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Volcanogenic Tsunamis in Lakes: Examples from Nicaragua
and General Implications
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Abstract—This paper emphasizes the fact that tsunamis can occur in continental lakes and focuses on
tsunami triggering by processes related to volcanic eruptions and instability of volcanic edifices. The two
large lakes of Nicaragua, Lake Managua and Lake Nicaragua, host a section of the Central American
Volcanic Arc including several active volcanoes. One case of a tsunami in Lake Managua triggered by an
explosive volcanic eruption is documented in the geologic record. However, a number of events occurred in
the past at both lakes which were probably tsunamigenic. These include massive intrusion of pyroclastic
flows from Apoyo volcano as well as of flank-collapse avalanches from Mombacho volcano into Lake
Nicaragua. Maar-forming phreatomagmatic eruptions, which repeatedly occurred in Lake Managua, are
highly explosive phenomena able to create hugh water waves as was observed elsewhere. The shallow water
depth of the Nicaraguan lakes is discussed as the major limiting factor of tsunami amplitude and
propagation speed. The very low-profile shores facilitate substantial in-land flooding even of relatively
small waves. Implications for conceiving a possible warning system are also discussed.
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Introduction

Tsunamis are widely recognized as disastrous waves in the ocean triggered by
earthquakes, particularly since the Dec. 26, 2004 catastrophe in the Indian Ocean.
This paper aims to draw attention to the facts that volcanic processes also trigger
tsunamis, and that such disastrous waves do also occur in lakes on land. The best
documented and most disastrous volcanogenic tsunami catastrophe in recorded
history occurred during the 1883 eruption of the Krakatau Volcano in Indonesia.
Almost 30,000 lives were taken along the Sunda Strait shores by tsunamis formed
when voluminous pyroclastic flows entered the sea around the volcanic island of
Krakatau (CAREY et al., 2001). Pyroclastic flows also caused tsunamis at many
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other volcanoes such as Tambora in 1815 (SELF et al., 1984; SIGURDSSON and
CAREY, 1989), Aniakchak, Alaska (WAYTHOMAS and NEAL, 1998), Santorini,
Greece (McCoy and HEIKEN, 2000), most recently at Montserrat, Lesser Antilles
(HART et al., 2004; PELINOVSKY et al., 2004), and at many other locations
(DE LANGE et al., 2001). Similar to pyroclastic flows, avalanches from collapsing
flanks of stratovolcanoes can trigger tsunamis when entering water or when the
debris masses move largely under water as on the flanks of volcanic ocean islands
(e.g., KEATING and MCGUIRE, 2000). Such collapses can be triggered by volcanic
or tectonic activity but also by climatic events (e.g., KERLE and VAN WYK
DE VRIES, 2001; SCOTT et al., 2005). In 1792, an earthquake-triggered collapse at
Unzen, Japan, shed an avalanche into the Ariake Sea where it formed a tsunami;
more than 14,000 lives were lost (SIEBERT, 2002). Apart from these two types of
mass flows, volcanoes provide other potential trigger mechanisms of tsunamis such
as caldera subsidence and other volcano-tectonic movements or underwater
explosions (BEGET, 2000).

One type of tsunami has yet received little scientific attention although it can also
be disastrous, albeit on a more local scale. This is tsunamis in continental lakes. A
prominent volcanic example is the initial landslide of the May 18, 1980, Mount St.
Helens eruption, which entered Spirit Lake and caused water run-up to 260 m above
lake level (VOIGHT et al., 1981). In 1999, a relatively small landslide caused a 15-m-
high wave in the shallow crater lake of Kasu Tephra Cone, Papua New Guinea,
injuring several people and killing one (WAGNER et al., 2003). Underwater explosions
in Lake Karymskoye, Kamchatka, in 1996 formed tsunamis with 2-30 m run-up
heights at shore (BELOUSOV ef al., 2000). Naturally, non-volcanic landslides do also
generate tsunamis in lakes. Fatal examples of landslide-triggered lake tsunamis
occurred in 1971 in Lake Yanahuin, Peru (PLAFKER and EYZAGUIRRE, 1979), and
1987 in the Valtellina valley, Italian Alps (Govi et al., 2002). A 60-m-high wave
formed by a landslide into the Vaiont reservoir, northern Italy, in 1967 drowned
more than 2000 people (MULLER, 1964). Glacier falls can likewise trigger
catastrophic tsunamis (SLINGERLAND and VOIGHT, 1979). Moreover, lake tsunamis
may be triggered by earthquakes. Tectonic movement at a fault crossing a lake can
form a tsunami and, if the lake is deep and has steep margins, also excite seiches
which may flood the shores hours after the earthquake and tsunami (ICHINOSE et al.,
2000). Model results for the 500-m-deep Lake Tahoe (USA) indicate higher
amplitudes for the seiches than the tsunami, and smaller seiches also form by
resonance induced by earthquakes on faults 10-km away from the lake (ICHINOSE
et al., 2000). Fatal seiches destroyed villages at Taal Caldera Lake, Philippines,
following a tectonic earthquake in 1749 (NEWHALL and DZzURISIN, 1988). In 1878 and
1937, earthquakes associated with vertical ground motions triggered tsunamis in
Rabaul caldera, Papua New Guinea, which forms a shallow bay (NEWHALL and
DzuRIsIN, 1988).
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In lakes as well as in largely enclosed bays and inlets the travel times of tsunamis
to threatened shores are short. Early warnings will thus mainly depend on timely
recognition of the potentially tsunami-triggering events.

