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ABSTRACT  

On 2-3 January 1996 an explosive eruption discharging = l06 kgs-1 of basaltic magma occurred in 
Karymskoye lake at an initial water depth of ~ 50 m. Characteristics of the deposits together with analyses of 
a videotape of several explosions have allowed us to model the eruptive events. Initial vent-clearing phreatic 
explosions ejected blocks of country rocks (up to 3 m diameter) to distances of up to 1.3 km. Then followed 
10- 20 h of phreatomagmatic Surtseyan activity (100-200 outbursts of water-gas-pyroclastic mixtures to 
heights of up to 1 km, with initial velocities of 110 m s-1|. The eruption slugs collapsed back into the lake and 
produced base surges (runout up to 1.3 km; average velocity 12.5 m s-1). The convective eruption plume rose to 
a height of 3 km and deposited a thin distal fall deposit. The eruption ended with the ejection of scoria-crust 
bombs (specific basaltic bombs with dense core and scoriaceous crust). 

Pyroclasts of the eruption are mostly poorly to moderately vesicular juvenile basaltic particles shaped by a 
combination of magmatic vesiculation and magma-water interaction. Ninety-five percent of the products 
(0.047 km3) formed an underwater tuff ring composed of parallel layers of moderately to poorly sorted lapilli 
ash and ash lapilli (Md - 3.9 to 0.6 phi; sorting 1.5-3.2 phi), each 10-60 cm thick. They were deposited by 
water-rich base surges that originated from Surtseyan type eruption bursts. The most widespread hazards of 
the eruption were tsunamis and lahars. At distances < 1.3 km from the crater, base surges and ballistic clasts 
were very destructive. 

Eruptive activity in the lake before 1996 included two eruptions at c. 4800 14C yr BP. The first left deposits 
similar to those of the 1996 eruption and thus is interpreted as a Surtseyan eruption that occurred at the same 
water depth as in 1996. The second of the 4800l4C yr BP eruptions deposited extensive cross-laminated 
base-surge deposits and is interpreted to have occurred in very shallow water. 

INTRODUCTTON 

The dynamics of eruptions are governed by many fac-
tors, the most important of which are properties and 
flux rate of magma, geometry of the conduit and vent, 
and environment in which, magma erupts (Fisher & 
Schmincke, 1984; Francis, 1993). With respect to the 
last factor, there is much geological evidence, supported 
by direct observations of eruptions, that the presence 
of water in a place where an eruption occurs notably 
modifies the style of eruptive activity (e.g. Lorenz, 1973; 
Houghton & Schmincke, 1986). When magma erupts 
into a ‘wet’ environment, fragmentation can occur not 
only as a result of expansion of magmatic volatiles, 
but also by energetic interaction between magma 
and external water (e.g. Houghton & Wilson, 1989). 
This complicated process is modelled as analogous 

to fuel-coolant interaction (Kokelaar, 1983; Sheridan 
& Wohletz. 1983; Wohletz, 1983, 1986; Wohletz & 
McQueen, 1984; Zimanowski, 1998). Such eruptions 
are termed phreatomagmatic or hydrovolcanic. 

As a result of the existence of an additional mech-
anism of fragmentation, subaerial phreatomagmatic 
eruptions (in which magma contacts ground water) 
are always more violent, and their magma is effectively 
more fragmented (pyroclasts are finer grained), than if 
the same magma was erupted in a dry environment 
(Walker & Croasdale,1972; Heiken & Wohletz, 1986). 
Processes of subaqueous explosive eruptions are more 
complicated. Violence of the explosions declines with 
increasing water depth because elevation of ambient 
pressure quickly suppresses explosive processes. Thus 
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deep-water eruptions are relatively quiet and fre-
quently purely effusive (e.g. Fisher & Schmincke, 
1984). An additional factor contributing to low explo- 
sivity of subaqueous eruptions, in comparison with 
subaerial phrcatomagmatic events, could be excess 
water. It was demonstrated by experiments with mix-
tures of water and silicate melts (Wohletz & McQueen, 
19S4) that the strongest explosions occur at intermedi-
ate water/melt ratios (~0.3). Both higher and lower 
ratios lead to less violent explosions. 

Shallow-water explosive eruptions (depth usually 
< 100 m) are akin lo subaerial phreatomagmatic 
ones, but the ejection of pyroclasts through a layer of 
water adds many unique features to the eruptive 
and depositional processes. Shallow-water (especially 
sublacustrine) eruptions have been only poorly stud-
ied because of the rarity of direct observations. Most 
published observations of shallow-water explosions 
were made by Thorarinsson (1964) during the erup-
tion of Surtsey (Iceland) in 1963. Similar ‘Surtseyan’ 
activity was witnessed also during the eruptions of 
Capelinhos, Azores, in 1957 (Machado et al, 1962; 
Waters & Fisher, 1971). 

Questions arising from the scarcity of direct obser-
vations of shallow-water eruptions have not been fully 
addressed by investigations of their deposits. Deposits 
of shallow-water eruptions are rare because of their 
rapid reworking by water waves and/or as a result of 
deep burial under deposits of subsequent subaerial 
volcanic activity. Thus few such deposits have been 
studied, and their processes of formation are the 
subject of debate (Heiken, 1971; Kokelaar. 1983; Cas 
et al, 1989; Sohn & Chough, 1992: White, 1996). 

The aim of this paper is to document the 1996 sub-
lacustrine eruption in Karymskoye lake and resulting 
deposits, as well as deposits of similar eruptions that 
occurred in the lake in the past. From these data we 
infer mechanisms of magma fragmentation, and of the 
deposition of resulting pyroclasts, which operate 
during shallow-water eruptions of basic magma. 

GEOGRAPHICAL AND 
GEOLOGICAL SETTING 

Kamchatka Peninsula makes up the northern part of 
the Kurile-Kamchatka volcanic arc. Volcanism of the 
arc results from westward subduction of the Pacific 
plate under the Eurasian plate. About 30 active volca-
noes of Kamchatka are aligned along the eastern 
shore of the peninsula. Together with a number of 
extinct volcanoes and calderas, they form the Eastern 
Volcanic Belt of Kamchatka (Fedotov, 1991). 

Karymskoye intracaldera lake is located in an unin-
habited region of the Eastern Volcanic Belt, 125 km 
north-east of the town Petropavlovsk-Kamchatsky 
(Figs 1 & 2). The lake, 4 km across with a maximum 
depth of 70 m, contains ~ 0.5 km3 of fresh water. The 
surface of the lake normally has an altitude of 624 m 
above sea-level (a.s.l.). From November to June the 
lake is covered by ice (up to 1 m thick) and snow (up to 
several metres thick). The steep shores of the lake are 
heavily vegetated by alder bushes with rare cedar 
bushes and birch trees. Before the eruption there were 
no well-developed beaches around the lake. The lake is 
fed by several streams and hot springs. In the north, 
the lake is drained by the Karymskaya river. The first 
and only pre-1996 depth sketch of the lake (Ya. D. 
Muravyev, personal communication) displays a simple 
bowl-like morphology of the bottom, complicated in 
the northern part of the lake by a broad shoal. 

Around the lake there are several late 
Pleistocene-Holocene stratovolcanoes, of basalt to 
rhyodacite composition (Ivanov, 1970). Eruptions of 
rhyolites in the region have been widespread, 
connected mostly with formation of calderas. 
Karymskoye lake fills one of them—the Akademiya 
Nauk caldera, which is enclosed in an older, larger 
caldera. Akademiya Nauk caldera is bounded on all 
sides by a pronounced escarpment 50-150 m high. The 
ealdera was formed in late Pleistocene time; the 
fission-track age is 28 -48 ka (Masurenkov, 1980) and 
younger eruptions inside the caldera were not known 
until recently (Belousov et al., 1997). Modern volcanic 
activity of the region is connected mostly with 
Karymsky stratovolcano, which is situated 6 km to the 
north inside its own Karymsky caldera, 7800 14C yr old 
(Braitseva & Melekestsev, 1990). This volcano erupts 
andesite and dacite and is one of the most active 
volcanoes in Kamchatka. In historic time (since 
1771) more than 20 prolonged eruptions are known 
(Gushchenko, 1979). Before 1996 the volcano had 
been dormant since 1982. 

Akademiya Nauk caldera is crossed by a major 
north-north-east fault (Fig. 1) which is marked by a 
straight-lined drainage-system pattern (Belousov et 
al., 1997). Its most prominent expression is the 
straight deep canyon that was cut by the Karymskaya 
river into the rim of the caldera. Rare eruptions of 
basic magma have occurred along the fault in late 
Pleistocene-early Holocene time. They built several 
scoria cones and maars to the north of the caldera 
(Fig. 1) and also an underwater tuff ring inside the 
caldera, which was expressed as a shoal in the northern 
part of Karymskoye lake. The tuff ring was formed 
by two eruptions, which occurred closely one after 
another at 4800 I4C yr BP (Belousov et al, 1997). 
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Fig. 2. Oblique view ofthe Karymskoye intracaldera 
lake and the 1996 tuff ring. View from the north-west. 
Karymsky stratovolcano is to the left, just beyond the 
frame. 

Fig.1.(a) Location of Karymskoye lake and Karymsky 
volcano, with inset showing their location on Kamchatka 
peninsula, (b) Sketch map of deposits of the 1996 eruption. 
Boundaries are drawn schematically. Deposits of tsunamis  
are not shown. Line A-B shows the position of bathymetric 
profile (below) across the 1996 tuff ring. Dashed isobaths are 
drawn for 55 in and 65 m. A bump on the south slope of the 
1996 tuff ring is probably a buried crater rim of the first  
eruption in the lake, dated at 480014C yr BP. 
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The 1996 eruption in the Karymskoye lake occurred at 
the underwater part of ihe north-north-east fault, at 
the same site as the 4800 l4C yr BP eruptions. 

OBSERVATIONS OF THE 1996 ERUPTION 

After a strong earthquake on 1 January 1996 at 21.57 h 
local time (LT), there was an intense seismic swarm. 
Two explosive eruptions subsequently began, one 
after another, from two different and widely separated 
sources: one from the central vent of Karymsky stra- 
tovolcano and one from Karymskoye lake (Fcdotov, 
1998; Muravyev el al., 1998). Reports from pilots of 
commercial flights led to the conclusion that 
Karymsky stratovolcano began to erupt first, appar-
ently early in the morning on 2 January. During the 
first day of the eruption, Karymsky stratovolcano 
emitted a steady ash piume, which drifted south-east 
at 200-500 m above the summit crater (1700-2000 m 
a.s.l.). 

