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Abstract. The paper deals with the results of geochemical-mineralogical study
of alteration products of andesitic lavas by solfataras, active in the crater of Coto-
paxi volcano. Final products, occurring at solfatara vent, are opalites, consisting ol
opal-cristobalite with sulphur admixture and trace amounts of alunite and barite.
Alunitized andesites are less altered rocks in which relict primary components are
accompanied by secondary opal-cristobalite, alunite and traces of gypsum. Sulphur,
opal-cristobalite, gypsum and alunite occur as incrustations or fissure fillings in
surrounding rocks. Distribution and behaviour of major and minor elements and
conditions governing various solfataric alteration processes are discussed.

GENERAL GEOLOGICAL DATA

Cotopaxi (5897 m), one of the highest active volcanoes in the world,
represents a typical stratovolcano of almost ideal conic shape with
summit crater. In historical times many eruptions of importance were
observed, the most violent being those in 1744, 1768 and 1877. The last
lava flow from central crater was noted in 1942 (Hantke, Parodi 1966).
In 1972, during the investigations led by Czechoslovak-Polish geological
expedition Cotopaxi 72, the volcano was in a state of dormancy, though
numerous exhalations in crater itself and its vicinity took place. Never-
theless, the upper part of the cone, above 4600—4800 m, including crater,
was covered with snow and ice, leaving only small exposures of rocks on
vertical walls and in the places heated by volcanic gases.

Summit of Cotopaxi display fairly complicated geological structure
(Fig. 1). Elliptical somma encircles small nested internal cone formed
after 1903. This somma is a relict of the great, partly breached crater,
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Fig. 1. Schematic map of the crater of Cotopaxi
1 — lavas and tuffs forming steep walls, 2 — tephra and talus debris, 3 — snow and ice cover,
4 — solfatara vents of permanent activity in August—September 1972, 5 — short-living exhala-
tions, 6 — altitudes in metres according to Mapa Fisico del Ecuador 1:50000 (1963), other
altitudes measured by Czechoslovakian-Polish expedition, 7 — ridges, 8 — depression axes

observed in the period 1877—1903 by Wolif (1926), Whymper (1892),
Meyer (1970) and others. In 1972, the new crater, in nested cone, was
about 350 m in diameter and 120—130 m in depth. Judging from Hantke’s
description (I. cit.) it persisted in this form for nearly 30 years. In upper
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part of this crater, on vertical walls, there outcrop tuffs and tephra
layers, about 60 m thick (Phot. 1). Below, andesitic lavas occur, being
partly covered with slopy rock debris.

At the foot of northern wall and in September also in the west part,
solfataric streams carrying H,O, H,S (+ probably sulphur oxides) and
CO, were emanating. Temperature of solfatara gases in B point (Fig. 1),
situated more than 100 m below crater’s margin, measured on 2 Septem-
ber 1972, amounted to 80—81°C. Apart from these exhalations, a week
stream of steam and CO, (?), with temperature 9—10°C was observed
within shallow throat in the centre of crater. Moreover, abundant subli-
mates of native sulphur occured at the western and particularly at the
northern crateric wall.

Grab sampling of rocks *, occurring close to solfatara vent, allowed to
discover their large-scale alterations in the range of about 20 m from the
throat, Altered rocks in question display zonal distribution (Fig. 2).

General observations were also carried out on the slopes of somma
in the A and C regions (Fig. 1). In the former one there prevails loose
pyroclastic material but some iragments of preserved young lava flows
are observed too. In the first days of August 1972 emanations of odour-
less gases, the temperature of which did not exceed 40°C, were observed
here, whilst on September 2, 1972 no traces of exhalations were: found
in this place that was covered with fresh snow. On the surface of lapillae
and small tephra blocks there occur delicate incrustations of sulphur and
gypsum crystals. Moreover, alteration phenomena of pyroclastic material
into opal substance are observed. Nevertheless, because of slope sliding
of rocky material, it is very difficult to determine the zonality of altera-
tion processes.