Tsunamis in Nicaragua

Since 1500, the number of 49 tsunamis is known to have occurred on the Central
American Pacific and Atlantic Coasts (MOLINA, 1997); all generated by strong
tectonic earthquakes. The largest and most destructive tsunami impacted on
September 1, 1992, on the Nicaraguan Pacific Coast with wave heights up to 10
meters. The tsunami caused widespread destruction and killed more than 170 people.
This event caused considerable interest in the Nicaraguan population on tsunami
hazard, tsunami disaster prevention and mitigation, and was the starting point for
the development of a National Tsunami Warning System for the Nicaraguan Pacific
Coast. As Nicaragua has very large lakes the question arises whether tsunamis can
occur in these lakes, which are the mechanisms to generate them, and whether early
warning is possible for these events.

We have recently identified a tsunami deposit along the shore of Lake Managua
that is related to a volcanic eruption (FREUNDT et al., 2006a) and which we will
briefly describe below. At both lakes, Lake Managua and Lake Nicaragua (Fig. 1),
potentially tsunamigenic volcanic events have occurred in the past; we describe some
of these below.

Tsunamis in these lakes would differ from those in the ocean mainly because
shallow water depths (Table 1) limit tsunami speed, amplitude and wavelength. Like
ocean coasts, however, lake shores in Nicaragua and elsewhere are densely populated
and at high risk when a tsunami occurs. We will discuss some aspects of lake tsunamis
using the two large lakes in Nicaragua as examples. Both lakes lie within the line of
active arc volcanoes and within the Nicaraguan depression, a tectonic graben roughly
parallel to the trench where the Cocos Plate subducts beneath the Caribbean Plate.

Tsunamigenic Events at the Nicaraguan Lakes

The Mateare Eruption

The subplinian to plinian Mateare eruption occurred between 3,000 to 6,000
years ago from a now hidden vent near the northwestern shore of Chiltepe Peninsula
in Lake Managua (FREUNDT et al., 2006a). Fossil shorelines found at Lake Managua
(CowAN et al., 2002) imply that the lake’s water level dropped through the past
several thousand years such that the proposed Mateare vent site would have been
under water of several meters depth at the time of eruption. The eruption produced a
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Figure 1
Oblique view, looking south, onto west-central Nicaragua with the two large lakes and chain of arc
volcanoes. Modified from Google Earth. White dashed lines indicate linear segments of the volcanic front
that are offset between Chiltepe Peninsula and Masaya volcano, and near the Nicaragua-Costa Rica
frontier. NML is the Nejapa-Miraflores lineament, with the horizontally hatched area indicating the
distribution of phreatomagmatic maar deposits. The diagonally hatched area around Mateare indicates the
distribution of a tsunami deposit associated with a plinian eruption from a proposed vent site marked by

the star.

dacitic to andesitic, compositionally zoned pumice lapilli fallout deposit—the
Mateare Tephra—that is about 2-m thick and exposed along the shore of Lake
Managua north of the town of Mateare over a distance of about 15 km (Fig. 1). We

Table 1
Properties of the two large Nicaraguan lakes. Data from World Lakes Database (www.ilec.or.jp), 2004

Properties Lake Nicaragua Lake Managua
Length (km) 160 58
Width, W (km) 70 22
Area (km?) 8150 1016
Volume (km?) 108 8
Avg. depth (m) * 13 8
Max. depth, Dy, (m) 70 ** 26
Avg. slope tan o0 = 2*Dy,. /W 0.0020 0.0024
Avg. wave celerity, ¢ (m/s) 11 9