The brief and violent eruption in Karymskoye 
lake started several hours after the beginning of the 
eruption of Karymsky stratovolcano, at approxim-
ately 13.00 h LT. The only observation of the eruptive 
processes in the lake was made during a helicopter 
overflight at 15.20-16.20 h LT (Muravyev el al., 
1998). By the lime of the overflight, the ice cover of 
the lake had melted, and an eruption of Surtseyan 
type was in progress from a vent 400 m off the 
northern shore. Initial water depth at the vent site was 
~40-50 m. 

Underwater explosions occurred every 4-12 min; in 
total about six explosions were observed with an aver-
age interval of 6 min. Between the explosions, water of 
the lake at the site of the eruption was vigorously 
splashing, bubbling and steaming. The explosions had 
different magnitudes. Analysis of videotape of the 
strongest explosion, recorded by V. Bahtiarov during 
the overflight, shows the following sequence of events 
(Fig. 3a). 
1 The explosion initially produced a rapidly rising, 
dark grey, smooth-surfaced bulbous mass of expand- 
ing gas and pyroclasts, probably maintained by sur- 
face tension within a shell of water. Within several 
seconds the shell expanded up to 450 m high. The ejec- 
tion angle of the material (between the lake surface 
and the outer margin of the expanding bulb) was 
about 60°. 
2 Suddenly the shell became unstable and was pierced 
by multiple jets of a black mixture of pyroclasts with 
steam and water, of the type named 'cock's tail jets' by 

Thorarinsson el al. (1964). Although ejection angles of 
the jets varied from 40° to 90°, the strongest jets had 
angles > 60°. Maximum initial velocity of the jets is 
estimated as 110ms -1. Simultaneously, a light grey 
'collar' appeared around the epicentre of the explosion, 
which represented a nearly axially symmetric, 
bore-like elevation of the water surface (tsunami?) up 
to 130 m high, that propagated radially at about 
40-20 ms-1. 
3 Within ~ 15 s from the beginning of the explosion 
and <7 s after piercing the shell, the jets reached their 
maximum height of about 1 km, became white as a 
result of condensation of steam, and then collapsed 
back toward the lake to produce a ground-hugging 
base surge that moved radially from the stem of the 
eruptive column with a maximum velocity of about 
20 m s -1 (Fig. 3b). 
4 Within 48 s of the beginning of base-surge propaga- 
tion, the surge travelled 600 m along the lake surface 
and decelerated; the average velocity of the surge was 
~12.5 ms-1. 
5 At the end of its lateral propagation the surge 
strongly expanded, apparently lost most of its pyro- 
clastic load, became lighter than the surrounding air 
and began to lift buoyantly. 
6 Soon the surge cloud rose from the ground and 
ascended convectively upward. 

Other observed explosions were weaker than that 
described above. Most of them produced a single, 
vertical, column-like outburst of black gas-water 
pyroclastic mixtures ~ 100-150 m high (the type 
named 'cypressoid jets' by Thorarinsson el al., 1964). 
The columns collapsed back into the lake, producing 
only subtle base surges. Large concentric water waves 
(tsunamis) with wavelengths of ~ 100 m were seen on 
the surface of the lake around the site of the eruption. 
Above the sites of explosions, white, 
pyroclast-depleted eruptive clouds convected to an 
altitude of ~3 km and then slowly drifted downwind to 
the south-east. 

Tsunamis, generated by underwater explosions, 
periodically forced water from the lake into the 
canyon of Karymskaya river, forming pulsing lahars 
with a maximum discharge of 500 m3s-1 (Muravyev et 
al., 1998). Four kilometres downstream from the 
headwaters, where the river emerges from its first deep 
canyon, a shallow temporary lake was formed because 
the next narrow canyon of the river was incapable of 
handling all of the lahar. 

By the time of the next overflight, at 11.00 h LT on 3 
January, the eruption in Karymskoye lake had ceased. 
The precise time of the cessation is unknown because 
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Fig. 3. Sublacustrine volcanic explosion m Karymskoye lake on 2 January 1996 al 15.42 h LT. View from the north-west.  
(a)Development of the explosion. Sketches drawn from the videotape. 1, Rapidly rising bulbous mass of black expanding gas and 
pyroclasts within a shell of water (inner contour). Within 3 s the shell has expanded to 450 m high (outer contour). White contour 
above is an ascending cloud from previous explosion. 2, The shell is pierced by multiple jets of a black mixture of pyroclasts. 
steam and water. A light grey collar around the epicentre of the explosion is believed to be a bore-like elevation of the water 
surface (tsunami ?) up to 130 m high, that propagates radially. 3, In 7 s after piercing the shell, the jets reach their maximum height 
of ~ 1 km and collapse back in to the lake to produce a base surge. 4. Within 48 s from the beginning of base-surge propagation, the 
surge has travelled 600 m along the lake surface. 5, The surge has lost most of its pyroclastic load, become lighter than the 
surrounding air and begun to lift buoyantly. 6, The surge cloud has left the ground and convects upward, (b) Explosion in 
Karymskoye lake viewed from the NW. Collapse of the eruptive column has produced a base surge moving outward along the 
surface of the lake. Diameter of the base-surge cloud is 1.2 km. Photograph courtesy of Ya. D. Muravyev. 

seismograms and barograms of the eruption were 
obscured by signals from the simultaneous eruption of 
Karymsky stratovolcano. The total duration of the 
eruption was 10-20 h. Taking the average observed 
interval between the explosions as 6 mm, we estimate 
that 100-200 explosions in all occurred in the lake. 

By the end of the eruption, the pyroclastic deposits 
formed a new peninsula in the northern part of the 
lake and dammed the headwaters of Karymskaya 
river. This caused a 2.6 m elevation of water level in 
the lake. As a result of the eruption the pH of the lake 

water had reached 3.2 and its temperature rose to 28°C 
(Fazlullin et al., 2000). All the fish in the lake died. 
On 15 May, the pyroclastic dam was breached and a 
second lahar rushed down the valley of Karymskaya 
river. A new temporary lake appeared again at the 
place of the previous one. The friable pyroclastic dam 
was quickly eroded and the level of the Karymskoye 
lake quickly fell to that of before the eruption. As a 
result, at the site of underwater explosions, a perfectly 
shaped tuff ring emerged from the lake water (Fig. 4a). 
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Fig. 4. (a) Tuff ring, with 600-m-diameter crater, formed by 1996 eruption. View from the north-east. (Note strong 
tsunami erosion on north shore). The largest subsidence pit (site > 120 in Fig. 5) is visible on the surface of the ring (arrow). 
Eroded pyroclastic dam in headwaters of Karymskaya river is on the right edge of the picture, ( b )  Layered tuff ring deposit 
exposed in the deepest subsidence pit (site > 330 in Fig. 5). (Note large number of bombs littering the surface of the tuff 
ring.) The 1996 crater is to the right, (c) Distal facies of the 1996 tuff ring deposit (site 130 in Fig. 5). Scale is 80 cm long. 
Upper friable part is reworked deposits. The 1996 crater is to the left, (d) Parallel layering in the upper part of 1996 distal 
base-surge deposit. Scale is 25 cm long. Site 100 in Fig. 5. 

After the cessation of the eruption in 
Karymskoye lake, the eruption of Karymsky 
stratovolcano continued until the end of April 
2000. 

 
     TUFF RING MORPHOLOGY 

The eruption formed a partially submerged edi- 
fice (Figs 2 & 4a), which we refer to as a tuff ring 
because of its morphological similarity to classic 
tuff rings (Heiken, 1971). Northern parts of the 
tuff ring and most of its crater rim are now sub- 
aerial, but the crater itself and the southern ring 
slopes are under water. The highest subaerial 
parts of the ring lie only a few metres above the 
present level of the lake. The crater is 650 m ac- 
ross and 60 m deep with inner slopes dipping up 
to 12° (Ushakov & Fazlullin, 1998). The outer, 
southern slope of the tuff ring dips gently  

outward (up to 10°), but the northern slope, which 
overlaps the pre-eruptive shoreline, is horizontal or 
even inclined inward towards the crater. The 
asymmetrical morphology is due to the formation of 
the edifice on an underwater slope, close to the shore 
of the lake. The northern, outer edge of the tuff ring 
is bounded by the steep wall of the caldera, where no 
deposition occurred (only strong erosion of poorly 
consolidated bedrock). Further northward from the 
crater, beyond the eroded caldera wall, deposition of 
tephra occurred, but the character of the deposit 
(which we refer to as a distal base-surge deposit) is 
different from that of the tuff ring deposit. 

On the surface of the tuff ring north-north-east of 
the 1996 crater there is a chain of eight pits (Figs l b &  
4a, b). Most of the pits are shallow depressions 3-5m 
across, but one of them is 50 m in diameter with vertical 
walls 1.5 m high and a total depth of ~10 m. Along 
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trend from the chain of pits, to the north-north-east of 
the lake, a 2-km-long system of subparallel, vertical 
fissures was formed during the eruption (Fig. 1 b). The 
fissures are widest close to the tuff ring (in the upper 
part up to 4 m wide) and narrow northward to a few 
millimetres. The fissures were formed as a result of 
west-east extension in the region (Leonov, 1998). 
Geodetic measurements show that the extension was 
233 cm (Maguskin el al., 1998), Fissuring was con-
nected with intrusion of a feeder dyke of the eruption  
~ 2.5 m wide (Fedotov, 1998), and we infer that the 
pits on the surface of the tuff ring were formed as a 
result of subsidence after withdrawal of magma from 
the feeder dyke at the end of the eruption. 

The radius of the base of the tuff ring is ~ 0.8 km. 
Maximum height of the edifice is estimated at 40-50 m 
based on pre-eruptive bathymetry, and the bottom of 
the crater of the edifice lies close to the pre-eruptive 
surface, possibly slightly below it. The ratio of the 
height to the basal diameter of the ring is about 0.03, 
which is common for tuff rings (Heiken, 1971). The 
volume of the edifice (0.047 km3) was roughly cal-
culated as the volume of a truncated cone (height 
0.05 km, radii of the base and lop 0.8 km and 0.32 km, 
respectively) with subtraction of the volume of the 

crater (a cone with radius of the base 0.32 km and 
height 0.05 km). This volume is considered to be a 
maximum. A similar volume (0.04 km3) was calcu-
lated by Muravyev et al. (1998) using a water balance of 
the volume of the lake during the eruption. 