In the C region andesitic flows are exposed, showing no symptoms of

'these ‘phenomena, except of some oxidation, marked by reddish colour-

ation.

In this paper, comparison of petrographic, mineral and chemical com-
position of collected samples is referred to the structurally closest and
commonest variety of andesites of the youngest generation, represented
by sample 314.

METHODS OF EXAMINATION

All the collected samples were first investigated microscopically in
thin sections. Subsequently, several selected specimens were examined

'by means of chemical and spectrochemical analyses for major and minor

elements respectively. The former were determined by fusing with soda

‘according ‘'to a scheme proposed by Narebski (1962). Thus, silica was

estimated after classical acid separation using gravimetric method, Fe, Al,

Ca, and Mg by complexometric titration, Ti, Mn and P photocolorime-

trically and alkalis by flame photometry.
Trace elements of the iron group were determined by Dr. N. Bakun-

* Sampling within crater was carried out by J. Dobrzynfiski and B. Mléoch, at
somma by A. Paulo.
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-Czubarow using DFS-13 grating spectrograph and following analytical
lines: V — 3183.98 A, Cr — 3014.91 A, Ni — 3050.82 and 3414.76 A and
Co — 3453.505 A. Sr, Ba, Rb and Li contents were estimated by Dr. Z. Wi-
chrowski also by means of DFS-13 spectrograph using 4607.33, 4934.09,
7800.23 and 6103.64 A lines respectively.

Mineral composition of fresh andesites was determined essentially by
microscopic method, whilst that of altered ones, displaying obscured and
fine-grained textures, by X-ray, infrared spectroscopic and thermal me-
thods using URS-50-1 X-ray diffractometer, Zeiss UR-10 spectrophoto-
meter, and Paulik-Erdey derivatograph, registering simultaneously DTA,
TG and DTG curves.

UNALTERED ANDESITES

Lavas of young Cotopaxi cone display considerable petrographic varia-
bility. Detailed study on these rocks will be published later.

Older lava flows consist predominantly of massive pyroxene andesites
showing porphyric texture and pilitic or pilotaxitic texture of the matrix.
Large (2—4 mm) phenocrysts of plagioclases, ortho- and clino-pyroxenes
are fairly abundant. Plagioclases (labradorite-andesine) often display
zoning and composite twinning. Accessory magnetite, haematite and ilme-

Table 1
Chemical composition of andesites and their altered equivalents from Cotopaxi (in
weight per cents)

Sample No. 314 351 343 345 344
Region
t
Fig. 1) Out of crater (e] B B B
SiO, 55,80 54,80 57,60 53,60 81,20
TiO, 0,86 0,94 0,85 0,90 0,99
Al,Oq 16,50 17,00 16,70 15,10 2,00
Fe,O4 3,29 6,78 6,05 5,45 0,72
FeO 4,35 ) 1,80 1,21 0,09
MnO 0,11 0,11 0,09 0,064 0,006
1{\:{go 3,22 3,317 3,36 2,51 0,13
\:aO 7,03 7,02 6,43 2,43 0,07
Na,O 4,05 3,68 3,74 2,43 0,07
K,0 1,31 1,40 1,19 1,18 0,82
1}’;%5 0,35 0,26 0,31 0,32 0,10
S(e) 2,10 2,60 1,75 7,30 10,20
5 i
— — 7573 —
5 5 ;
| — — — 3,20
Total 1 99,67 99,68 99,87 100,22 99,89

analyst: W. Narebski
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nite are associated with pyroxenes. These andesites are from dark grey
to reddish in colour. Some lavas contain frequent xenoliths of leucocratic
rocks (andesite-dacites?). ;

Younger lava flows generally consist of porous and vesicular rocks
containing more or less glass. Phenocrysts are represented by plagioclases
(labradorite, less common andesine), ortho- and clino-pyroxenes and, in
some rocks, olivine. These rocks are from black and dark grey to reddish
in colour. Xenoliths of quartzites and various andesites were found to
occur in black lavas.

