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ABSTRACT

In 1978, geologic, geophysical and hydrochemical studies
were conducted at the Esmeralda volcano onbcard the R. V.
Vulkanolog during cruises 4 and 5. These studies revealed
submarine fumaroles on a slope of the crater at a depth of
80 m. Hydrochemical sampling of a train of submarine fuma-
roles with a series of water bottles showed the anomalously high
concentrations of dissolved silicic acid and the lower chlorinity.
Studies on the dynamics and chemical composition of the ano-
malous water layer permitted elaboration of a procedure for
evaluation of the rate and phase state of heat transferrer and
of neat discharge of the volcano. In January 1978, the heat-
transferrer rate was at the minimum 1500 kg/s and the heat
discharge was approximately (5-6) x 10° kcal/s; the heat trasfer-
rer included approximately equal amounts of water and steam.
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Native sulphur and other fumarolic products and hydro-
thermally altered rocks were recovered by dragging near the
submarine fumaroles. Fresh ferromanganesian incrustations
and nodules were discovered in the upper part of the cone.

Magmatic rocks are represented by aphyric and porphyric
basalts, dolerite-basalts and gabbroids. Based on data of mag-
netic survey, the volcano is composed, mainly, of porphyric
basalts. A sedimentary cover in the region of the Esmeralda
volcano is represented exclusively by pyroclastic deposits.
Their volumes were calculated using the results of seismic
profiling. The main part of pyroclastic material is shown to be
erupted and distributed in seawater.

Part I

FUMAROLIC ACTIVITY OF THE ESMERALDA VOLCANO
IN JANUARY 1978 AAND ITS QUANTITATIVE ESTIMATE

Introduction

The submarine Esmeralda volcano is located on the western
submarine flank of the southern Mariana Island Arc 15 or
20 miles from Saipan and Tinian Islands. The first mention of
this submarine volcano which was named «Esmeralda Bank»
was made by Tanakadate (1940). This paper does not provide
information on the activity of volcano, but gives only its coor-
dinates (15°00N, 145°16E). In 1944 emission of gas bubbles
with a sulphur dioxide odour was observed in this region
(Hess, 1948). Based on this, Kuno (1962) included it to the
«ICatalogue of Active Volcanoes». On April 14, 1964, according
to the U.S. Navy data, bursts of ash to a height of about
2400 m above sea level were observed in position 15°05N, 145°08 K
(Suwa, 1965). The Smithsonian Institution of the U.S.A. informed
about its eruption on April 2 6and 29, 1975 (Doubik and
Litasova, 1978).
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Fig. 1 — Example of submarine fumarole records on echograms., a —at a

speed of 9.2 km/h. (echo sounding) ; b — at a speed of 2.3 km/h.

(dragging) ; ¢ —in drift (collection of water samples).
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Visual, Hydroacoustic and Hydrochemical Observations

Submarine fumaroles fixed on echo sounding records as
acoustic obstacles (Fig. 1) were detected on the northeastern
rim of the crater at a depth of 80 m, Similar records were
obtained earlier at other submarine volcanoes (Lavrov, 1966 ;
Suwa and Ohura, 1975).

Cross dimensions of ascending flows of heated water
saturated with gas bubbles were estimated to be from tens to
hundreds of meters. (Figs. 1, 2). Occasionally, a train of water
with anomalous hydroacoustic and hydrochemical properties
could be seen. B

At the surface, the anomalous water train was distinguished
by whitish, lime green colour. On January 18 and 19, 1978, two
large isometric discoloured patches 0.3 and 0.4 km? in area were
outlined. A lot of smaller patches and bands elongated with the
stream were also observed. Within the patches of whitish colour
we often observed small sirongly outlined bright green and
brown areas with emissions of gas bubbles, and perceived a
slight sulphur dioxide odour. Suspension, collected from these
areas, was determined to contain 0.2 ppm of iron.

Occasionally, the ascending flows did not reach the surface
and their upper parts, like dense clouds of vapour, were seen
at a depth of 5 10 10 m below sea level.

From January 14 to 20 the dimensions and position of
discoloured patches changed continuously, Bursts of ash and
gas, and fountains or columns of water were not recorded;
and solid silicate material was not found in water samples and
in suspension.