 STRATIGRAPHY AND  
CHARACTERISTICS OF THE 1996 

PYROCLASTIC DEPOSITS 

Four types of ejecta were found: 
1 proximal thick lapilli ash beds forming the tuff ring; 
2 distal base-surge deposits; 
3 deposits of distal co-surge fallout; 
4 fields of bedrock blocks and juvenile bombs (ballis- 
tic material) (Fig. 1b). 

Tuff ring deposits 
The deposits forming the tuff ring were studied in the 
four currently available outcrops: in walls of the two 
subsidence pits and in the left and right banks of the 
Karymskaya river, where it breaches the pyroclastic 
dam (Figs 1 b & 5). All the outcrops are arranged along 

 

 

 

 

 

 

 

 

 

Fig. 5. Examples of grain-size histograms for the 1996 tuff ring, distal base-surge and co-surge fall deposits at various distances from the 
crater. Numbers on histograms are field number of site/number of layer (from bottom to top). Sketch map insert shows sampling sites: 
circles, tuff ring; triangles, distal base surge; square, to-surge fall. Filled symbols indicate sites for histograms shown in this figure. 
Sampling site of the most distal fall is not shown. Numbers on the map show thickness of deposits in centimetres. 
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Fig. 6. Thickness of 1996 deposits versus distance from the 
centre of the crater. Maximum thickness of the tuff ring is 
estimated at 40-50 m based on pre-eruptive depth of the lake 
at that location. 

a straight line extending radially from the crater. In 
the three proximal outcrops (up to 750 m from the 
centre of the crater) only the upper part (2-3.5 m) of a 
deposit having a maximum thickness of 50 m is 
exposed. The deposit quickly wedges out (Fig. 6) and in 
the most distal outcrop (1 km from the crater) the full 
thickness of 1.3 m is exposed. 

In the three proximal outcrops the upper part of 
the tuff ring is regularly medium- to thick-bedded, 
dark grey, fines-poor, grain-supported, basaltic ash 
lapiili and lapilli ash (Figs 4b. 5 & 7-9: Table 1). Dip of 
the beds is very gentle; in outcrop they appear 
subhorizontal. Bed boundaries are usually diffuse, 
and beds are planar and continuous. Each bed is 10-60 
cm thick, and no erosional discordances have been 
found. The beds appear to exhibit normal, reverse, or 
reverse-to-normal grading, but because many contacts 
between the beds are diffuse, the type of grading is 
difficult to determine with certainty. It appears that 
reverse grading is more common for the upper beds 
and in the lower beds normal grading is most prevalent. 
Some of the lowermost layers have pronounced 
separation of a lower lapilli layer from an upper ash 
layer, and represent bed couplets. The large lapilli are 
mostly irregular in shape and are angular to 
sub-rounded. No sag structures have been found 
under even the largest clasts. 

Grain-size distributions of the deposits are com-
monly unimodal with coarse- to medium-ash modes 
(4 to – 1 phi; Figs 5 & 7, Table I). A very low content of 
fines is typical of the deposits. In the upper parts of the 
sections, where the deposit is notably coarser, there 
is usually an additional lapilli mode (- 1 to -6 phi). The 
deposits are moderately to poorly sorted (Fig. 8). 

 

        

Fig. 7. Sections and grain-size data of 
the 1996 tuff ring deposit in the 
deepest subsidence pit (Fig.4b and 
site 330 in Fig. 5). 
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 Fig. 8. Relationship between sorting 
and median diameter (Inman 
coefficients) for the deposits of the 
first (4800 14C yr BP), second (4800 
l4C yr BP) and 1986 eruptions. 
Dashed line is 'Surtseyan' field after 
Walker & Croasdale(1972). 
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Fig. 9. (a) Percentage of lapilli (> 2 mm), medium + coarse ash (0.063-2 mm) and fine ash {< 0.063 mm) in the pyroclastic deposits 
of the first (4800 14Cyr BP), second (4800 l4C yr BP) and 1996 eruptions. Numbers 1, 2. 3, and 4 outline 1996 tuff ring deposits sampled 
al sites > 120,  > 330, > 350, and 130, respectively, in Fig. 5. (b) Relationship between F1 (fraction < 1 mm) and F2 (fraction < 1/16 mm) 
in deposits of the 1996, and first (I) and second (II) 4800 l4C yr BP eruptions in Karymskoye lake. (Note that F2 axis has a break 
showing very fine-grained fall deposits of the second eruption.) 

Grain-size characteristics of the deposit from pro-
ximal outcrops are very similar; upper layers of the 
deposit commonly are more poorly sorted than lower 
ones. On a plot of lapilli /medium + coarse ash/fine 
ash (Fig. 9a) there is some inconsistent tendency for 
deposits to become less coarse with distance from the 
crater. The studied material was deposited near the 
water-air interface. We infer that normal grading and 
bed couplets of the lower beds may result from deposi-
tion in a subaquatic environment. 

Each bed of the tuff ring is believed to represent the 
deposit of a single explosion. Taking nominal deposit 
thickness to be 50 m, and average proximal bed thick-
ness to be 25 cm, it can be estimated that 200 explo-
sions occurred, averaging ~ 2 x 105 m3 of tephra per 
explosion. This is, of course, a very rough estimation, 
based on extrapolation of stratigraphy of the upper 
part of the tuff ring to the unexposcd 90% of the 
deposit. But it coincides with the previous estimation 
(100-200 explosions), based on total duration of the 
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Table 1. Granulometric characteristics of clastic deposits of eruptions in Karymskoye lake 
 

 Number  Median  Coarse +   
 of samples Sorting (phi) diameter (phi) Lapilli(%) medium ash (%)       F1(%) F2 (%)
1996 tuff ring 24 1.5-3.2 -3.9-0.6 20.0-87.0 13.0-79.5 6.8-60.9 0-1.5

2.1 -0.9 44.5 55.0 36.6 0.5 
1996 distal surge 15 1.4-2.7 -1.7-2.2 2.9-47.7 38.9-79.6 27.2-84.0 2.6-13.9

2.1 0.4 23.8 68.0 56.4 6.6 
1996 distal fallout 2 1.7-1.9 1.2-2,0 1.3-9.8 79.2-83.6 73.8-93.1 11.0 -15.2
  1.8 1.6 5.6 81.4 83.4 13.1 
1996 tsunami 15 0.7-2.1 -1.1-2.4 0-52.2 46,1-99.1 22.6-100 0.3-3.3

1.2 0.7 15.3 83.2 68.7 1.4 
1996 lahar 3 0.8-2.3 -1.4-3.6 0-56.4 43.6-90.9 23.5-100 0-28.1

1.3 1.7 18.8 68.8 74.5 12.4 
Second eruption: surge 12 1.5-3.1 -1.9-1.3 3.0-63.3 36.7-92.6 20.3-82.7 0.1-6.5

1,9 0.1 26.6 70.1 54.7 3.3 
Second eruption: fall 3 0.9-1.2 3.8-4.2 0.1-0.6 40.0-65.5 97.7-99.3 34.4-59.6

1.0 4.0 0.4 49.8 98.7 49.8 
First eruption: tuff ring 5 1.4-1.9 -2.7-(-2,5) 76.5-82.2 17.8-22.9 6.6-12.3 0.1-1.2 
  1.7 -2.6 79.0 20.5 9,2 0,5 

Numbers on the first line are the lowest and highest values, those on the second line give the average value. Sorting and 
median diameter after Inman (1952): lapilli, <-1 phi (>2 mm); coarse and medium ash, from -1 phi to +4 phi (0.063-2 
mm); F1 > 0 phi (< 1 mm); F2 > 4 phi (< 0.063 mm), phi = - log2(diameter in millimetres). 

eruption and average interval between explosions, and 
thus seems reasonable. 

The deposit in the most distal outcrop (Fig, 4c) is 
different from that described above. It has smaller 
median diameter and better sorting. The deposit is 
mostly ash with discontinuous trains of coarse lapilli. 
Unlike the proximal deposit, this deposit lacks 
well-developed parallel bedding. Instead it has 
low-angle, ill-defined layering with distinct lateral 
grain-size variations. Laterally this deposit transforms 
into deposits of distal base surges. 

The characteristics of the tuff ring deposit are not 
entirely consistent with any of the depositional pro-
cesses previously known to form tuff rings. Moderate 
sorting and lack of fines makes the deposit similar lo 
proximal fall deposits of dry hydroclastic eruptions 
(e.g. LT1 facies of Sohn & Chough, 1989), but obser-
vations and videotape show that the eruption in 
Karymskoye lake was very wet. Deposition directly 
from falling tcphra-finger jets of Surtseyan eruption 
results in poorly sorted, fines-rich deposits (e.g. facies C 
of Sohn & Chough, 1992) because aerodynamic 
sorting in the jets is minimal as a result of cohesion of 
wet tephra, high particle concentration and rapid 
emplacement. Absence of bomb sags also suggests 
that the tuff ring beds are not of fall origin. Moreover, 
proximal fall deposits of hydroclastic eruptions 
commonly form tuff cones with steeply dipping beds 
(Sohn & Chough, 1992), which is not the case for 
Karymskoye. The very gentle dip of the 1996 tuff ring 

beds, their rather consistent thickness over large dis-
tances, and their grain-size characterstics support an 
origin by deposition from pyroclastic density currents. 
Among gas-pyroclastic density currents only some 
extremely energetic dry surges can deposit material 
strongly depleted in fines (e.g. layer B of the 1956 
directed blast deposits of Bezymianny volcano; 
Belousov, 1996). But surges of the 1996 eruption were 
wet, poorly inflated and relatively weak; if they had 
deposited the tuff ring, the deposit would be fines rich 
(like. e.g. LT3 facies of Sohn & Chough, 1989). 