Unit weight of unaltered andesites depending on porosity varies from
1.1 up to 2.65 g/cm? in massive rocks.

From geochemical viewpoint samples of fresh lavas resemble closely
latite-andesites of Northern Chile (Siegers et al. 1969). This refers both
to major and minor element contents (Tab. 1 and 2 — samples 314, 351

Tlabile 2
Trace element contents in andesites and their alteration products from Cotopaxi (in
ppm)
Sample No. 314 351 343 { 345 344
v 2170 140 210 66 <5
Cse 38 14 70 20 160
Ni 32 18 11 3 <2
Co 41 22 21 6 <&]
analyst: N. Bakun-Czubarow
Sr 630 800 580 220 20
Ba 640 630 520 335 400
Rb 32 31 37 35 <10
Li 47 27 21 5 <N5
‘ analyst: Z. Wichrowski
il GeRET R e A

and 343 — the two latter representing oxidizied rocks). However, .because
of rather normal potassium content these lavas can be preliminarily clas-
sified as andesites (Dickinson 1968). Further investigations of larger
number of samples selected from those collected by the Czechoslovak-Po-
lish expedition from the whole volcanic cone will allow to name these
rocks more precisely.

ALTERED ROCKS

Distinct alteration of andesitic rocks are observed ip the vi(;inity of
solfatara vent. However, because of abundant sulphur incrustations and
inaccessibility of outcrops, detailed observations of these phenomena are
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very difficult. On the ground of grab sampling we can say that alteration
sone is at least 20 m wide. Incrustations of native sulphur cover the walls
of fissures, through which solfataras exhalate. Further outwards there
occur subsequently: opalites, alunitized andesites and slightly altered an-
desites with gypsum veinlets (Fig. 2).

19m
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Fig. 2. Scheme of zonality in altered rocks around solfatara vent (region B on Fig. 1)
1 — sulphur, 2 — opalite, 3 — alunitized andesites, 4 — oxidized, slightly altered andesite,
5 — gypsum, V — solfatara vent

OPALITES

These opal rocks are white and porous, showing very low unit weight
(1.17 g/cm®) and locally containing sulphur aggregates. At the walls of
fissures they easily disintegrate to form powder. In thin section we
observe preserved vesicular structure of primary andesite, though some
irregular pores can be due to leaching of constituents. Relics of primary
porphyric texture are also observed.

.Chief mineral component of the rock in question is opal, accompanied
(within pseudomorphs after feldspar) by small amounts of native sulphur
and cristobalite, and, locally, by alunite microlites. These components
display zonal distribution, following zonal structure of primary plagio-
clases. Moreover, larger platy alunite and barite crystals occur sporadi-
cally on'the margins of pores. Titanium oxide (anatase) occurs as very
fine grains, 0.005—0.02 mm in size, dispersed irregularly within opal
matrix.

X-ray diffractometer pattern of this rock display a characteristic broad
band in the range 5—3 A and the main reflections of low cristobalite
(4.04, 3.13, 2.85, 2.48 A) and sulphur (3.86, 3.20 A) accompanied by weak
11ne_s of alunite (4.95, 2.96 A). This indicates that this rock is composed
mainly of opal-cristobalite, the idealized structure of which is based on
stacking sequence of SiO, tetrahedral layers ABCABC (Frondel 1962). On
heating opal substance loses nearly whole water at 180°C (Fig. 5) and its
structure becomes gradually more ordered. At 400°C there disappear the
lines of alpha-sulphur (which burns at about 360°C — Fig. 5). Finally,
the substance is transformed into high-cristobalite, the strongest reflec-
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Fig. 3. X-ray diffractometer patterns of altered rocks (CuK, radiation)
a — opalite, b — opal from veinlet, ¢ — alunitized andesite. Peaks: A — alunite, C — cristo-
balite, F — feldspar, P — pyroxene, S — sulphur

tions of which (4.15 and 2.53 A) were found on X-ray diffractometer pat-
tern of the sample heated to 900°C.