Water samples for hydrochemical analyses were collected
at 16 different sites, including 11 sites in the vicinity of the
centre of activity within depth ranges from 0 to 220 m ; 4 sites
on the flanks of submarine cone 1.5 miles (in radius) from the
crater at depths of 600 to 900 m and 1 site 8.2 miles distant
from the centre of activity at a depth of 2800 m. A total of
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ARQUIPELAGO — CIENCIAS DA NATUREZA

48 water samples was collected from the surface and at various
depths, including 34 samples from the region of the crater.
On each sample we measured pH values, total of halogens
titrated with silver nitrate in recalculation to chloride ion
concentration (chlorinity), and concentrations of dissolved silicic
acid, sulphate ion and boric acid.

Data on changes in chlorinity and silica contests proved
to be the most informative. Other components are not discus-
sed in the present paper (see Gavrilenko et al., 1980). The
chemical composition was seen to change mostly near the vents
of fumaroles and in the train of anomalous seawater, implying
the higher contents of dissolved silica and the lower chlorinity
(see Fig. 2). These peculiarities of chemical composition permit-
ted calculation of the amount of volcanic emanations supplied
into seawater in the region of the crater and qualitative esti-
mation of phase state of these volcanic emanations (deep heat
transferrer).

Estimation of Energy Parameters of Volecanic Activity

1. Fraction of Volcanic Component in the Anomalous Vo-
lume of Water

As chlorine ion is practically neutral in seawater, the
observed hydrochemical lower chlorinity anomaly (Cl, ) may
be accounted for by dilution of seawater (Cl ) with
volcanic emanations (Cl_ . )-

In this case the fraction of volcanic component (N_ )
may be calculated from the formula of mixing (1), providing
0 < 'CIVO]C_ < Clback‘, i.e. the chlorine ion concentration in vol-
canic emanations is too small In comparison to that in seawater.
This agrees with data from other publications; besides, the

background

276



SYMPOSIUM ON THE ACTIVITY OF OCEANIC VOLCANOES

lower chlorinity anomalies in seawater near active submarine
volcanoes were observed also earlier (Buljan, 1955 ; Sinyukov,
1964).

Clback. - Cls,nom.
Noowe. = @
Clba.ck. - Clvolc.
Cl, . and Cl, o Were determined experimentally, 19 346

and 19 309.6 ppm, respectivly (Cl = 19309.6 = 0.9 ppm is
the average of 29 samples with the accuracy of a single deter-
mination &= 5 ppm).

Assuming that Cl vole, = 0, the minimum value for the frac-
tion of voleanic component will be 1.9 x 10° or 0.19 %.

2. The deep heat-transferrer rate (P__. ) was calculated

from the formula :

volc.

P N, p-b-h-v )

vole. — vole.

where p is the density (1.03 ton/m?®), b is the width of the
anomalous water column (90 to 110 m), h is the depth (80 m)
and v is the velocity of sea current; b and h were determined
from echograms; v = 0.1 m/ is the minimum velocity taken
from the Atlas of Oceans ... (1974). Hence, the minimum value
for the deep heat-transferrer rate will be ~ 1500 kg/s.

Similar results may be obtained by using another method
of calculation. The volume of anomalous zone is (20 to 30) X
% 10°m® It contains ~ 5.10°*m® of deep heat transferrer
(when Nvolc. =0.19%). The relaxation period of large ano-
malous zones, according to observations, is on the average
8 to 12 hours. Hence, the deep heat-transferrer rate is approx-
imately from 1100 to 1700 kg/s.
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3. Temperature and Phase State of Deep Heat Transferrer

While dredging in the vicinity of fumaroles, the following
low-temperature mineral aggregates were recovered: native
sulphur, various sulphides, zeclites and hydromicaceous mine-
rals. These minerals indicate a limited range of temperatures
(120° to 250°C) of volcanic emanations near the vents of fuma-
roles. Since volcanic emanations consist mainly of water, the
temperature of water boiling near the vents of fumaroles will
be close to the temperature of pure water boiling, which is
equal to 174.5°C under the pressure of 9 atm (80 m depth).
Abundant native sulphur transferred with steam-gas fumarole
jets indicate that at Ieast part of volcanic emanations is re-
presented by steam and gas jets whose temperature is
above 175°C.

The following two types of hydrochemical zoning were
distinguished at the anomalous sites: some sites show the
decrease in chlorinity and increase in silica content and the
other show the decrease in chlorinity only. (At these sites
submarine fumaroles were also detected on echograms and
bubbles of gas were cbserved.)