We suggest that the studied tuff ring deposit was 
formed by multiple (periodic) flows of a 
hyperconcentrated water pyroclastic mixture, which 
moved radially from the crater area (Smith, 1986). The 
absence of scour and channelling indicates that the 
flows were depositional and unconfined. It is likely that 
the flows had different concentrations of solid 
particles; the more dilute flows left normally graded 
layers, whereas the most concentrated flows show 
reverse grading formed by basal shear and 
grain-dispersive forces (Lowe, 1982). In the distal zone 
the deposits of the tuff ring were formed by relatively 
dilute flows, which lost much of their pyroclastic load 
in the proximal zone. Origin of the flows is attributed 
to very wet base surges of the eruption. We suggest 
that the flows existed as peculiar water pyroclastic 
underflows in the basal parts of the surges. Flows of 
similar origin were probably witnessed during some 
explosions of Surtsey (Thorarinsson. 1964; p. 43): 
'explosions were often 
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followed by greyish-white cloud avalanches which 
rolled over the crater rims and, after the island had 
grown to some appreciable height, they sometimes 
spread a few hundred metres out over the sea. Some-
times the explosions ejected so much sea water over 
the crater rims that mud streams ran all the way down to 
the beach." 

Surface layer of the tuff ring 
The surface layer of the tuff ring is different from the 
deposits that form the upper (studied) part of the tuff 
ring. The layer is ~ 1 m thick and strongly enriched in 
coarse lapilli and basaltic bombs up to 1 m across, 
which were ejected at the end of the eruption (Fig. 4b). 
The 'Ballistic material' section describes the bombs in 
greater detail. 

Aerial images of the tuff ring reveal that its surface 
has large-scale ripples in several places. The ripples are 
very gentle, almost flat patches of coarse lapilli and 
bombs, and areas between the patches are covered by 
ash. The ripples, with wavelengths of 4-6 m, are elon-
gate parallel to the crater rim. They were formed at the 
end of the eruption only; ripples were found nowhere 
lower in the deposit. They were probably formed by 
tsunami waves that redistributed coarse-grained clasts 
on the surface of the ring (see below). 

The underwater surface of the tuff ring is mantled 
by a layer of pale grey fine vitric ash (Md 6.7 phi; sorting 
1.5 phi) up to 30 cm thick. The layer was studied in sev-
eral locations along the crater rim where it now lies 
onshore because the level of the Karymskoye lake 
fell after the eruption. This layer represents the most 
fine-grained pyroclastic products of the eruption, and 
it is inferred that when the eruption ceased, this material, 
along with fines eroded from the shores by the tsunami 
waves (see below), slowly settled in the lake to form the 
fine ash layer. 

Distal base-surge effects and deposits 
In the distal zone the surges attacked the steep north-
ern shore of the lake. They sandblasted bushes as far 
as 1-1.3 km from the vent (Fig. lb). Damaged bushes 
show that the surges climbed gradients of up to 40° on 
the caldera wall. The highest elevation reached by the 
surges is ~ 150 m above the level of the lake. Close to 
the crater, all thin branches of the bushes were broken 
off and carried away by surges; only thick branches 
remain. The sides facing the crater were debarked and 
the wood was pitted. Most of the branches show no 
signs of scorching, but a few are slightly browned. 

Hence we estimate the temperature of the surges to 
have been < 200°C (Banks & Hoblitt, 1981). Most of 
the damaged bushes died but a few resumed their 
growth after the eruption. The relatively low tempera-
ture of the surges explains the preservation of a thick 
layer of snow under the surge deposits. The presence 
of the snow also shows that the surges did not erode 
the underlying surface substantially. Near the limits of 
their propagation, the surges dried and broke upper 
thin branches of the bushes. The lower branches were 
not damaged at all, probably because they were pro-
tected by deep snow. 

Pyroclastic deposits in the area of damaged bushes 
are notably different from the deposits of the tuff ring. 
Among the bushes deposits are moderately sorted 
dark grey basaltic lapilli ash with abundant fines 
(Figs 4d, 5. 8 & 9; Table 1), The deposit comprises a 
sequence of two to three major, grain-supported 
parallel beds, each 10-35 cm thick, and several minor 
ones, each < 1 cm thick (Fig. 4d). Bed boundaries are 
usually well defined. The beds are massive or with 
poorly developed planar or low-angle undulatory lam-
ination. The lowermost layer of the deposits in places 
contains a considerable number of uncharred frag-
ments of plants, but in upper sections these are rare. In 
contrast to those of the tuff ring deposit, the deposits 
of distal surges are very friable. Grain size of the 
deposit is commonly unimodal (between – 1 phi and 2 
phi), sometimes with an additional poorly developed 
fine grained mode (> 4 phi). The maximum total 
thickness of the deposit is 1 m, but this very quickly 
decreases both on steep slopes and with distance from 
the crater (Fig. 6). The area covered by the surge deposit 
onshore is 0.4 km2 and its volume is ~105 m3. Laterally 
the base-surge deposits are replaced by deposits of 
distal co-surge fallout. 

The surges' effects and deposits show that the base 
surges were relatively weak, cold, and non-erosive in 
distal areas. Pyroclastic particles from the surges were 
deposited 'grain by grain', but with little or no traction 
before deposition. 

Distal co-surge fallout 
The fall deposit extends from the 1996 tuff ring to 
the south-east (Fig. 1b). Everywhere, the dark grey, 
basaltic fall of the sub-lacustrine eruption covers 1 
-cm-thick, light grey, andesitic ash of the first explo-
sions of Karymsky stratovolcano. The maximum 
thickness of the co-surge fall deposit onshore is 5 cm 
at the place where the base-surge deposit transforms 
into the fall deposit. The transformation is marked by 
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a disappearance of both internal lamination, char-
acteristic of the surge deposit, and damage to bushes, 
which indicates high-speed lateral transport of pyro- 
clastic particles. The thickness of the fallout deposit 
declines rapidly with distance (Fig. 6): on the southern 
shore of the lake it is only 1 cm thick. The approximate 
volume of the fall deposit is 0.001 km3. 

The fall deposit is massive, moderately sorted 
medium-coarse ash with a small admixture of fine ash 
and lapilli (Figs 5, 8 & 9; Table 1). Close to the vent, 
grain-size characteristics of the deposit are similar 
to those of the most fine-grained surge deposits. 
Further from the source, the fall deposit becomes finer 
grained and better sorted. In the fall deposit there are 
also a few centimetre-sized lapilli, though they do not 
influence the grain-size data because of their rarity. On 
the south-east shore of the lake, where the fall deposit 
consists of medium-grained ash, the diameter of the 10 
largest clasts picked up in an area of ~0.2 km2 ranges 
from 18 to 30 mm (average 21 mm). 

The lateral transition of the surge deposit into 
the fallout deposit, the similarity of grain-size dis-
tributions of the fall and the most fine-grained surge 
deposits, and observations of the eruption all suggest 
that convectively buoyant clouds of decelerated surges 
were the main source of the fall deposit. The carrying 
capacity of such clouds was very low, which explains 
the small volume of the resulting co-surge fallout. 

Although accretionary lapilli are common in phre- 
atomagmatic deposits (Fisher & Schmincke, 1984; 
Schumacher & Schmincke, 1991), none were found in 
the surge or fall deposits. The reason could be that 
there was excess water in the eruption clouds and base 
surges (Schumacher & Schmincke, 1995). An alternative 
explanation is suggested by the very low air tempera-
ture during the eruption (< - 10°C). Steam droplets in 
the eruption cloud may have frozen immediately upon 
condensation to form ice, which would have prevented 
formation of accretionary lapilli. Several observations 
of the fail deposit soon after the eruption (Ya. D. 
Muravyev & S. M. Fazlullin, personal communica-
tion) indicate that initially the deposits were a mixture 
of pyroclastic particles and grains of dirty ice. 

Ballistic material 
We estimate the volume of ballistic material to be < 
2% of the total erupted volume. The most distal 
ballistic material fell 1.3 km from the centre of the 
1996 crater (~ 1 km from the crater rim) (Fig. 1b). We 
distinguish four types of ballistic material: bombs of 
juvenile basalt (dominant); blocks of hydrothermally 

altered breccia (abundant): blocks of ice (some); and 
bombs of remelted old rhyolite (very few). 

Bombs of juvenile basalt constitute > 90% of all 
ballistic material. They densely cover a significant part 
of the surface of the tuff ring (Fig. 4b) and are loosely 
scattered beyond its limits. In sections of the tuff ring, 
bombs are absent, suggesting that they were ejected 
only at the end of the eruption. The bombs have 
irregular, but approximately equidimensional shapes. 
Most have a scoriaceous outer layer several centime-
tres thick, whereas their interior is commonly poorly 
vesiculated, sometimes with inclusions of centimetre- 
sized xenoliths of country rocks. Such an internal 
structure is unusual. In most cases the outer layer of a 
bomb quickly solidifies, forming a glassy crust 
(Francis, 1993), and the internal parts solidify more 
slowly, providing more time for vesiculation, which 
breaks the outer glassy crust and forms bread-crusted 
bombs. The dense cores of the 1996 bombs consist of 
the same fresh basalt as the vesiculaled outer part. We 
term them 'scoria-crust bombs', and contrast them 
with cored bombs, in which an accidental clast forms a 
core enclosed within freshly vesiculated lava. 

This peculiar structure, the presence of xenoliths of 
country rocks in the bombs, and deposition at the end 
of the eruption, suggest that the 1996 bombs represent 
solidified magma from the conduit wall, which was 
ripped off and enveloped by fresh magma. The pre-
viously congealed cores were unable to vesiculate, but 
the coating of fresh melt vesiculaled strongly, thus 
producing the scoriaceous crust. Some of the basaltic 
bombs of the eruption are of cauliflower type, typical of 
phreatomagmatic eruptions (Fisher & Schmincke, 
1984). 

The diameter of the basaltic bombs ranges from 10 to 
60 cm, with a few up to 1 m. The largest bombs occur at 
intermediate distances from the vent (Fig. 10), but this 
distribution may not be original, because most bombs 
in the proximal area (on the surface of the tuff ring) 
arc inferred to have been redistributed and broken by 
the tsunami waves. Thus the basaltic bombs may have 
originally decreased in size with distance from the 
vent. 