Taking into account the origin and chemical composition of the rock
in question, its cristobalitic nature is well justified. Numerous experi-
ments have shown that cristobalite is easily formed in hydrous and alkali-
_rich environment (Taylor and Lin 1941, Wyart 1943, Papailhau 1957). It
should be remembered that this modification of silica show comparatively
open structure, enabling substitution of Al for Si and introduction of equi-
valent number of Na or K atoms into lattice cavities. Therefore chemical
composition of natural cristobalites generally departs from 100 per cent
Si0, and the analyses always show the presence of Al, Na, K, Ca and of
other elements in their crystal lattice. Most probably, this is also the case
with opal-cristobalite in question, since the number of Al atoms in~ it
corresponds approximately to the sum of charges introduced by Na¥, K
and Ca2t ions (Tab. 3, sample 344). : :

Infrared absorption curve of opalite containing higher barite a@mlx-
ture is presented in Figure 4. The presence of this mineral was conflrmed
by X-ray diffractometer pattern of sample heated z}nd evaporgted with
HF to get rid sulphur and silica, in which the following barite lines were
identified: 3.48, 3.37, 3.06, 2.81, 2.70, and 2.09 A. Increased amount of
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Fig. 4. Infra-red absorption spectra of altered rocks
A — opalite containing baryte admixture, B — alunitized andesite

barium in opalite was also determined by spectrochemical analysis
(Tab. 2). Very interesting is high concentration of Cr in this strongly
altered rocks what can be explained by some crystallochemical similarity
of [CrO;] and [SO,] complexes.

ALUNITIZED ANDESITES

These rocks are pinkish-grey in colour and distinguish by numerous
white spots and scarce vacuoles. Their unit weight is 1.86 g/cm3. Aluni-
tized andesites display relict porphyric texture. Hardly recognizable ma-
trix shows hialopilitic texture. Plagioclase phenocrysts are partly replaced
by opal and sometimes by gypsum. Replacement was not complete and
operated within some parts of grains, thus making their zoning more
distinct. On the other hand, pyroxene phenocrysts exhibit only weak
alteration phenomena. Primary vacuoles are partly filled with microcry-
stalline alunite aggregates. The role of alunite in filling pseudomorphs
after feldspars is rather subordinate.

Because of rather obscured microscope picture of this rock, its minera-
logical examination was greatly facilitated by applying instrumental tech-
nique. Since the alteration products are hydrated and anisodesmic com-
pounds, the most useful here were found to be thermal and infrared ab-
sorption methods, supplemented by X-ray analysis (Figs. 3, 4 and 6).

As follow from these as well as from chemical and microscopic data,
the new minerals formed are: opal-cristobalite, a little gypsum and fairly
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Fig. 6. Thermal curves of alunitized andesite

Fig. 5. Thermal curves of opalite containing sulphur admix-

ture
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abundant sodium-potassium alunite, in which the above alkali‘ elements
ratio is approximately 0.55: 0.45. This conclusion is confirmed by
shifting of alunite reflections toward higher drxi values when compared
with those, characteristic of K-alunite.

Such mixed nature of alunite and its dilution in silicate rock is
responsible for rather low decomposition temperature of trivalent metal
component (760°C) when compared with the majority of standard DTA
curves of this mineral (Ivanova 1961, Naboko 1963, Kubisz 1964).