It is known that solubility of silica in vapour is some
orders lower than in water at the same temperature. Therefore
the mentioned differences may be accounted for by supply
into seawater of thermal water transferring silica and of
steam-gas mixture practically without silica. To be convinced
of the correctness of this speculation, we calculated the contents
of volcanogenic silica.

[H4Si04] obs. [H4S-iO4] obs.
[H‘lSiO‘l] vole, — = 3
Cl obs.
Nvolc. 1 —
Cl

hack.
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On the basis of these calculations, the average silica content
in fumarole jets for type I hydrochemical zoning is 160 to
210 mg/1. These values are similar to the silica contents in
thermal waters of volcanic areas on land.

Thus, there is every reason to believe that the phase state
of volcanic emanations is different and is represented by a
steam-gas mixture with a temperature of above 175°C and by
thermal waters with a temperature below 175°C.

Since samples with higher and background contents of
dissolved silica in the region of the centre of volcanic activity
were recovered in approximately equal amounts one can assume
that the deep heat transferrer is represented by approximately
equal amounts (by mass) of vapour and liguid.

4. Thermal Capacity of Volcano

Within the temperature ranges from 120 to 250°C the
enthalpy of heat transferrer may be from 120 to 700 kcal/kg
(120.4 kcal/kg for water at temperature of 120°C and 703.2 kecal/
/kg for vapour with temperature of 250°C). Assuming that the
amounts of water and vapour are equal and that the minimum
value for the heat-transferrer rate is 1500 kg/s, the heat
discharge of volcano will be on the order of (5 to 6) x 10°
keal/s.

Even with these minimal parameters of volcanic activity,
the substance evacuation and energy of Esmeralda in January
1978 were compatible with those and even transcended the
energy characteristics of the most active terrestrial volcanoes
in Kamchatka during the period of interparoxysmal activity
(Polyak, 1966 ; Kirsanova and Rozhkov, 1975 ; Gorshkov et al.,
1972 ; 1975).
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Silicon and Iron Evacuation by Fumaroles

The mentioned procedure of calculation of energy para-
meters allows us not only to compare the submarine volcanoes
with the terrestrial ones, but also to estimate evacuation of
some mineral components by submarine fumaroles. The average
content of a component in the anomalous zone is 1I/N_  times
less than that in the heat transferrer (volcanic emanations) ; in
the given case it is approximately 500 times less., Knowing the
heat-transferrer rate, we can calculate the specific evacuation
of the component. Thus, according to representative samples,
the evacuation of dissolved silica (in recalculation to SiO,) and
iron was about 16 tons and 13 tons a day, respectively.

It is of importance that the mentioned values refer only to
the period of intensification of submarine fumarolic activity
which was observed in January, 1978. In July, 1978, during
the next cruise of the R. V. Vulkanoclog, the discoloured water
patches and gas emissions were not observed above the crater.

Part II

GEOLOGICAL STRUCTURE
OF THE ESMERALDA VOLCANO

During two cruises we made complex geophysical profiles
with a total length of 500 miles, and geologic sampling at
60 sites of which dredging at 42 sites. The position of sites of
geological sampling was chosen using the results of geophy-
sical investigations that allowed us to enhance the reliability
of geological interpretation of geophysical data and describe
all the main types of rocks (and partially their interrelation-
ships), at the comparatively small number of sites.
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Morphology of Volcanic Edifices

On the bathymetric map (Fig. 3) one can recognize three
isolated submarine moutains located submeridionally, parallel
to the strike of the Mariana Arc., All of them are volcanic
edifices. The northern and southern edifices are the extinct
volcanoes covered partially by organic limestones. The central
edifice is the active submarine Esmeralda volcano. It rises
from a depth of 1500-2000 m ; the diameter of its basement, by
isobath 1500 m, is 15 to 20 km, the excess is approximately
1400 m. It differs from the Kamchatka terrestrial volcanoes
similar in dimensions (Karymsky and Avachinsky) by more
gentle slopes : 10 to 12° in the middle part and 15 to 18° in
the upper part of the cone. Af the top of the volcano there is
a clearly expressed crater open westward. Its depth is about
300 m; the diameter by the crater rim is about 3 km, the
upper crater rim is 50 to 100 m below sea level, and the mini-
mum depth found on the northern crater rim is 43 m. On the
northwestern slope of the cone one can distinguish local heights
with an excess of from above ten meters to 100 m, interpreted
as parasitic cones. On the northeastern crater rim we have
found and investigated the submarine fumarcles which were
described in Part I of the present paper.