Such wave reworking could also he responsible for 
the absence of impact structures on the surface of the 
ring. Beyond the tuff ring (onshore) basaltic bombs 
left impact craters up to 1 m across. Some bombs pen-
etrated a snow pack > 1 m thick and up to 0.7 m of 
frozen soil. Bushes broken and uprooted by the pro-
jectiles show no signs of scorching, showing that the 
bomb surfaces were not incandescent at the moment of 
impact. 
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Fig. 10. Maximum size of ballistic material from 1996 
eruption versus distance from the crater. Blocks arc hydro- 
thermally altered country rock; bombs are juvenile basalt. 

 Blocks of hydrothermally altered breccia constitute  
< 10% of all ballistic material. The diameter of these 
blocks typically ranges from 10 cm to 2 m, with a 
few up to 3 m. The largest blocks were ejected to a 
maximum distance of 1.3 km (Fig. 10), where they 
produced impact craters up to 8 m wide and 2 m deep. 
Several lines of evidence suggest that these blocks 
were ejected by the first, vent-clearing explosion(s) of 
the eruption: 
1 the blocks are distributed mostly beyond the limits 
of the tuff ring and. are extremely rare on its surface 
and inside the tuff ring deposits—it is likely that in the 
proximal zone blocks are buried under the tuff ring 
deposit; 
2 the blocks show no signs of contact with basaltic melt; 
3 there is no basaltic ash of the eruption under the soil 
that was ejected from the impact craters. 

In summer 1996, when we investigated the deposits, 
we discovered that among the impact craters formed at 
the beginning of the eruption there are several craters 
(up to 1.8 m across and 2 m deep) that do not contain 
(confirmed by digging) any 'coupled' ballistic material, 
and that there are no blocks nearby that could have 
formed the craters and bounced away. We infer that 
these 'empty' craters were formed by large blocks of 
ice that later melted. Several impact craters containing 
large blocks of ice were observed immediately after the 
eruption (Ya. D. Muravyev. personal communication]. 
The ice blocks represent fragments of an ice layer that 
covered the lake before the eruption. 

Several exotic bombs of pumice-like remelted old 
rhyolite contained in and/or mixed with juvenile basalt 
also occur. These bombs, up to 2 m across, are con-
centrated along the shoreline of the lake. They did 

not produce any impact structures, and, having an 
average density less than that of water, they probably 
initially fell into the lake and then floated for some 
time so that their present distribution is not original. 

Composition 
Material ejected by the 1996 eruption is composed of 
juvenile basalt, remelted rhyolite, and other accidental 
clasts. Petrography of the 1996 products was studied 
in detail by Grib (1998). More than 95% of the ejected 
material is juvenile calc-alkaline basalt (52-53% SiO2; 
Table 2). 

A small amount of white, pumice-like rhyolite 
(Table 2), which either forms tiny inclusions in juve-
nile basalt or comprises rare volcanic bombs coated 
and/or mixed with juvenile basalt, is interpreted as 
recycled material—old rocks, remelted and vesiculated 
as a result of contact with hot basaltic magma. The 
older rocks were probably obsidian or obsidian tuff 
entrained by the ascending magma from the walls of 
the feeding fissure where it dissected rocks mantling 
the caldera floor. Obsidian clasts with the same com-
position as that of the rhyolitic bombs are common in 
late Pleistocene pyroclastic flow deposits formed by 
eruptions during the formation of Akademiya Nauk 
caldera (Table 2), and outcrops of the obsidian- 
bearing pyroclastic flows are abundant along the nor-
thern shore of the lake. Our experiments with heating 

Table 2. Major-element analyses of ejecta from eruptions in 
Karymskoye lake 

 

 ] 2 3 4 5 6 
SiO2 53.00 75.71 75.86 52.52 55.70 53.00
TiO2 0.86 0.19 0.18 1.05 0.84 0.59
AI2O3 19.98 13.17 13.30 17.88 16.63 16.94
Fe2O3 1.74 0.06 0.31 2.09 1.62 2.37
FeO 5.R3 1.29 2.16 7.07 6.07 7.37
MnO 0.12 0.04 0.05 0.15 0.15 0.13
MgO 4.20 1.20 0.24 5.88 5.28 5.76
CaO 10.94 1.50 1.26 10.36 10.14 10.80
Na2O 2.70 3.44 4.11 2.35 2.76 2.35
K2O 0.62 2.19 1.97 0.68 0.93 0.68
H2O 0.20 0.74 0.38 0.16 0.10 0.24
P2O5 0.16 0.08 0.06 0.13 0.17 0.16
Sum 100.35 99.61 99.88 100.32 100.39 100.39

Analysed by L. A. Kartasheva. Institute of Volcanology, 
Petropavlovsk-Kamchatsky using wet  chemistry methods.  
1, Basaltic bomb of the 1996 eruption; 2, rhyolitic bomb of the 
1996 eruption; 3. obsidian from pyroclastic flows erupted in the 
range 28 -48 ka during formation of the Akademiya Nauk 
caldera; 4, 480014 C yr BP surge deposits of second eruption; 
5,4800 I4C yr BP  bomb of second eruption; 6, 480014C yr BP 
tuff ring deposits of first eruption. 
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of the obsidian have shown that at 850oC it melts 
and strongly froths. The resultant perlite resembles 
material of the rhyolitic bombs ejected by the eruption. 
'Pumice' of similar origin, generated by heating of old 
rocks, was reported from eruptions of Ruapehu 
volcano in 1975 (Nairn et al., 1979) and from a sub-
marine eruption off Izu Peninsula, Japan, in 1989 
(Yamamoto et al., 1991). 

Blocks of greenish hydrothermally altered breccia 
are dominant among the other accidental clasts 
ejected by the eruption. They probably represent a 
tectonic breccia of the north-north-east fault along 
which the feeding dyke of the eruption was intruded. 

Vesicularity and morphology of juvenile clasts 

Vesicularity of the basaltic clasts from the 1996 erup-
tion was determined according to the procedure de-
veloped by Houghton & Wilson (1989) and Hoblitt & 
Harmon (1993). Combined data from three samples, 
of 30 clasts each, collected from the tuff ring deposit 
(one sample) and distal base-surge deposit (two sam-
ples) are presented in Fig. 11. The deposits have vesic-
ularity indices of 7-63% (mean 34%). This range is 
appreciably larger than in most Strombolian deposits 
(Houghton & Wilson, 1989), thus indicating fragmen-
tation of a variably vesiculated magma rather than 
wholly 'magmatic' fragmentation simply by bursting 
of bubbles. 

Scanning electron microscope images of sand-sized 
particles of juvenile basalt display different clast 
shapes and degrees of vesiculation (Fig. 12). Poorly 
vesiculated particles commonly have small (5-90 um), 
spherical vesicles that are isolated from one another by 
thick walls. Such particles commonly have an equant, 
blocky morphology, and are bounded by planar sur-
faces that cut vesicles (Fig. 12a). The surfaces have 
peculiar chip-marks, and some are intersected by thin, 
curved cracks (Fig. 12b & c). The character of these 
surfaces shows that the vesiculated glass was brittle 
during fragmentation. Some particles have large, 
irregular vesicles up to 0.3 mm, which were formed by 
coalescence of smaller bubbles (Fig. 12d) and can be 
partially bounded by smooth, curved surfaces, which 
were originally the inner surfaces of those large vesi-
cles. Sometimes such smooth surfaces can form almost 
the whole surface of a particle (Fig. 12e). In this case 
the particle shape reflects mostly surface-tension 
moulding of liquid melt. Highly vesiculated particles 
have multiple, irregular bubbles of different sizes, 
which are separated by thin walls (Fig. 12f). The walls 
are frequently broken and the bubbles are intercon- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Density-vesicularity histograms for juvenile lapilli 
collected from deposits of the first (60 clasts), second (60 
clasts) and third {90 clasls) phrealomagmatic eruptions in 
Karymskoye lake. Measured clasts are 1-3 cm across. 
Vesicularity values are derived using a dense rock equivalent 
value of 2.8 g cm-3. 

nected. The broken walls sometimes show features of 
plastic behaviour where gas burst from one bubble to 
another towards the surface of the grain (Fig. 12g). 
Overall the shape of such particles is scoriaceous, 
determined mostly by processes of magma vesiculation. 
A few particles are abraded and notably rounded (Fig. 
12h). 

Ash grains typically have micron-sized flakes 
adhering to their surfaces. Such flakes commonly have a 
blade-like shape with sharp edges. They were formed 
during brittle fragmentation of basaltic glass (Fig. 12b 
&c). Some of the flakes are demonstrably in situ, 
because they are not completely separated from the 
parent grains. 

The surface morphology of the 1996 juvenile parti-
cles is typical of products of phreatomagmatic basaltic 
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Fig. 12. Scanning electron microscope images of surfaces of sand- sized juvenile basaltic particles from the 1996 tuff ring deposit (a-h) 
and surge deposit of the second 480014C yr BP eruption (i). (a) Blocky, poorly vesiculaled particle formed by fragmentation of already 
brittle basalt as a result of water -magma interaction, (b, c) Small-scale surface features of particle in (a). Blade-like flakes of glass and 
marks of surface cracking and chipping formed during brittle disruption of  basaltic glass. Some of the flakes were not completely 
separated from the parent surface, (d) Particle with large, irregular vesicles up to 0.3 mm formed by coalescence of smaller bubbles, (e) 
Particle of poorly vesiculated basalt formed by both forces of surface tension of liquid melt and subsequent brittle fragmentation. 
Probably represents droplets of basalt injected into water as a result of low-energy water-magma interaction, (f) Highly vesiculated 
scoriaceous particle with multiple, irregularly interconnected bubbles of different sizes. Particles shown in (d) and (f) were shaped 
mostly by vesiculation of fluid basaltic magma. {continued) 
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Fig. 12. (continued) (g) Small-scale feature of interbubble wall 
of particle illustrated in ( f )  shows plastic behaviour of material 
of the wall when gas bursts from one bubble to another, (h) 
Poorly vesiculated particle, subrounded by multiple recycling 
in the crater, (i) Vesicles clogged by fines, a characteristic 
feature of deposits of the second 480014 C yr BP eruption in the 
lake. 

eruptions, in which fragmentation of liquid magma 
occurs as a result of a complex interplay between 
vesiculation and water-magma interaction (Heiken & 
Wohletz, 1986). We use here the term water-magma 
interaction in a broad sense, as any process of magma 
fragmentation induced by its mixture with water, in-
cluding the mechanism proposed by Kokelaar (1983). 
The resulting morphology of some particles was over-
printed by subsequent rounding during recycling in 
the crater (Houghton & Smith, 1993). 