* Volume divided by area.
** Note that low-resolution bathymetric data from Direccion Hidrografia de Instituto Nicaragiiense de
Estudios Territoriales INETER), Managua, suggest a maximum depth of only Dy,.x < 30 m.
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have divided the deposit into four units (FREUNDT et al., 2006a). Unit A is a
well-stratified fallout of high-silica dacitic pumice with relatively high contents of ash
and lithic fragments (Fig. 2). It is interpreted as the result of an early phase of
eruption characterized by discrete explosions which appear to have been caused by
both interaction with external water and temporary blocking of the vent by obsidian
plugs. Unit B is a well-sorted, massive and lithic-poor light-gray dacitic pumice lapilli
fallout that constitutes the major thickness of the deposit (Fig. 2). It represents the
main, steady plinian phase of the eruption. Unit C is a continuation of unit B in
terms of grain size and texture but is composed of black andesitic pumice. The
change in composition occurs over a thin thickness interval. The rapid change in
magma composition did not interrupt or significantly modify the continuing
eruption. Unit D has a lapilli fallout layer at base composed of vesicle-poor
andesitic scoria, some earlier erupted and entrained pumice lapilli, and lithic
fragments. It is overlain by a stratified package of fallout ash rich in accretionary
lapilli. Unit D represents fallout from the phreatomagmatic terminal eruption phase.
The top of the Mateare Tephra has commonly been eroded, and basal unit A is
missing in most outcrops along the lake shore.

A dark-gray sand layer, the Mateare Sand, lies stratigraphically between units A
and B of the Mateare Tephra (Fig. 2); in the common absence of unit A, however, it
lies at the base below unit B. This medium sand (Mg, = 1.8-2.2) is well sorted
(69 = 0.95-1.85) but contains outsized pumice lapilli either dispersed in the sand or
forming pumice lenses. This light-gray pumice is mostly derived from the Mateare
Tephra although there is a minor contribution of white pumice from the underlying,
compositionally distinct Xiloa Tephra. The sand-size fraction contains angular
vesicular through dense glassy fragments of Mateare dacite, rounded particles of
Xiloa pumice, fragments of dacitic and basaltic lavas, and crystal fragments. Apart
from the dominant Mateare dacite fraction, the composition of the sand is similar to
that of modern beach sand at the shore of Lake Managua near Mateare. The
Mateare Sand has wavy lower and upper contacts and is 5-20 cm thick in flat areas
(Fig. 2) but locally forms thick fills of channels directed toward the lake. While
mostly massive in the overbank facies, the channel fills show chaotic bedding with
lenses of pumice lapilli. The sand layer can be traced to elevations up to 32 m above
the present lake level. At the most elevated outcrops, molds from tree logs are
surrounded by sediment aggradation structures interpreted to have formed as sand
piled up against stranded driftwood poles.

The well-sorted sand is a water-lain deposit forming a widespread sheet along the
shore of Lake Managua. It is not a beach sand because it reaches to elevations
exceeding plausible beach levels even considering that the lake level was 9 m above
present level ~6300 years ago (COWAN et al., 2002), and underlying unit A of the
Mateare Tephra was not emplaced in water but on dry land. Since the deposit formed
during the Mateare eruption, we have interpreted it as a volcanogenic tsunami
deposit. The timing of tsunami formation can be deduced from the composition of
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Figure 2
The Mateare Tephra including the Mateare Sand, a volcanogenic tsunami deposit. (a) Condensed tephra
unit A erosively overlain by the sand (MS) which is covered by the massive pumice fallout unit B. Long
scale is 2 m. Locality A71. (b) The thickest exposure of stratified fallout unit A, erosively overlain by the
sand MS which contains molds from former driftwood logs. Massive unit B at top. Locality Al114. (c)
Detail of the massive sand with dispersed pumice lapilli. Locality A75. Localities and minimum
distribution of sand layer are indicated in Figure 4.