Nearly selective replacement of plagioclases by opal during these
processes is manifested by pronouced difference in Ca and Na contents
in altered and fresh andesites. On the other hand, abundances of elements
contained in mafic minerals display no distinct variation and this fact
agrees very well with the results of microscope examinatior;s. Cons‘e—
quently, alunitization leading to the formation of rocks in question can be
schematically presented by the following equation:

(Na,K) AlSi;Og - CaAl,Si,0 + 3 SO + 6 HT —
— (K,Na) Al; (SO,), (OH) + 5 SiO, + CaSO,

It should be emphasized that alunites containing nearly equal
amounts of Na and K are typical of slightly altered rocks, whilst these
minerals formed at later stages and precipitated in fissures are nearly
purely potassic in character (Sidorov 1967).

As regards trace element contents we observe distinct impoveri-
shment of alunitized andesites in V, Ni, Sr, Ba and Li ((Ral )

FISSURE FILLINGS AND INCRUSTATIONS

Native sulphur incrustations, 5—10cm thick, occur on the
fissure playing role of solfatara vent. This mineral, represented by its
alpha modification, forms yellow, fine-grained aggregates, embedding
xenoliths of opalite and slightly altered andesites. Similar incrustations
occur nearly on the whole northern wall of the crater, particularlyi
within the range of activity of ascending solfatara emanations. Their
thickness diminishes when passing outwards from the vent.

Another variety of dirty-green sulphur forms thin and irregular crust
on opalites very close to solfatara throat. This colour is characteristic
of remolted sulphur (Watanabe 1940, Petrachenko et al. 1971). Locally
sulphur is accompanied by minute amounts of fine-crystalline pyrite.

Opal veinlets, up to 5mm thick, are observed in alunitized and
slightly altered andesites in the whole zone under consideration.

Alunite is filling thin veinlets within alunitized andesites.

Gypsum occurs in monomineral veinlets, consisting of crystals
2—5mm in size, developed in slightly altered andesites. Moreover,
gypsum incrustations occur in tephra formation on the western slope of
Cotopaxi’s somma.
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VARIATION OF ELEMENT CONTENTS IN SOLFATARIC
ALTERATION PRODUCTS

The problem of volcanic rocks alteration due to the action of fuma-
roles and solfataras was discussed by numerous authors (Rittma 1934,
Anderson 1935, Payne and Mau 1946, Lovering 1957, Naboko 1963 ete.).
As follows from their data, the character of alterations depends chiefly
on chemical composition of gases and water solutions. If a rock is sub-
jected to the action of hot steam (e.g. in Kilauea, Hawaii) only silica and
soluble bases are leached away and the product is lateritic in character,
consisting of aluminium and ferric oxides (Payne and Mau 1946). Large-
_scale losses of silica relative to alumina are also observed in rocks con-
tacting with halogen-acid fumaroles as e.g. in the Valley of Ten Thou-
sand Smokes, Alaska (Lovering 1957).

Sulphur-acid activity is very widespread in volcanic regions. Decom-
position of rocks subjected to such alteration consists in gradual leaching
of all the elements except of Si and Ti and thus its final products are
usually sulphure-bearing bleached opal rocks — opalites, whereas at
intermediate stages alunitization is the most widespread process.

In this study, data on abundances of major and trace elements in
various solfataric alteration products of andesitic lavas at Cotopaxi were
obtained which can contribute to our knowledge of their geochemical
behaviour during processes under consideration. Such geochemical com-
parison is much more adequate if we present the contents of major
elements in atomic percents after excluding water and sulphur as com-
ponents introduced by solfataras (Tab. 3).

Comparison of chemical composition of slightly altered (oxidized)
and alunitized andesites clearly confirms microscopic observations

