volcanic
clasts toward the top of the breccia (Fig. 5C).

Fig. 6. Schematic illustration of inferred processes of eruption on MIT Guyot (modi¢ed after White and Houghton, 2000). (A)
Early subaqueous jetting due to interaction of magma and wet sediment. Explosions and collapsing jets produced dilute, turbu-
lent, gravity £ows containing mainly juvenile material. Deposition took place mainly from traction (LT 1), but occasional ejection
of the vent slurry or collapse of unusually concentrated tephra jets formed a highly concentrated dispersion that deposited LT 2.
Vigorous, more sustained volcanic activity formed a steam envelope in which clasts were transported partly by steam expansion,
resulting in deposition of massive beds (LT2 and LT3) and armoured lapilli. Fragments of consolidated marine carbonate and
abundant carbonate mud resulted from quarrying into the sea£oor during this activity. (B) Subsequent and post-depositional sub-
sidence triggered failure of the vent wall producing slumping and remobilization of tephra into the vent, which resulted in deposi-
tion of LT 1 and LT 4.
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Renewed eruption on MIT Guyot began in a
very shallow marine setting as indicated by a gen-
eral shoaling upward trend in the underlying car-
bonates, capped by oolitic grainstone just beneath
the breccia (Shipboard Scienti¢c Party, 1993; Jan-
sa and Arnaud Vanneau, 1995). However, the
present platform surface most likely was not the
original surface during eruption (Fig. 6). Eruption
gradually built a submarine edi¢ce towards sea
surface (Fig. 6). Immediately adjacent to the
vent site, lithotypes 2 and 3 accumulated during
‘continuous uprush’ eruptive phases (termed con-
tinuous uprush by Thorarinsson et al., 1964;
Thorarinsson, 1967; Kokelaar, 1986; Kokelaar
and Durant, 1983; White, 1996). However, the
development of a high eruption column most
likely was suppressed by the lithostatic pressure
of the platform carbonates (Fig. 6). It is inferred
that eruption excavated a broad bowl-shaped de-
pression in which eruption-fed currents moved
laterally and deposited inside this depression, as
reported by Belousov and Belousova (2001) dur-
ing a phreatomagmatic eruption in Karymskoye
Lake (Kamchatka, Russia).

Lithotypes 2 and 3 grade upward into relatively
steeply dipping beds of a submarine crater (Fig.
6). The unusual matrix of carbonate-mud and the
abundance of sideromelane glass shards suggest
initial eruption within a semi-solidi¢ed carbonate
platform that supplied the developing submarine
eruption column with abundant carbonate mud
and clasts and led to the formation of armoured
lapilli in a submarine setting.

The apparently high gas content of the erupting
magma, indicated by the abundant vesicles, pro-
moted the formation of a subaqueous eruption
column through explosive interaction of steam
driven by highly energetic magmatic injections.
This process is further indicated by the presence
of armoured lapilli throughout the breccia, signal-
ing continued incorporation of £uid carbonate
mud into the erupting vent and development of
a sustained subaqueous steam envelope. The
steam condensed during out£ow, promoted the
early deposition of ash, and resulted in the coarser
pyroclasts and lithoclasts being thickly coated
with ash and mud.

Several lines of evidence, taken together with

the sedimentary structures of the deposits,
strongly indicate subaqueous eruption and depo-
sition: (1) the great abundance of sideromelane
glass shards and carbonate clasts with the virtual
exclusion of other clast types; (2) the lack of ta-
chylite ; (3) the cauli£ower-chilled clasts as cores
of the armoured lapilli ; (4) the overlying water-
lain tu¡; (5) subsequent marine-carbonate depo-
sition, beginning with a possible deeper water fa-
cies (Jansa and Arnaud Vanneau, 1995, p. 322);
and (6) ‘accidental’ volcanic fragments are very
rare in the breccia in comparison to the carbonate
clasts. This indicates less vigorous fragmentation
of the basalts beneath a few hundred meters of
carbonate, thus a shallow fragmentation locus
compared to typical subaerially formed succes-
sions.

Signs of signi¢cant pauses in sedimentation,
wave-generated structures, or weathering episodes
within the breccia are lacking. The red-stained
interval in the top 12 m of the breccia is here
interpreted as low-temperature hydrothermal al-
teration due to cooling of the erupted products
or hydrothermal venting. Red-brown coloration
has also been reported from oxidation of vol-
canics in shallow water (Staudigel and Schmincke,
1984). Volcanic glass is particularly susceptible to
alteration because it is thermodynamically unsta-
ble and decomposes more readily than associated
mineral phases (Fisher and Schmincke, 1984).
Conversion of sideromelane to palagonite in-
volves the addition of 18^30 wt% water, oxidation
of iron, and loss of calcium and sodium (Peacock,
1926). All of these changes, except perhaps the
loss of sodium, could occur readily in sea water.
In contrast, Ogg (1995, p. 344) interpreted the
oxidized interval to indicate that vertical accretion
of tephra had formed a large island. Vertical ac-
cretion of tephra to form a positive volcanic form
is unlikely, because subaqueous eruption within a
soft-sediment environment is more likely to pro-
duce a ‘negative’ form (i.e. a crater) rather than a
constructive volcanic form (Fig. 6; Belousov and
Belousova, 2001).