the entrained Mateare pumice, making use of the chemical zonation of the deposit
(FREUNDT et al., 2006a). The composition of batches of pumice lapilli collected from
the Mateare Sand is typically a mixture of unit-A and unit-B compositions, which are
separated by a compositional gap in the primary fallout (Fig. 3a). The composition
of pumice in the sand differs between outcrops such that the unit-B contribution
decreases toward higher elevation above the lake (Fig. 3b). Hence, early tsunami
waves mostly eroded unit A near shore and reached the highest run-up whereas
closer to shore subsequent weaker tsunami waves lasted longer into unit-B eruption.
The tsunami effect of inhibiting fallout emplacement of early unit-B pumice varied
locally as shown by the variable composition of pumice at the very base of unit B
(Fig. 3); this probably reflects topographic control on wave run-up and channeling.
The late waves may have been separate tsunamis or waves reflected at the lake shores;
we favor the first interpretation since the very gentle shore slopes would largely
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(a) Vertical chemical zonation of the Mateare Tephra using bulk-rock Zirconium content (black dots) as an
example. The wide compositional range in phreatomagmatic unit D is due to re-entrainment of earlier
erupted pumice. Composition at the exposed base of unit B (gray dots) differs between outcrops; the basal
contact of B is thus not time-equivalent between outcrops. White dots are the bulk composition of batches
of pumice lapilli collected from the sand layer; they bridge the gap between unit A and B compositions. (b)
Composition at the base of unit B varies irregularly, but pumice in the sand systematically changes from
unit B to unit A composition with elevation above the lake. Hence, more unit B material was entrained in
the sand closer to shore.
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dampen reflections. The interval of tsunami formation appears to be associated with
the early unsteady phase of eruption, particularly when obsidian plugs blocked the
vent and were violently disrupted, leaving abundant obsidian fragments in the
deposit at this stratigraphic level. The detailed processes of tsunami formation
remain unknown because the near-vent area is not exposed. There is no evidence that
potentially tsunamigenic mass flows formed in this eruption, which occurred at a vent
in flat land rather than from a volcanic cone. Subsidence at the vent is unlikely at a
time when a stable plinian eruption column was forming and emplaced lithic-poor
fallout. This leaves explosive processes as possible tsunami triggers. The Mateare
Sand is the first documented tsunami deposit at a Nicaraguan lake and its
importance is in showing that this type of volcanic hazard can occur and may affect
significant areas along the gently sloping lake shores (Fig. 4).
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Figure 4
DEM of the area around Lake Managua. Superimposed bathymetry from 1979 map of INETER,
Managua. Depths in meters. Note deep pits near Momotombito. The Mateare Fault is the western
boundary of the Nicaraguan Depression; bathymetry suggests it curves westward within the lake. A =
Apoyeque crater, X = Xiloa Maar. Bold dashed line near Mateare shows minimum distribution of
Mateare Sand tsunami deposit; star marks proposed vent site of Mateare Tephra. A71, A75, A114, A237
are localities shown in Figures 2 and 5. Thin dashed lines along Nejapa-Miraflores lineament indicate
distribution of phreatomagmatic maar deposits. Star in the SW bay of the lake suggests one or more vent
sites on the lake floor. Major tectonic faults extending into the lake include the Punta Huete Fault (PHF),
Cofradias Fault (CF), Aeropuerto Fault (AF), and Tiscapa Fault (TF) which was active during the 1972
earthquake (BROWN et al., 1973). Numerous minor faults dissect the whole area.
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Phreatomagmatic Eruptions in Lake Managua

The NW-SE trending linear volcanic front is offset between Chiltepe Peninsula
and Masaya Volcano (Fig. 1), a region that corresponds to a segment boundary as
defined by CARR (1984). The offset limbs of the front are connected by the N-S
trending Nejapa-Miraflores lineament, a zone of numerous maars and cinder cones,
that extends from west of Managua to the southern part of Chiltepe Peninsula,
cutting across the southwestern bay of Lake Managua (Fig. 4). Within the thick
pyroclastic succession, packages of phreatomagmatic deposits are separated by
intercalated widespread dacitic tephra beds (Fig. 5), some of which we have dated.

Figure 5
Phreatomagmatic deposits from maar-forming eruptions exposed in a cliff along the western shore of the
SW bay of Lake Managua (Loc. A237 in Fig. 4). Pale band above massive paleosol (ps) is the Los Cedros
Tephra (LCT), a dacitic pumice fallout that is approximately 2,500 years old. PM-4 and PM-5 are thick
packages of well-stratified phreatomagmatic deposits that include major unconformities and are thus each
the product of more than one maar eruption from vents on the floor of the SW bay of Lake Managua
(Fig. 4).
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Our stratigraphic investigations show that activity along the Nejapa-Miraflores
lineament ranged from >13,000 to <2,000 years and is thus likely to continue
(FREUNDT et al., 2006b). A continuous cliff along the west shore of the SW bay of
Lake Managua exposes thick successions of basaltic maar deposits that formed by
numerous vigorous explosions when the hot magma encountered surface water
(Fig. 5). Although a detailed study of the phreatomagmatic maar deposits is
necessary yet, reconnaissance data suggest their source vents lie in the SW bay of the
lake which is only <7 m deep (Fig. 4). Phreatomagmatic eruptions in Lake
Managua would be capable of producing hazardous tsunamis similar to those
observed during the phreatomagmatic eruptions in Lake Karymskoye in 1996
(BELOUSOV et al., 2000) or reported from the Taal Caldera Lake, Philippines, during
phreatomagmatic eruptions in 1716, 1754 and 1911 (NEWHALL and DZURISIN, 1988).