Composition of Rocks

Figures 4 and 5 show the geological (lithological-facial)
scheme of the Esmeralda volcano constructed on the basis of
geologic and geophysical data.

Magmatic rocks are represented by aphyric and porphyric
basalts, dolerite-basalts and gabbroids. (The petrographic
description of these rocks is given in more detail in Gorshkov
et al., 1980).
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Fig. 4 — Lithological-facial scheme of the Esmeralda Volcano. 1 — andesite-
basalts from the central cone; 2 — andesite-basalts from the
young parasitic cones; 3 -— gabbroid rocks; 4 — intercrateric
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and pelitic oozes ; 8 —pumice ; 9 — organic limestones; 10—
volcanic edifices of the central type: 11 —parasitic cones :
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Fig. 5 — Structure of the crater and upper part of the cone. Symbols
are as in Fig. 4.

It is to be noted that all types of magmatic rocks from
glassy basalts to holocrystalline gabbroids were found spatially
together. They were recovered in the same drag at depths from
140 m to 80 m. This fact along with their similar chemical
composition give grounds for suggesting that all the mentioned
rock varieties are derivatives of the same basaltic magma.

The sedimentary cover is represented exclusively by pyro-
clastic deposits. Large fragmental material (scoria, lapilli and
volcanic bombs) is bordered by mid-and fine-fragmental ma-
terial (volcanic sand and ash). The first sedimentary deposits
(pelitic and aleuropelitic oozes) appear only at a distance of
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30 to 35 km. Their thickness does not exceed a few centimetres.
Below we find the pyroclastic material of the Esmeralda volcano.

Intracrateric deposits (see Fig. 5) are represented by tuffs,
tufaceous sandstones, tufaceous gritstones and altered basalts
and their scoriae.

A fumarolic field was discovered on the crater rim. While
dragging, the following products of fumarolic activity were
recovered ; native sulphur, gypsum, opalite, alunite, iron hydrox-
ides and sulphides.

Hydrothermally-altered rocks are distributed more widely.
Alteration is developed mainly upon gabbroids and is manifested
as chloritization, silicification and zeolitization. Geothite and
limonite films are often found on the surface of samples. Hydro-
micas and sulphides of secondary origin are also widely dis-
tributed.

Ferromanganesian formations occur everywhere on the vol-
canic edifice at depths from 80m to 2500 m (Fig. 6). In most
cases they differ strongly from incrustations and nodules which
are indicative of oceanic depths. More often they occur as illini--
tions and incrustations on the fragments of effusive rocks
as well as cohere tufaceous sandstones and tufaceous gritstones.
Their contents of iron range from 1.2 to 18.5%, and of man-
ganese from 0.2 to 42.8 %%.

The Mn/Fe ratio varies from 0.02 to 32. One can see a
clear tendency of Mn/Fe increasing with distance away from
the active crater of volcano. These data along with the men-
tioned anomalous iron contents in suspension indicate that the
active volcano is the main supplier of ore elements in this
region. As for the Esmeralda volcano, metals are evacuated
here by volcanic exhalations and hydrothermal solutions during
the period of fumarolic activity. The intensity of iron evacuation,
as it was shown previously in part I, was estimated to be
13 ton/day.
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Structure of Volcano According to Data
of Hydromagnetic Survey

According to data of geologic sampling, the Esmeralda
volcano is composed mainly of basic rocks, including aphyric
and porphyric basalts, gabbroids and intermediate dolerite-
basalts. The altered rocks and newly-formed fumarolic mineral
aggregates occur within the crater and upper part of the cone.
However, as only slopes are accessible for sampling, a problem
arises whether or not the recovered samples are typical of
the volcano as a whole or what is the inner structure of the
volcano.

To respond partially these questions, data of magnetic
survey and studies on physical properties of samples may
be used.