Table 3

Comparison of chemical composition of rocks from solfataric alteration zone in the
crater of Cotopaxi (in atomic per cents, recalculated on sulphur- and water-free basis)

| Tiqe ape
Fresh Oxidized Alunitized 2
Rock type Opalite
! o TP andesite andesite andesite B
Sample No. 314 343 345 344
! Si 53,7 54,8 59,6 93,3
|- a5 0,6 0,6 0,7 0,9
{5 AY! 18,7 18,9 19,8 2,8
| Fedt 2,4 4,3 45 0,6
‘ Fe2+ 3,5 1,5 1,2 0,1
Mg 4,6 4,8 4,1 0,1
l Ca 722 6,5 2,9 0,3
| Na 7,6 6,9 5,2 0,7
| 1,6 15 3 1,1
| P 0,2 0,2 0,3 0,1
{5




ing that solfataric agents are attacking first of all and nearly selec-
ii}i/oevlv;n %eldspars and rogk matrix, whereas mafic compogents remain
rather unchanged. There is, however, distinct difference in behaviour
of calcium and alkalis liberated from plagioclases during their .decor}'qu—
sition. Large-scale impoverishment of alunitized rocks in cal.cmm 1pd1—
cates that this element is leached from parent rock by sulphatic solutions
and precipitated as gypsum more distant from solfatara vent. Analytical
data clearly confirm entirely different geochemical behaviour of the
remaining plagioclase components — Al, Na qu K. Constancy of .abun—
dances of aluminium and potassium and negligible loss of sodium is due
to fixation of these elements in the form of alunite, whlch, gontrary to
gypsum, is not soluble in acid solutions and fills vacuoles within the rock
subjected to solfataric alteration. : :

Among trace elements the sequence of their leaching is as follows:
Li>> Sr> Ba > Rb. As already mentioned, limited mobility of barium
is due to its fixation as insoluble barite, whilst the behaviour of rubld'lum
can be explained by its close crystallochemical affinity to potassium.
Under solfataric conditions strontium seems to follow calcium and to con-
centrate in gypsum veins.

Complete decomposition of all minerals during opalization process re-
sults in leaching out nearly all the major components except Si and Ti
which are not soluble in sulphur-acid solutions. Some negligible part of
Al and alkalis left is incorporated into open opal-cristobalite lattice and
contained in scarce alunite relics.

CONDITIONS OF SOLFATARIC ALTERATION PROCESSES

On the ground of this study, field observations and by comparing them
with other authors data, it is possible to reconstruct general conditions
of alteration of the rocks in question. As already explained, nearly purel
siliceous alteration products — opalites — were formed at Cotopaxi
around solfataric throat due to direct action of hot sulphur-acid gases and
very agressive solutions. At early stage of fumarolic activity these gases
could also contain HCl vapours and thus react very strongly with sur-
rounding rocks, leaching the majority of chemical elements. As follows
from analyses of Soviet vulcanologists (Naboko 1963, Sidorov 1967) they
are fairly concentrated (4—6 grams per litre) and show very low pH
(1.3—1.6).

Another alteration products studied — alunitized andesites — were
most probably subjected to the action of colder solutions slightly neutral-
ized (to pH = 3—b5) by alkalis leached from rocks situated closer to sol-
fatara vents. Contrary to opalitic zone, in alunitic one metasomatism con-
sists in some enrichment (impregnation) of leached components.

Similar zonal sequence of metasomatic alteration was observed e.g. in
sulphur deposits of Japan (Mukayiama 1959) and Kamchatka (Borisov et
al. 1971). In these volcanic areas, outer kaolinization and saponitization

zones were described. It is possible that such zones can also occur at Coto-
paxi, outside the sampled zone.
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Qng qf important factors, influencing and favouring development of
alunitization process, could be the presence of ice, actually covering the
vast majority of Cotopaxi’s crater. Such cover prevents dilution of volca-
nogenic solutions by atmospheric waters and, because of cooling effect
can limitate their activity. Simultaneously, no atmospheric precipitateé
can fall in these open places, where hot emanations operate. Because of
such convenient conditions the most important and often coupled altera-
tion processes — alunitization and opalitization — could strongly deve-

lop in the crater of Cotopaxi during relatively short period of 30
that passed since its last effusion. B Triow
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Wojciech NAREBSKI, Andrzej PAULO