The young volcanic cone of Momotombito in the northern part of Lake
Managua has not yet been investigated but it is clearly a growing volcano. Its future
eruptions and associated volcanotectonic movements could be tsunamigenic. The
bathymetric map of Lake Managua shows two circular holes immediately north and
south of the cone which might be craters from subaqueous explosions (Fig. 4). There
is clear need for more detailed bathymetric and seismic studies to unravel volcanic
vents and tectonic structures in the floor of Lake Managua.

The Apoyo Ignimbrite

Apoyo Caldera, 35 km southeast of Managua in Central Nicaragua (Fig. 1), is
a large (6.5 km diameter), deep (c¢. ~600 m) circular volcanic subsidence basin
(SussMAN, 1985). Two large-magnitude plinian eruptions in rapid succession
formed the present caldera structure c. 24 ka ago and produced the Lower and
Upper Apoyo Tephras. The c. 30 km? volume of the Upper Apoyo Tephra includes
c. 8.5 km® of ignimbrite (SUSSMANN, 1985) exposed in the lowlands south and east
of the caldera up to the shore of Lake Nicaragua. Average thickness is about 20 m
but locally the ignimbrite is 55-m thick (Fig. 6). The city of Granada was built on
these deposits which are unwelded but cemented by vapor phase mineralization and
contain abundant degassing pipes, evidence that their depositing pyroclastic flows
were hot.

Exposures of up to 20-m-thick ignimbrite along the shore show that the
pyroclastic flows continued into the lake. The pyroclastic flows climbed 100 m high
up the northern flank of Mombacho volcano at 5-km distance from Apoyo caldera,
allowing SUSSMAN (1985) to estimate a velocity of 65 m/s (240 km/h). The ignimbrite
is composed of several flow units (deposits from successive pyroclastic flows;
Fig. 6a), each about 4-m thick at the lake shore. The flows entered the lake along a
15-km length of shore. The volume flux into Lake Nicaragua can thus be roughly
estimated as 3*10° m?/s although the total volume of tephra discharged into the lake
remains unknown.
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Figure 6
(a) Outcrops of three massive flow units (FU) of Apoyo Ignimbrite at the north rim of Granada City and
close to the shore of Lake Nicaragua (Loc. A186 in b). Circle marks Hammer (40 cm) for scale. (b) Isopach
map of the Apoyo Ignimbrite modified from SussMAN (1985). Major entrance of pyroclastic flows into
Lake Nicaragua occurred along more than 15 km length of shore. The curved peninsula in the lake is
composed of a debris avalanche from Mombacho volcano (cf. Fig. 7). Coordinates are UTM values.

Volcano Flank Collapses and Mass-wasting Events

Volcan Mombacho is located at the northern end of Lake Nicaragua near
Granada (Figs. 1, 6), the second largest city in Nicaragua. Mombacho has erupted
explosively in prehistoric times to form widespread ash-fall deposits, and repeated
instability of the large cone also generated huge debris avalanches. Debris flow
deposits at Mombacho volcano indicate that at least three large prehistoric flank
collapses did occur (VALLANCE et al., 2001a). The three massive debris avalanches
extend about 10 km from the summit to the southeast, northeast and south. The
large (20-30 km?) hummocky debris lobes resulting from the final two events form
small islands in Lake Nicaragua (Fig. 7; VALLANCE et al., 2001a). The last of these
debris avalanches occurred at ¢. AD 450 (DULL et al., 2005). Present-day Mombacho
is a deeply dissected volcano and its interior is probably structurally weakened by
alteration of rocks in its long-lived hydrothermal system. Strongly hydrothermally
altered regions in a volcano substantially reduce edifice stability, control the location
of failure and may result in more voluminous and mobile avalanches (REID et al.,
2001). Structural failure may be triggered by magmatic intrusions and eruptions but
often is associated with external processes such as regional earthquakes, basal glide
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Mombacho volcano

Debris avalanche '
deposits

Lake Nicaragua

Figure 7
Model relief of Mombacho volcano showing the northwestern sector collapse scarp below the summit and
debris avalanche deposits on the lower slopes and in Lake Nicaragua forming the curved peninsula
and adjacent islets (which look very similar to the Tsukumo-shima islets formed by the 1792 landslide at
Unzen volcano, Japan; Fig. 15 in SIEBERT, 2002). The City of Granada rests on the flat surface of the
Apoyo Ignimbrite that filled the valley north of Mombacho. Modified photograph of a model displayed in
the Mombacho tourist information center.

planes on which a volcanic edifice may spread laterally, and, particularly, heavy
precipitation which increases pore pressure in the edifice and may liquify the debris
(Mc GUIRE, 2003). Heavy precipitation during hurricane Mitch in 1998 triggered the
debris flows at Casita Volcano in Nicaragua (VALLENCE et al., 2001b; SCOTT et al.,
2005). Debris avalanches from sector collapse can be particularly tsunamigenic when
the collapse occurs in a catastrophic rather than piecemeal fashion. The intrusion of
the Mombacho avalanches to at least 7 km into Lake Nicaragua (Fig. 7) most
probably caused one or more tsunamis in the lake, although geologic evidence of
such tsunamis has not yet been reported.