The magnetic field from volcano is represented by ano-
malies of two signs having the total intensity of up to 1000
nT and complicating local anomalies tending to occur
within the crater and upper part of the edifice (Fig. 7). The
presence of positive and negative parts of anomaly from the
cone may be explained by the fact that for the given latitude
the angle of normal inclination of total vector T is 15°
In this case the objects magnetized by recent magnetic field
will create anomalies of two signs approximately of equal
amplitudes similar to a source with horizontal magnetization.

In terms of magnetic properties the rocks from the Esme-
ralda volcano are strongly differentiated (Table). The mean
values for remanent magnetization of porphyric basalts are
within the range of (5 to 15) A/m. The remanent magne-
tization of aphyric basalts is by an order higher than that of
porphyric basalts. Gabbroids do not differ in remanent magne-
tization from porphyric basalts. Altered basalt varieties are
slightly magnetized and tufaceous sandstones and organic rocks
are practically non-magnetic.
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For the Esmeralda wvolcano the effective magnetization
was calculated by solution of models with symmetrical bodies
which were used for approximation of its edifice (Simonovsky
and Kaminsky, 1975). An example of calculation is shown
in Fig. 8 where the edifice was approximated by a combination
of two truncated cones. A few variants of similar calculations
resulted in the wvalues for effective magnetization, 5 to
8 A/m. Thus, the average magnetization of the edifice responds,
most of all, to porphyric basalts and gabbroids.
aTa,y

600
400
200
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-200

~400

400
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Fig. 8 — Calculated and observed magnetic field from the Esmeralda
volcano along the meridional profile. 1 —topography of the
edifice ; 2 — model of the volcano approximated by the combina-
tion of two f{runcated cones with effective magnetization.
T =6 A/m.
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Based on this, we may propose that the volcano is composed
predominantly of porphyric basalts. Aphyric basalts, having
anomalously high magnetization, are characteristic only of the
latest eruptions of the volcano. They produce local magnetic
anomalies complicating the anomaly from the cone ; their parti-
cipation in the common section of the edifice is negligible.

Composition and Structure of Sedimentary Cover

A continuous seismic profiling (CSP) accomplished by a
method of central ray with sparker along with data of geolo-
gical sampling permitted us to construct a scheme of thicknes-
ses of volcanogenic deposits (Fig. 9) and estimate scales of
explosive and partly effusive activity of the volcano.

According to the CSP data, at the Esmeralda volcano the
following two main types of wave pictures were distinguished :
reflections from the surfaces of the acoustic type basement
and reflections inside the stratum of «loose» deposits underlain
by acoustic basement.

High intensity, interference composition, long duration and
low correlativity are characteristic of the reflections from the
surface of the acoustic type basement. The acoustic basement
is exposed in the upper part and on the northern slope of the vol-
cano (see Fig. 9). Dredging of these areas implied the presence
of porphyric andesite-basalts. Based on this, the seismically
rough records of reflections from the acoustic basement were
interpreted as a roof of lava flows.

The intensity of reflections from the acoustic basement
significantly decreases with the increasing thickness of upper-
lying «loose» strata that is likely related to the formation
of the transitional layer. Due to this effect, on the western flank
of volcano one may disinguish reflections from deeper seism-
ically rough boundaries of the acoustic basement type. They
lie subparallel to the upper boundary (Fig. 10) and are inter-
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Fig. 9 — Scheme showing the thicknesses of volcanogenic deposits at the
Esmeralda volcano according to data of continuous seismic
profiling. 1— isobaths ; 2 — CSP profiles ; 3,4 —isolines of the
thickness of volcanogenic deposits above the boundary of acoustic
basement in the vertical time scale (s) : 3 —«loose », presum-
ably, pyroclastic deposits ; 4 — denser, presumably, lava flows.
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preted as the surfaces of lava sheets the formation of which
is likely associated with significant stages of effusive activity
in the history of geological development of volcano.

050
WHW Section I-I ’
o 1

N IF km

Fig. 10 — Section of the volcano along the sublatitudinal profile (I-1 in
Fig. 9), according to the CSP data. 1—surface of acoustic
basement (lava flows and sheets predominantly of porphyric
basalts) ; 2-4 — pyroclastic material : 2 — predominantly large-
fragmental ; 3 —mid-; 4 — fine-fragmental. While constructing
the section, the following seismic wave velocities were accepted :
5km/s for 1;2km/s for 2-4.