EFFECTS AND DEPOSITS OF 
TSUNAMIS AND LAHARS 

Tsunamis 
An area affected by tsunamis is marked around the 
lake by strong erosion of the shore, water-damaged 
bushes and distinctive deposits. The degree of shore 

erosion declines with distance from the tuff ring, with 
the strongest erosion on the steep northern shore of 
the lake adjacent to the tuff ring. The slope was eroded 
up to 30 m above the level of the lake, with all plants 
and soil as much as 1.5 m thick stripped so as to 
expose poorly consolidated bedrock (Fig. 4a). No 
deposits of the eruption were found in the eroded area, 
other than numerous ballistic blocks pressed deeply 
into the slope. We infer that the shore here was eroded 
by both tsunamis and water-rich base surges moving 
outward from the crater. The tuff ring deposits adja-
cent to the base of the eroded slope are interbedded 
with layers, 10-20 cm thick, that are rich in clasts of 
yellow, altered rock, and pieces of plants eroded from 
the slope. Such layers are interpreted as backwash 
deposits of the tsunamis (Nishimura & Miyaji, 1995) 
and/or of water pyroclastic flows formed from 
water-rich base surges. 

Along the rest of the shoreline the action of the 
multiple tsunamis in many places formed new beaches 
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(a) (b) 
Fig. 13. (a) Shore of the lake affected by the 1996 tsunamis. Site with runup 5.8 m in Fig. 14a. The beach (A), cliff (B) and area 
with stripped vegetation (C) were formed by tsunami erosion. Limit of the tsunami invasion marked by dry bushes (D). (See text 
for details.) (b) Rampart formed by bushes cast ashore by tsunamis in the Karymskoye lake during the 1996 eruption. South-east 
shore of the lake; site with runup 3.8 m in Fig. 14a. Separate branches in the foreground mark the limit of tsunami inundation. 
Cone of Karymsky stratovolcano is visible in the background. 

up to 50 m wide (area A in Fig. 13a), which are termin-
ated by new cliffs up to 2-3 m high (area B). Further 
from the lake (inland, behind the cliff) is an area C, up 
to 50 m wide, where the upper layer of soil up to 1.5 m 
thick was eroded and all plants were washed back into 
the lake. Along the outer boundary of the area inun-
dated by the tsunamis (area D), soil was not eroded 
and bushes with some broken branches remained 
standing, but dead. It is inferred that these were killed 
by the warm, acidic lake water. Later they dried and 
serve as good markers of the inundation limit. The 
width of area D ranges from 1 m to 100 m. The char-
acter of the damage to the bushes in area D differs 
from that caused by the base surges; they are not 
debarked on the side facing the crater. 

Deposits left by the tsunamis can be divided into 
two main classes: those composed of non-floating 
material, which was deposited near the place where it 
was mobilized, and those representing floating objects, 
which before final deposition could drift considerable 
distances. Two types of deposits of the first class were 
discovered: individual blocks of poorly consolidated 
old tuff, and patches of sand. The blocks, 0.1-4 m 
across, originate from newly eroded cliffs. They are 
abundant on the north-east shore of the lake, and are 
almost entirely absent on the southern shore, which is 
composed mostly of hard, unerodible rocks. Blocks 
are scattered on the surface of the beaches or incorpo-
rated into the beach deposits below the cliffs (area A). 
Some blocks with volumes up to 1.3 m3 were transported 
by waves from their source up to 60 m inland (into 
areas C and D). Patches of sand arc common in area 

D, and occur locally in area C. The patches are usually 
metres to tens of metres across and up to 35 cm thick. 
The sand, with scattered pebbles, fragments of plants 
and clots of soil, is well sorted (Table 1). Sometimes up 
to four parallel layers, with thickness 2-6 cm, can be 
distinguished, and are inferred to reflect the multiple 
waves of tsunami runup and backwash. The composi-
tion and grain size of the deposit reflects the material 
mobilized by the tsunami. In the zone near the crater 
the deposit comprises mostly fresh basaltic pyroclasts 
from the tuff ring. Further from the crater the deposit is 
composed of sand from pre-eruption beaches. 

Deposits of floated material are represented in areas 
C and D by scattered well-rounded pebbles of pumice, 
2-10 cm in diameter, and branches of bushes, which 
are orientated mostly perpendicular to the direction 
of tsunami runup. Deposits are most abundant on the 
south-east shore, because of the north-west wind that 
blew during the eruption. Here pumice pebbles form 
patches and bands up to 3 m across and up to 20 cm 
thick, with openwork fabric. These resemble deposits 
of the much larger-scale tsunamis that accompanied 
the 1883 Krakatau eruption (Carey el al., 1996). In 
contrast to that eruption, pumice deposited by the 
1996 tsunamis was not fresh, but was eroded by the 
tsunamis from old pyroclastic deposits. In both cases 
the floating pumice formed "pumice rafts', which were 
cast ashore. In Karymskoye lake the rafts also con-
tained abundant floating bushes. After deposition 
on the south-east shore, interlaced branches of bushes 
formed 'wooden ramparts' up to 2 m high, 10-15 m 
wide and several hundred metres long (Fig.  13b). 
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Fig. 14. (a) Heights of tsunami runup (in metres) around 
Karymskoye lake and bathymetry contours (in metres) after 
the eruption, (b) Tsunami runup versus distance from the 
crater. (Note change in trend ~ 1.3 km from the crater.) 

(b) 

 

Branches of the ramparts are completely debarked 
with rounded or splintered, brush-like ends, which is 
inferred to indicate their prolonged beating by tsunami 
waves before final deposition. 

There are two lines of evidence suggesting that 
the largest of the tsunamis occurred at the end of 
the eruption. First, the areas eroded by tsunamis are 
not covered by fall deposits of the eruption. Second, 
the composition of floated material deposited on the 
south-eastern shore shows that it originated mostly 
from the northern shore. Given the size of the lake, 
several hours during the eruption were needed for 
the floating material washed off the northern shore to 
drift across the lake to be deposited on the south-
eastern shore. 

The distinctive band of devastation, and the 
tsunami deposits, allowed us to measure the runup 
height of the tsunamis at 24 points around the lake 
(Fig. 14). Because there were several tsunamis, the 
measurements represent the runup of the strongest 
event(s). The highest runup (20-30 m) occurs on the 
shore immediately adjacent to the tuff ring, 700 m 
from the centre of the crater. For the proximal zone, to 
radial distances ( r )  up to 1.3 km, the runup height (R) 
shows rapid attenuation with distance as  
log R= - 1.98 log r + 16.3.  
For the distal zone, r > 1.3 km, R decays more slowly 
as log R = -0.56 log r + 5.8.  
For the most distant points, runup was 2-3 m. 

'Tsunami' is a Japanese term that usually describes 
extraordinary water waves generated in seas or large 

 

lakes by earthquakes, volcanic eruptions, landslides 
and so on (Latter, 1981). The fast decay of the runup 
of Karymskoye's tsunamis in the proximal zone is in- 
ferred to indicate that they were not only water waves, 
but also flows of water and/or water-pyroclastic mix- 
tures. In the distal zone, however, evidence indicates 
that they were conventional tsunami waves (Belousov 
et al., 2000). 
  
Lahars 

Lahars left a broad fan of deposits where the 
Karymskaya river emerges from its first deep canyon 
in the caldera rim (Fig. 1b). The fan is 0.5 km long, 
0.25 km2 in area, and 2-3 m in maximum thickness. It 
thins over a short distance and has a volume of 2.5 x 
105 m3. The fan covered a marsh, and although most of 
bushes of the marsh were carried away or buried by 
lahars, some bushes remained standing along the outer 
boundary of the fan. Most bushes affected by lahars 
were killed, probably by acidic water. The stratigraphy 
of the fan was studied near its outer limit, where the 
deposit is thin and fine grained. The section consists of 
pre-eruption peat covered by two dark grey sandy layers, 
each ~ 50 cm thick and capped by a fine grained light 
grey muddy horizon, 5 cm thick. The sandy layers are 
well sorted (Table 1), and have parallel or low-angle 
lamination defined by alternating relatively coarse- 
and fine-grained discontinuous laminae a few 
millimetres thick. The layers consist of 
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redeposited products of the 1996 eruption with ad-
mixed yellow, altered pumice eroded from older pyro- 
clastic deposits. Observations suggest that the sandy 
layers were deposited by the first (2 January) and 
second (15 May) lahars of the eruption. The muddy 
layers settled out from temporary lakes that formed 
with each lahar event. The grain size and bedding 
characteristic of the deposits shows that both lahars 
had relatively low concentrations of solid particles and 
were hyperconcentrated flood flows (Smith, 1986). 

SUCCESSION OF EVENTS AND 
INTERPRETATION OF THE 1996 

ERUPTION PROCESSES 

Ascent of magma 

The 1996 crater, the chain of subsidence pits and the 
system of fissures are all aligned along a north-north-
east fault (Fig. 1); it is inferred that the feeder dyke of 
the 1996 eruption was intruded along the fault, as has 
occurred here during previous eruptions of basic 
magma (see below). 

The strong earthquake that occurred at the begin-
ning of the pre-eruption swarm on the southern end of 
the fault probably was of tectonic origin, but it opened a 
path for magma to travel from a deep basaltic 
chamber toward the ground surface under the lake. 
There is petrological evidence that part of the basaltic 
magma from the dyke also intruded into the silicic 
magma chamber of the Karymsky stratovolcano and 
thus provoked its eruption (Eichelberger & Izbekov, 
2000). 

Vent-clearing explosion(s) 
The pre-eruption seismic swarm was associated with 
intrusion of a basaltic dyke ~ 2.5 m wide along the 
fault zone, which is marked by hydrothermally altered 
breccia. A wave of elevated pore pressure propagated 
through the country rock ahead of the intruding dyke 
(Delaney, 1982; Elsworth & Voight, 1992). 