Concepcion stratovolcano forms the northern half of Ometepe Island in Lake
Nicaragua and rises 1600 m above the lake. Tectonic faults exposed on the shallower
parts of the island indicate W-E extension and GPS measurements revealed
radial but preferential westward spreading of the lower flanks. BORGIA and
VAN WYK DE VRIES (2003) interpreted these data as gravitational spreading of the
volcano under its own weight on the soft substrate of lake sediments. They concluded
that such spreading would largely compensate stresses building up and thus reduce
the risk of sector collapse but that, if a collapse were to occur, it would probably be
on the western flank. There is only 10 km of lake water between the western shore of
Ometepe and the city of Rivas on the west bank of Lake Nicaragua.
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Of the large stratocones close to the lake, Mombacho and Concepcidn are known
to have produced numerous rain-triggered lahars during historic and prehistoric
times (VALLANCE et al., 2001a, b). Both volcanoes are largely composed of
pyroclastic material that is easily remobilized during torrential rains. Individual
lahars may be small but can reach volumes of 10° m® (VALLANCE er al., 2001b). At
Mombacho, a lahar similarly large as the one at Casita took 400 lives in 1570
(VALLANCE et al., 2001a). If such a large lahar entered the lake it could be
tsunamigenic.

Tsunamis in Lakes

Tectonic faulting of the lake floor or intrusion of a mass flow displaces a volume
of water from the area of movement. If the movement of such wavemakers is slow,
the water can drain from the area relatively quietly. Conversely, if the wavemaking
movement is fast, the water cannot drain quickly enough and a significant wave may
build up (HAMMACK, 1973). The capacity of water to drain from the interaction area
is limited by the long-wave celerity ¢ = /gD, which depends on water depth D, with
g the gravitational acceleration. Considering the 2-D case and assuming the
wavemaker has a length scale, L, then the time scale of water moving from the
wavemaking region is L/c. Wavemaking operates over a time scale #,,. The ratio of
the time scales, the Hammack number Ha = ¢, - ¢/L, must be Ha < < 1 to produce a
tsunami by impulsive wave formation (WATTS, 1998; WALDER et al., 2003). These
considerations show the important role in tsunami generation of the water depth,
which is typically much shallower in lakes than in the ocean. For example, a
wavemaker of 7, = 60 sand L = 2000 m in ocean water of D = 1000 m depth yields
Ha = 3 whereas, in a lake of D = 20 m depth, the same wavemaker gives Ha = 0.4
and may impulsively form a tsunami. In this respect, shallow bays at ocean margins
are similar to terrestrial lakes.

The energy of a wave is proportional to the square of its amplitude. The
maximum wave amplitude is limited because higher waves break and dissipate their
energy by turbulence. The breaking limit and the mode of breaking depend on the
nature of the wave, its deep-water amplitude, and the slope of the bottom (DEAN and
DALRYMPLE, 1991). Here we adopt the simple criterion that breaking occurs when
wave amplitude exceeds 85% of the water depth. The shallow depth of lakes thus
limits the energy that can be carried to greater distances by waves. The near-field
wave amplitude generated by intruding mass flows has been investigated experimen-
tally and theoretically. Early approaches mainly derived functions in which the
dimensionless wave-crest amplitude n =4/D is related to the Froude number
Fr = u/c and the total volume, ¥V, of the landslide (e.g., SLINGERLAND and VOIGHT,
1979; see also review in FriTz, 2002); 4 is absolute amplitude and u the slide velocity.
In long flows, however, only the frontal portion acts to form a wave rather than the
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total volume. More recently, FriTz (2002) has identified dimensionless wave
amplitude as n = nFi’¢”, where the ratio o = §/D of slide thickness, S, to water
depth, D, is a dimensionless slide thickness, and n = 0.25, m = 1.4 and p = 0.8 are
constants from regression of experimental data. This solution treats landslide
velocity, Fr, and depth, ¢, independantly. WALDER et al. (2003) combined both
parameters in the dimensionless slide volume flux per unit width, ¢ = Q/cD, where
QO=u-s is the 2-D volume flux and ¢D is the limiting volume flux of water.
Their experimental data is well regressed by the function # = a - ¢” with the constants
a = 1.32and b = 0.68. WALDER et al. (2003) used solid boxes to simulate a landslide
and identified QO as the maximum volume flux. In experiments using granular flows
intruding water (FREUNDT, 2003), waves formed and escaped from the region of
interaction while the mass flow was still coming in. Using the initial volume flux as
the relevant value of Q, observed wave amplitudes followed the power-law function
of WALDER et al. (FREUNDT, 2006). Moreover, modelling the flows as intruding
granular jets yields the same form of function with the constants 1 < ¢ < 1.2 and
b = 2/3, providing a physical explanation of the above regression (FREUNDT, 2006).