As eruption continued, the steeply dipping
sides of the crater produced high-concentration
density £ows that deposited lithotypes 2 and 3.
Slumps from the accreting edi¢ce initiated grain-
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£ows (lithotype 4) and dilute turbidity currents.
Tephra was partly recycled by subsequent erup-
tive bursts, to mix highly palagonitized siderome-
lane glass shards with fresh ones (cf. Kokelaar
and Durant, 1983). Abrupt changes in dip incli-
nation within the breccia re£ect failure and
slumping due to subsidence, as does the presence
of curved contacts and truncated beds (Figs. 3
and 6).

The location of the drill site within the vent, as
opposed to a position on the £ank of the volcano,
is supported by the presence of the slip surfaces
(Figs. 3 and 6), steeply dipping beds (Fig. 3), and
the overall sedimentological aspects (Table 1).
A steep paleo-surface on the outer edge of the
carbonate platform where the erupted tephra
could have accumulated, as suggested by Christie
et al. (1995), appears excluded by the sub-hori-
zontal attitude of the underlying platform carbon-
ates, indicating a subhorizontal paleo-surface, as
shown by the site seismic pro¢les (Fig. 3; Ship-
board Scienti¢c Party, 1993, pp. 343^4; note that
the drill hole may have deviated about 5‡ from
vertical), as well as the location of the site 1.3 km
from the present slope break. The slope angles of
MIT Guyot are typical of seamounts, 15^30‡ (Ba-
tiza et al., 1984), probably too steep to allow de-
position of clastic materials. Most debris would
have traveled to greater depths to build clastic
aprons around the seamount. Thus, only the sum-
mit region, where slopes were far below the nat-
ural angle of repose, would be mantled by pyro-
clastic material. The steeply dipping beds, up to
60‡, in the cores cannot be explained by deposi-
tional processes alone. Fault surfaces indicate fail-
ure; they are here interpreted as intra-eruption
slip surfaces within the main vent or within a
satellite vent, which are common in the summit
region of a seamount (Staudigel and Schmincke,
1984). The generation of fault surfaces by uplift
through pre-eruption bulging appears excluded.
Such uplift would also a¡ect the underlying sedi-
ments, which presently dip less than 5‡ (such ap-
parent dips probably re£ect hole deviation; cf.
Shipboard Scienti¢c Party, 1993). Dips decrease
dramatically in the upper 50 m of the breccia
(Fig. 3) and the overlying platform carbonates
are horizontal.

9. Conclusions

Examination of the drill core and data from
MIT Guyot (Fig. 3; Table 1) allow the recon-
struction of a unique submarine eruption through
a semi-solidi¢ed carbonate platform. It records a
sequence of eruptive and sedimentary events oth-
erwise typical of those which shape marine volca-
noes of island arcs (Ho¡meister et al., 1929), shal-
low spreading ridges (cf. Richards, 1959), and
coastal intra-plate settings (cf. Martin and White,
2000).

Inferred processes recorded in the MIT core
were triggered by eruption that produced early
subaqueous jetting due to interaction of magma
with water-saturated sediment (Fig. 6A). Subse-
quent explosions and collapsing jets produced di-
lute, turbulent gravity £ows containing juvenile
material. Deposition took place mainly from trac-
tion (LT 1), but occasional ejection of the vent
slurry or collapse of unusually concentrated teph-
ra jets formed highly concentrated dispersions
that deposited LT 2. More sustained, vigorous
volcanic activity formed a steam envelope in
which clasts were transported partly by steam ex-
pansion, resulting in deposition of massive breccia
beds of LT2 and 3 (Fig. 3) and of armoured lapilli
(Fig. 6B). Fragments of marine carbonate sedi-
ment and rock were quarried from the sea£oor
and incorporated in the £ows. Removal of a sub-
stantial amount of carbonate mud created the ac-
comodation space to allow entirely submarine de-
position of the volcanic material. Subsequent and
post-depositional subsidence triggered failure of
the vent wall producing slumping and remobiliza-
tion of tephra into the vent, which resulted in
deposition of LT 1 and LT 4 (Fig. 6B).
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