As the dyke approached the ground surface, opening 
of an eruption fissure initially allowed rapid 
decompression of the country rocks in which pore 
pressure was elevated. Decompression-fragmentation 
of the country rock along the fissure may have 
occurred by mechanisms analogous to those proposed 
for fragmentation of viscous magma under rapid decom-
pression (Alidibirov & Dingwell, 2000). The resulting 
fragments were transported upward by a gas stream 

emanating from the fissure, which probably originated 
from both boiling of decompressed hydrothermal fluids 
(circulating in the fault and heated by dyke intrusion) 
and upward migration of magmatic volatiles from the 
degassing, ascending dyke. The combination of the 
above events led to the first phreatic, vent-clearing 
explosion(s) of the eruption; no fresh magma was 
involved. Fragments of country rock probably were 
carried out from relatively deep levels of the fissure, 
having been accelerated to high velocities: the largest 
fragments were ejected the greatest distances (e.g. Self 
et al., 1980). 

The phreatic explosion penetrated ~ 50 m of water 
and a 1-m-thick ice sheet on the surface of the lake. 
Some of the ice blocks were incorporated, and 
together with ejected blocks of country rock left the 
largest impact craters. There is no evidence that this 
powerful explosion generated strong water waves; the 
ice sheet probably prevented a tsunami. The removal 
of rock fragments by this explosion widened the 
fissure, making a channel through which the following 
eruption occurred. 

Main stage of the eruption: Surtseyan activity 
The eruption of basic magma apparently started soon 
after the first vent-clearing explosion(s). The character 
of the basaltic eruption was directly linked to the 
fact that the gas-charged magma, with an average 
discharge ~106 kg s-1, had found its way to the ground 
surface under Karymskoye lake. The main part of the 
1996 eruption consisted of a series of ~ 100-200 
Surtseyan explosions with an average interval of 
~ 6 min. Although the magnitude of the explosions 
varied, they probably each resulted from the same 
processes, and we will consider here a model for only 
one explosion 'cycle', or burst. 

i  ■  

Fragmentation of basaltic magma 
Between explosions, the crater of the tuff ring was 
filled with water, and the conduit throat was clogged 
by a mixture of water and pyroclasts left from the 
previous explosion burst. Magma lay deeper in the 
conduit, where there were no significant water-melt 
interactions; if such interactions had occurred, fragments 
of country rocks would be abundant in the deposit 
(Fisher & Schmincke, 1984), which is not the case. 

As indicated by the surface morphology and 
vesicularity indices of pyroclasts from the eruption, 
the explosions were caused both by vesiculation of 
magma and by energetic water-magma interaction 



54 A. Belousov and M. Belousova 
 

(Heiken & Wohletz, 1986; Houghton & Wilson, 1989; 
Zimanowski, 1998). During each explosion, the pro-
cess of magma fragmentation occurred in two stages. 
The first was mostly magmatic: rapid growth and 
ascent of bubbles pushed out a portion of vesiculated 
and partially fragmented magma from the upper 
part of the vent; this resembles the early stage of a 
Strombolian outburst. The second stage was mostly 
hydrovolcanic. It occurred when the products of the 
first stage were injected into the water-pyroclastic 
mixture filling the vent and crater. Contact with water 
led to additional fragmentation of magma. As a result, 
the shape of the pyroclastic particles displays features of 
magmatic fragmentation overprinted by features of 
hydrovolcanic fragmentation. 

Ejection and deposition 
At the start of an eruption burst, a gas-pyroclast mix-
ture expanded explosively from the vent, pushing out 
and bulging upward the water and water-pyroclastic 
slurry clogging the crater. The height of a typical bulge 
reached several hundred metres above the lake surface. 
After several seconds fingers of the gas-pyroclast 
mixture penetrated the upper part of the bulge and 
entered the atmosphere as a cock's tail jet. Ejection of 
pyroclasts through the layer of water led to intermixing 
of jets with the water layer, forming an explosion 
fountain that was relatively cool, had a high content of 
water and steam, and was too heavy to rise buoyantly 
and form a sustained eruptive plume. Thus it began to 
descend towards the lake surface as an overloaded 
vertical eruption column collapsing under gravity (e.g. 
Wilson el al., 1980). The descending mixture formed a 
very wet base surge in which droplets of water, as well 
as pyroclasts, were a major component. We here term 
the flowing mixture a base surge, but add the modifier 
'water-rich' to distinguish it from more dry, conven-
tional, gas pyroclast base surges. Water-rich base 
surge can be considered to be the end member of wet 
base surges. 

While the surge propagated radially from the crater, 
it became density stratified as a result of gravitational 
settling of pyroclasts and droplets of water (Valentine, 
1987). We suggest that this process led to formation of a 
distinct underflow at the base of the surge. In this 
underflow water was the continuous phase in which 
pyroclastic particles and gas bubbles were suspended. 
Thus, the upper gas-pyrodaslic surge was a transport 
system, which contributed material to the lower water- 
pyroclast underflow, which was the depositional 
system (Fisher, 1990). Deposition from the underflow 

was similar to deposition from hyperconcentrated 
flood flow (Smith, 1986). 

Both surges and underflows moved subaerially 
along the surface of the tuff ring; where the surges 
began to climb the caldera wall, the water-pyroclastic 
underflow decelerated first and began to flow back 
downslope (topographic blocking of Fisher, 1990), 
eroding the sleep slope of the caldcra and depositing 
backwash material near the base of the wall. As a 
result of topographic blocking, the densest and wettest 
lower part of the surge was separated from the upper, 
relatively dry part of the base surge, which propagated 
further, leaving distal base-surge deposits similar to 
those formed by deposition from relatively low-energy 
surges (Beiousov el al., 1998). The surge propagated 
until it lost most of its pyroclastic load, became lighter 
than the surrounding air, and lifted buoyantly. 

The above situation occurred only near the end of 
the eruption, when the upper part of the tuff ring had 
emerged from the lake. Before emergence of the ring, 
collapse of the eruptive column created surges that 
moved along the water surface. The behaviour of the 
water-pyroclast underflow in this situation is unclear. 
The density of the surge underflow is expected to have 
been higher than that of water, so it probably sank and 
then propagated subaqueously along the surface of 
the tuff ring as a sediment gravity flow (White, 1996). 

After each explosion, a part of the pyroclastic 
material fell back into the crater and was temporarily 
stored there until the nest explosion remobilized it. 
Some part of the material may have experienced sev-
eral expulsions and collapses before its final ejection 
from the crater (Houghton & Smith, 1993). Such recy-
cling resulted in rounding of pyroclasts. Additional 
rounding may have occurred during transportation of 
clasts by turbulent surges.  

End of the eruption 
Near the end of the eruption we infer that the magma 
ascent rate declined and the feeder dyke began to 
freeze. The walls of the dyke were covered by a thick 
layer of partially solidified melt, and a waning stream 
of fresh magma detached clots of this semi-solid mater-
ial (sometimes enclosing fragments of country rock) 
and transported it upward. Most of the erupting 
magma near the end of the eruption may have repres-
ented such clots covered by only a thin layer of freshly 
arrived melt. The final explosions of the eruption 
ejected more and more of these clots, which led to an 
abrupt increase in the abundance of coarse-grained 
material in the uppermost layers of the tuff ring, and 
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to the deposition of scoria-crust bombs. The basaltic 
bombs decrease in size and abundance with distance 
from the crater and their source during the final explo-
sions was probably shallow (e.g. Self et al., 1980). The 
appearance of abundant scoria-crust bombs in the 
course of an eruption may serve as an indicator that 
the feeder dyke is freezing and the eruption's end is 
approaching. 

The largest of the tsunamis occurred at the end of 
the eruption. This may indicate that the explosions 
that look place near the end of the eruption were 
stronger than those of the main stage. Alternatively, 
these explosions, which ejected only bomb-sized clasts 
from shallow depths, more effectively pumped energy 
into the generation of water waves than did the pre-
vious explosions (which ejected a large amount of 
finer-grained material and were at somewhat greater 
depth). The waves redistributed coarse-grained mater-
ial on the surface of the tuff ring to form large-scale 
ripples, and cast ashore rafts of floating pumice and 
bushes. 

DEPOSITS AND STYLES OF 
PREHISTORIC ERUPTIONS IN THE LAKE 

Our studies have shown that the 1996 eruption was 
the third episode of Holocene volcanic activity within 
the Akademiya Nauk caldera (Belousov el al., 1997). 
Basalt-basaltic andesite tephra of the two pre-1996 
eruptions crops out along the coast of the lake, being 
thickest in its northern part (Fig. 15). The eruptions 
were closely spaced in time and occurred at c. 4800 I4C yr 
BP. 

Deposit of the first eruption 

The deposit of the first eruption is in general similar to 
the deposit of the 1996 tuff ring. The exposed thick-
ness of the deposit is up to 10 m, and the deposit is 
composed of monotonous, rhythmically intercalated 
parallel, normally graded, grain-supported, dark grey 
beds of moderately sorted ash lapilli (Figs 8, 9, 15 & 
16; Table 1). Inclination of the beds is very gentle; in 
outcrop they appear horizontal. The coarsest, lower 
part of each 0.3-1-m-thick bed commonly has an 
openwork fabric. The beds are well defined and 
laterally continuous; no erosional discordances have 
been found. Contacts between the beds commonly 
arc diffuse. In some places, the unit is completely 
structureless, and may represent syneruptive slump 
deposits. 

Grain-size distributions of samples from the deposit 
are commonly unimodal (- 4 phi to – 2 phi), with a very 
low-content of fines (Figs 9b & 15; Table 1). In the 
sections studied the deposit is notably coarser than the 
1996 tuff ring deposit. Juvenile basaltic clasts 
constitute > 95% of the deposit. They have 
vesicularity indices of 9-49% (mean 28%) (Fig. 11), 
and are less vesicular than the 1996 juvenile clasts. 
Coarse lapilli are mostly irregular in shape and 
angular to subrounded. The surface morphology of 
sand-sized clasts from the deposit is identical to that of 
the 1996 deposits, and is inferred to reflect a similar 
phreatomagmatic character of the older eruption. 