While analysing the wave picture on the records of «loose»
deposits and the scheme of thicknesses of these deposits, it was
taken into account that the sedimentary cover in the volcano
region was represented exclusively by pyroclastic deposits.
All the fragmental material has an acute-angled shape without
indications of roundness. The mineralogic composition of pyro-
clastics and fragmental material corresponds to the composition
of basalts and gabbroids. Exceptions are the rare pumices of
acid composition found only along hollows which may be brought
with the stream from the Mariana islands.
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The peculiarities of wave picture of «loose» deposits and
the character of changes in their thicknesses may indicate that
the entire section of sedimentary cover is composed of vol-
canogenic material, Exceptions are the deposits on the eastern
flank of the volcano. Its section, on the basis of the CSP data,
may contain both volcanogenic and terrigenous deposits. The
latter may be brought from the Mariana islands (Gorshkov
et al., 1980).

The thickness of pyroclastic deposits is from a few hundreds
of meters on the southern flank to 1 km on the eastern flank
(when the velocity of seismic waves V = 2km/s). A bench
of denser rocks, presumably, lava sheets with a thickness of
up to 0.6 s (1.5 km when V = 5 km/s) lie on the western flank
beneath strata of pyroclastic rocks. The structure of this area
in section is shown in Fig. 10,

The total volume of the Esmeralda volcanogenic products
is rather significant: not less than 500 km?® of pyroclastics and
not less than 300km® of lava. It is to be noted that the
mentioned value for pyroclastics is minimum, because measure-
ments were made only within the edifice of the volcano. Really
far beyond its edifice, 40 miles from the crater, une bottom
core recovered only 20 cm of ooze below wich lies pyroclastic
material of the same composition that is characteristic of the
Esmeralda magmatic rocks.

The character of changes in thicknesses indicates that the
source of supply of both lava and pyroclastic material is the
Esmeralda volcanc. The absence of «loose» deposits in the
north is notable. The extinct volcano, located to the north of
the Esmeralda volcano, like a screen, prevents from migration
of the pyroclastic material to the north. Analogous pictures may
be seen at other heights surrounding the Esmeralda volcano.
These facts may evidence that fragmental material spreads
in seawater. It is supported also by findings of scoriae covered
with glassy incrustations.
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CONCLUSIONS

Esmeralda is a large submarine volcano composed of basic
rocks, porphyric basalts predominantly. Numerous samples of
gabbroids found in the crater and upper part of the cone seem
to indicate that on the bottom and walls of the crater a solidi-
fiel channel is exposed. The Esmeralda volcano is similar
in character of the erupted material distribution, morphology
and internal structure to terrestrial volcances of the central type.

At present two main stages can be distinguished in the geo-
logic history of the volcano: the first one, predominantly
effusive, is characterized by the formation of the edifice and
lava sheets with the thickness of up to 1.5 km on the western
slope ; the second one, predominantly explosive, is characterized
by the formation of a thick sedimentary-pyroclastic cover with
an area of a few thousands of km?

It is to be noted that the Esmeralda volcanic activity is
characterized by exceptionally large size and intensity, com-
pared to other submarine island arc volcanoes. The total volume
of ejected volcanic products is not less than 300 km® of lava
and not less than 500 km® of pyroclastics. Explosive activity of
the Esmeralda volcano is so vigorous that the processes of
terrigenous and biogenic sedimentation are suppressed within
the radius of many tens of kilometers. The main part of pyro-
clastic material covering the slopes and the foot of the volcano
was erupted and spread in seawater. Inclusions of altered
rocks in fresh basalts indicate the occcurrence of gas-hydro-
thermal activity in the intervals between explosive eruptions.

In 1978, the intermittent submarine fumarolic activity and
formation of altered rocks and newly-formed fumarolic mineral
aggregates occurred at the Esmeralda volcano. For the first
time the state of activity of submarine volcano was evaluated
quantitatively. According to estimations, in January 1978, the
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rate of heat transferrer (vapour and thermal waters) was not
less than 1500 kg/s and the heat discharge was not less
than (5 to 6) x 10°kcal/s. The heat-transferrer consisted of
approximately equal amounts of water and vapour.

It has been established that along with heattransferrer
silica (~ 16 tons/day) and iron (13 tons/day) were supplied
into seawater.

It has also been established that ferromanganesian forma-
tions are formed on the slopes of the volcano as a result of
fumarolic activity.
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