The 2-D volume flux, Qg gs, at which dimensionless amplitude reaches the limiting
value n = 0.85, depends on water depth, D, as Qg5 = 2.13-D¥2. The limiting
volume flux would be only Qggs = 190 m?/s in a 20-m-deep lake. Using the Apoyo
Ignimbrite as an example, we obtain a volume flux per unit width of Q = 260 m?/s
by dividing the bulk volume flux estimated above by the shore length of entry into
Lake Nicaragua. Considering the average depth D = 13 m of Lake Nicaragua
(Table 1), the volume flux of the Apoyo Ignimbrite was 2.5 times above the condition
for formation of breaking waves. The average depth of Lake Managua is even lower
at D = 8 m (Table 1); hence, a landslide descending, for example, from Momotombo
volcano would only need a volume flux of 46 m?/s to reach the breaking-wave
condition. For comparison, a 2-D volume flux of 100 m?/s can be estimated for the
1998 Casita debris flow that had a bulk volume flux of approximately 100,000 m>/s
and was 1 km wide on the plain below Casita volcano (SCOTT et al., 2005). With the
low average bottom slopes (Table 1) on which mass flows would intrude, the average
water depth is reached at 3 to 6 km distance from shore in Lakes Managua and
Nicaragua, respectively. When modelling the spreading of a tsunami in shallow lakes
such as those in Nicaragua, the breaking-wave limit appears to be a reasonable
starting point without the need to be more specific on the size of the triggering mass
flow. In small lakes, however, where the intruding debris constitutes a significant
fraction of the resident water volume and waves quickly reach opposing shores
before much dissipation can occur, wave heights may well exceed the breaking-wave
limit. Possible examples are the 15-m-high wave formed when a landslide intruded
the crater lake of Kasu Tephra Cone, Papua New Guinea, which is mostly only 5 m
deep with a maximum depth of 20-30 m but is also only 350 m long (WAGNER et al.,
2003), and the 60-m-high wave formed by a non-volcanic landslide into the Vaiont
Reservoir, Italy (MULLER, 1964).
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Using wave celerities based on the average depths (Table 1), a tsunami triggered
at Momotombito would reach Mateare within 25 mins and Managua after 70 mins; a
tsunami due to an avalanche from Mombacho would reach Granada almost
immediately and take about 90 mins to reach the eastern shores. Although waves
travel relatively slowly in the shallow lakes, and the Nicaraguan lakes are quite large,
warning times after a tsunamigenic event has started are very short, particularly for
communities close to the site of tsunami formation. The flat, scarcely vegetated
slopes along most of the lake shores offer little resistance to tsunami run-up.

Conclusions

Population under Risk by Lake Tsunamis

The population at the shores of Lake Managua is mainly concentrated in
Managua itself, the capital of Nicaragua. Several thousand inhabitants of Managua
could be affected by tsunamis triggered by volcanic explosions on or near Chiltepe
Peninsula or by tectonic activity at the numerous active faults that dissect the lake
bottom. Parts of the small town of Mateare could also suffer from tsunamis related
to explosions at Momotombito volcanic island, or to explosions or flank-collapse
avalanches at Momotombo volcano. At Mateare, the tsunami hazard would add to
the volcanic hazards mainly arising from pyroclastic fallout dispersed in generally
westerly directions by the prevailing winds. In comparison, the small village of San
Francisco Libre on the northern shore of Lake Managua has only a minor hazard
due to direct volcanic phenomena. But, as the beach has a very low profile, even a
relatively weak tsunami could generate heavy damage.

Granada is the largest city on the shores of Lake Nicaragua. The city’s shores
and especially the hundreds of little islands of the “Isletas” —many of them
populated — would be heavily affected by a tsunami generated anywhere in Lake
Nicaragua. Another landslide from Mombacho volcano may cause extreme water
run-up close to source as observed for the 1958 Lituya Bay, Alaska, event (MILLER,
1960). The island of Ometepe is another threatened place with respect to tsunamis
because many people live nearby the lake on beaches with very shallow profile. Even
the relatively large town of San Carlos, situated at the San Juan River on the
southeastern shore of Lake Nicaragua, can be considered as endangered by tsunamis
because the beaches are very low and population density is relatively high.