Most of the studied sections arc inferred to have 
been deposited subaqueously. Evidence is provided by a 
10-20-cm-thick layer of yellowish fine ash (Md 7.2 phi; 
sorting 1.3phi), which covers the deposit (Fig. 16b). The 

 

Fig. 15. Thickness (in metres) of 
pyroclastic deposits of the first (I) and 
second (II) eruptions that occurred in 
Karymskoye lake at 4800 I4C yr BP, 
with grain-size histograms for 
representative samples. Numbers on 
the sketch map show thickness of 
second eruption/thickness of first 
eruption. Filled circle indicates site of 
section 6, where samples represented 
by the histograms were collected. 
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Fig. 16. Deposits of the first and second 4800 14C yr BP eruptions in the lake, (a) Thick coarse-bedded lapilli of the first eruption tuff ring, 
covered above erosional contact by cross-stratified surge beds of the second eruption. Large angular clast near the contact is accidental 
fragment of  lava. Thin, fine-grained layer in the deposit of the first eruption (at the level of person's head) divides better-sorted, 
subaqueously deposited lower pan of the deposit from more poorly sorted, subaerially deposited upper part.    Site 1.5/10 in Fig. 15. 
(b) Two uppermost, normal-graded lapilli layers of the tuff ring deposit of the first eruption (TR) covered by layer of fine ash (A) settled 
from lake water after the eruption. Site 1.5/2 in Fig.15. Scale is 35 cm long. (c) Intercalation of cross-bedded base-surge deposits and 
fine-grained fall layers of second eruption. Site 1.5/10 in Fig.15. (Note a small bomb sag in the centre of the picture (arrow).) The surges 
probably moved from left to right. Shovel is ~ 1.5 m long. 

fine ash, which sometimes has ripple marks, is inferred 
to have been separated from the coarse fraction during 
deposition in water. After the eruption it settled on the 
bottom of the lake, just as occurred in 1996. The posi-
tion of the fine ash layer shows that the level of the 
lake 4800 14C yr ago was at least 5 m higher than the 
present level. 

The 1996 tuff ring buried the broad shoal in the 
northern part of the lake: the shoal represents an 
older tuff ring 15-20 m high with a crater 1350 m in 
diameter (Belousov et al., 1997; Ushakov& Fazlullin, 
1998). The rim of this crater is still expressed on the 
bottom of the lake as an underwater bar at a depth of 
50 m surrounding the 1996 crater (Fig. lb). We assign 
this old edifice to the first eruption in the lake, 4800 l4C 
yr BP. 

The similarity of the 4800 I4C yr BP and 1996 tuff 

ring deposits indicates similar eruption styles and 
depositional processes. 

Deposits of the second eruption 
The deposits of the second eruption either directly 
overlie the deposit of the first eruption above an 
erosional contact, or are separated from it by deposits, 
up to 2 m thick, of ephemeral streams, which accu-
mulated during a short period between eruptions 
(Fig. 16a). The deposit of the second eruption did not 
form a new, individual edifice, but covered the tuff 
ring formed by the first eruption. 

The deposit is a 2-m-thick lapilli ash succession 
consisting of dark grey to greenish layers of 
cross-bedded base-surge deposits intercalated with 
fine grained fall layers up to 20 cm thick (Figs 8, 9, 15  
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&16c). There are rare clasts of basaltic andesite up to 
10 cm with impact-sag structures (Fig. 16c) that were 
deposited ballistically on the wet, cohesive surface of 
fall and base-surge deposits. 

The surge deposits have well-developed duneforms, 
with an amplitude of 10-40 cm and a wavelength of 
1-5 m. The stoss side has an inclination of 10-20°; the 
lee side is always more gentle, dipping 0-12o. Evidence 
for stoss-side deposition and lee-side erosion, indic-
ating upstream migration of dune crests, is common. In 
several outcrops the deposit is massive, possibly as a 
result of syneruptive slumping. Both the surges and 
intercalated fall layers have numerous rim-type 
accretionary lapilli up to 1.5 cm across (Schumacher 
& Schmincke, 1991). The surges commonly contain 
armoured lapilli (Fisher & Schmincke, 1984). 

The surge deposits are moderately to poorly sorted 
(Fig, 8). The deposits commonly have unimodal 
grain-size distributions, and are notably fines-poor 
relative to the deposits of 1996 distal base surges (Figs 
9b & 15; Table 1). Fall deposits are very fine grained 
and well sorted (Figs 8 & 9; Table 1). 

In contrast to the deposits of the first (4800 14C yr BP) 
and third (1996) eruptions, clasts of the second (4800 
14C yr BP) eruption are covered by a thin layer of fine 
ash (light mud coating of Houghton & Smith, 1993). 
This makes it difficult to estimate a percentage of true 
juvenile clasts in the deposit, but locally it is clear that 
some layers of the surge deposits are strongly 
enriched in coarse-grained accidental clasts from 
underlying strata. Such layers probably mark episodes 
of intensive widening of the vent, possibly as a result 
of energetic water-magma interaction in the conduit. 
Juvenile clasts have vesicularity indices of 18-65% 
(mean 52%)—significantly larger than the vesicularity 
of juvenile clasts from the first and 1996 eruptions (Fig. 
11). Coarse lapilli are irregular in shape and mostly 
angular. The morphology of the sand-sized particles 
that constitute the deposit is similar to that of the 
1996 deposit, but there is more abundant adhering dust, 
which commonly completely clogs vesicles (Fig. 12i). 

The end of the eruption is marked by a 1-m-thick 
layer of large, thoroughly vesiculated, scoriaceous 
bombs overlying the sequence of surge and fall 
deposits. Deposits of water-rich base surges like those 
that formed the tuff rings of the first and 1996 erup-
tions were not found. 

The character of the deposit of the second eruption 
is very different from that of the first and of the third 
(1996) eruptions. The well-developed, cross-bedded 
base-surge deposits of the second eruption resemble 

base-surge deposits of the 1965 Taal eruption, in 
which volcanic explosions occurred in very shallow 
water (Moore et al., 1966; Moore, 1967; Waters & 
Fisher, 1971). Thus, we infer that the vent of the second 
eruption was situated in very shallow water or even 
onshore, penetrating water-saturated products of the 
first eruption. In this situation there was neither a 
significant layer of water above the vent, nor an 
abundance of water during water-melt interaction, as 
took place during the first eruption and in 1996. The 
reduced interaction with water led to more violent 
explosions that produced a large amount of fine-
grained particles. During propagation of the surges 
of the second eruption much of their fine fraction 
was elutriated into overriding convective clouds, from 
which were deposited most of the fall deposits of the 
eruption, which are much finer grained than fallout of 
the 1996 eruption. Hence we infer that the surges of 
the second eruption were more inflated and drier than 
surges of the 1996 eruption. 

Base surges of the second eruption were also much 
more energetic than surges of 1996 eruption; they were 
able to travel > 4 km and lo affect the whole lake. In 
contrast to the 1996 surges, particles from the surges 
of the second eruption came to rest after protracted 
basal traction, which led to formation of excellent 
cross-bedding. Scoriaceous bombs ejected at the end 
of the second eruption probably marked its transition 
from a phreatomagmatic eruption to a purely 
magmatic one. 

 
              CONCL USIO NS 

The eruptions in Karymskoye lake show the influence 
that a shallow layer of water above a vent can have on 
the style of basaltic eruptions. If the 1996 eruption had 
occurred in a dry environment the inferred discharge 
rate suggests that it probably would have been a 
vigorous Strombolian or even sub-Plinian eruption, 
resembling that of Mihara Yama in Japan on 21-22 
November 1986 (Earthquake Research Institute, 
Tokyo, 1988). Instead, several tens of metres of stand-
ing water above the vent drastically changed the 
character of the 1996 eruption. Rather than forming a 
sustained eruptive plume, unstable eruptive columns 
with a high water and steam content immediately col-
lapsed back into the lake. In this situation > 95% of all 
pyroclastic products of the eruption were deposited 
from a specific type of base-surge that spread radially 
from the crater. To indicate their inferred origin from 
the collapse of very wet Surtseyan slugs, we term 
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them water-rich base surges. A water-rich base surge 
can be considered to be the end member of wet base 
surges. 

Gravitational settling of pyroclasts and droplets of 
water in a water-rich surge forms a water-pyroclast 
underflow at its base, which serves as the depositional 
system for the surge (Fisher, 1990). Deposition from 
the underflow is akin to deposition from hyperconcen- 
trated flood flow (Smith, 1986). The deposits of 
water-rich surges have an extremely low content of fines, 
and have none of the wave laminations that are 
characteristic of many base-surge deposits. Instead, 
they form well-graded parallel layers. The type of 
grading probably depends on the concentration of 
pyroclaslic particles in each particular underflow of the 
water-rich base surges. 

As a result of elevation of ambient pressure (50 m of 
water depth above the vent) and rapid chilling in the 
water, pyroclastic particles of the eruption are notably 
denser than regular basaltic scoria. The inferred 
abundance of water during the water-magma inter-
action is probably the reason why the resulting 
deposits are not as fine grained as the deposits of the 
subaerial phreatomagmatic eruptions. An unusual 
feature of the lapilli-sized clasts of the eruption is 
their significant rounding, uncommon for most types 
of primary pyroclastic deposits. Apparently, a layer 
of water above the vent prevented many pyroclasts 
from being ejected from the crater by the explosion in 
which they formed. Instead, they experienced several 
episodes of recycling in the crater before final ejection, 
which produced their unusual roundness. The pres-
ence of several tens of metres of standing water above 
the vent also strongly influenced the hazards associ-
ated with the eruption. At distances exceeding 1.3 km 
from the vent, only tsunamis and lake-outflow lahars 
were dangerous. Closer to the crater base surges and 
ballistic material were very destructive. 

The first of the 4800 14C yr BP eruptions in the lake 
was very similar to the 1996 eruption, probably 
because of similar water depths above the vent. The 
second of the 4800 I4C yr BP eruptions probably 
occurred in very shallow water; its deposits resemble 
those of subaerial phreatomagmatic eruptions. 
Absence either of abundant water during water-melt 
interaction or of high ambient pressures resulted in 
violent explosions that produced a large amount of 
fine-grained particles. Water-rich base surges were 
not generated. Instead, gas-pyroclastic base surges 
(much more energetic and dry than surges of the 1996 
eruption) and related ash clouds transported most of 
the material of the second eruption and were the main 
sources of hazard associated with the eruption. 

Although the studied eruptions occurred in a lake, 
most of the results obtained are also applicable to 
shallow submarine eruptions of basic magma. 
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