We mention that fast dangerous inundations similar to tsunamis could occur on
the coasts of the large Nicaraguan lakes also due to meteorological effects (storm
swells, especially if the meteorological disturbance passes the lake with a velocity
similar to the average wave celerity) and seismic effects (seiches) due to near or
distant very large earthquakes which generate oscillations of the water body with
periods similar to the eigen-period of the lake. Seiches possibly occurred in 1844 in
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Lake Nicaragua (MOLINA, 1997; FERNANDEZ et al., 2000) and were observed in April
1991 in Escondido River, Nicaraguan Atlantic Region, caused by the M = 7.1 El
Limon earthquake in Costa Rica. Several major tectonic faults extend into Lake
Managua (Fig. 4) which were active during Holocene to recent times (BROWN et al.,
1973; COWAN et al., 2002).

Future work in Nicaragua should include: (a) geological studies to identify fossil
tsunami deposits around the lakes, (b) high-resolution bathymetry of the lakes as a
prerequisite to apply numerical models of tsunami propagation (e.g., TINTI et al.,
1999), and (c) shallow seismic study of the lake bottoms to identify tectonic
structures and distribution of intruded mass flows. Such data will allow identification
of possible source areas, spreading paths, and run-up heights of tsunamis which are
needed for a useful tsunami hazard map.

Possible Tsunami Warning System

The efficiency of a tsunami warning system for the Nicaraguan Lakes depends
much on the forewarning time span possibly available to people. To estimate this
time we use wave celerities based on the average depths (Table 1). In Lake
Managua: A tsunami triggered at Momotombito volcano would reach Mateare
within 25 minutes and Managua after 70 minutes. In Lake Nicaragua: A tsunami
due to an avalanche from Mombacho volcano would reach Granada almost
immediately but would take about 90 minutes to reach the eastern shores. A
tsunami generated by an avalanche at Concepcion volcano on Ometepe Island
would affect immediately the nearest beaches of the island but the wave would
travel some tens of minutes to reach the opposite side of the island. We see that
although tsunami waves travel slowly in the shallow lakes and the Nicaraguan
lakes are rather large, warning times after a tsunamigenic event are short,
particularly for communities close to the site of tsunami formation. Nevertheless,
the times are quite comparable to those for tsunamis which threaten the towns on
the Pacific coast of Nicaragua after very strong local earthquakes in the
Nicaraguan subduction zone. In case of the 1992 tsunami at the Nicaraguan
Pacific coast the first destructive wave impacted the beach about 45 to 60 minutes
after the earthquake occurred. In recent years, the Nicaraguan geosciences institute
(INETER) and Nicaraguan Civil Defense developed a tsunami warning for the
Pacific coast of Nicaragua. Though tsunami hazard in the Pacific Ocean is certainly
much higher, it might also make sense to think about tsunami warning for the
shores of the large Nicaraguan lakes. For the tsunami warning in the Pacific
Ocean, secismic stations are used as primary data sources pertaining to the
occurrence of a large earthquake beneath the ocean which possibly could generate
a tsunami. This method produces false alarms as not all large earthquakes generate
tsunamis and it might fail completely for volcano and landslide-induced tsunamis
in the lakes.
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Given the short tsunami travel times in the lakes, early warning mainly depends
on timely recognition of possible trigger events. Though problematic with
earthquakes, adequate monitoring can provide timely warning of volcanic eruptions
and flank failure. Telemetric sea gauges may make use of the confined lake volume
leading to a rise in lake level as a volcanic edifice in the lake inflates prior to eruption
(or collapse). The problem of false alarms remains since it cannot be predicted with
certainty if any of these events will actually produce a tsunami. A critical element in
mitigating tsunami hazard at the lakes is public education. To quickly escape from
near-shore areas, people must be aware that earthquakes and volcanic eruptions,
which will be felt and seen by many of the population, may cause tsunamis.

In summary, tsunami hazard in the large Nicaraguan lakes exists due to manifold
possible tsunami generation mechanisms related to volcanic eruptions and volcanic
edifices. The risk level for the population might be relatively small in comparison
with the risk due to direct effects of earthquakes, volcanic eruptions, and landslides
or in comparison to tsunami risk on the Pacific coast of Nicaragua. Nevertheless,
during ongoing volcanic eruptions the tsunami hazard might increase considerably
and can be considered as the prevailing hazard for areas that would remain
unaffected by other volcanic hazards. A tsunami warning system for the large lakes
of Nicaragua might be developed as a part of a multi-purpose information and alert
system on volcanic, meteorological and seismic phenomena. Public education,
however, is crucial to achieve adequate response to such alerts.
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