PRODUKTY SOLFATAROWYCH PRZEOBRAZEN LAW
ANDEZYTOWYCH W KRATERZE WULKANU COTOPAXI
(EKWADOR)

Streszczenie

W pracy omoéwiono wyniki badan geochemiczno—mineralogicznych pro-
duktéw przeobrazen law andezytowych przez solfatary czynne w dolnej
czescei krateru jednego z najwyzszych czynnych wulkanow S$wiata, Coto-
paxi (5897 m). Badania przeprowadzono metodami mikroskopowymi, che-
micznymi, spektralnymi oraz przy pomocy analizy rentgenowskiej, spek-
trofotometrycznej w podczerwieni oraz termicznej.

Wéréd skal przeobrazonych wyrézniono dwie glowne odmiany: opality
i andezyty zalunityzowane. Pierwsze z nich, wystepujace w poblizu ujscia
solfatary, ztozone sg niemal wylgcznie (do 95%) z opalu-krystobalitu z do-
mieszka siarki, alunitu i barytu. Zalunityzowane andezyty, odstaniajace
sie dalej od solfatary, obok reliktéw mineratéw pierwotnych zawierajg
glownie Na—K atunit i opal-krystobalit. W tej strefie pirokseny wykazu-
ja znacznie wicksza odpornoé¢ niz plagioklazy.

Podczas gdy opality sg produktem prawie calkowitego wylugowania
wszystkich skladnikow z wyjatkiem Si i Ti, skaty zalunityzowane powsta-
1y przez impregnacje pecherzykéw pogazowych siarczanem AERESIN e ees
pierwiastkow odprowadzonych z pierwszej strefy. Wapn jest przenoszony
poza obydwie wymienione strefy i stabilizowany w postaci gipsu. Na pod-
§taw'1e przeprowadzonych badan ustalono nastepujacy szereg ruchliwosci
slgdowych alkalibw i ziem alkalicznych w omawianym Srodowisku:
Li >.Sr> Rb > Ba. Wéréd pierwiastkéw sladowych grupy zelaza Cr wy-

kazuje najmniejsza ruchliwoéé a nawet koncentruje sie w opalicie.
- 'Px_'zemlan,y w pierwszej strefie zachodzilty pod dziataniem gorgcych
i silnie kwasénych roztworéw gazowo-wodnych (przy pH okoto 1,5), ktore
ulegaly, wskutek lugowania sktadnikow zasadowych, nieznacznej alkali-
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zacji (pH = 3—5), umozliwiajacej wytracanie alunitu. Powstanie stezo-
nych i silnie kwasnych roztworéw bylo mozliwe w specyficznych warun-
kach panujacych aktualnie w kraterze, przy ograniczonym dostepie wod
meteorycznych, powodowanym pokrywa lodowsa i odparowywaniem oOpa-
déw w strumieniach gorgcych emanacji. | :

Badania wulkanu Cotopaxi przeprowadzila Czechostowacko-Polska wy-
prawa Cotopaxi 72 latem 1972, a opracowane prébki pobrali J. Dobrzyn-
ski, B. Ml¢och i A. Paulo. .

OBJASNIENIA FIGUR

Bighel, Schematyczna mapa krateru Cotopaxi i
1 — lawy i tufy tworzace strome §ciany, 2 — tefra i osypiska zboczowe, 3 — pokrywa

éniezna i lodowa, 4 — ujécie solfatar stale aktywnych w okresie sierpien—wrzesien 1972,
5 — krotkotrwate ekshalacje, 6 — wysokosci w metrach, na podstawie Mapa Fisico del
Ecuador 1 :50 000 (1263), pozostate wysokoéci na podstawie pomiaréw wyprawy czecho-
stowacko-polskiej, 7 — grzbiety gorskie, 8 — osie depresji i

Fig. 2. Schemat zonalnoéci skal przeobrazonych dokota solfatary
1 — siarka, 2 — opalit, 3 — zatunityzowany andezyt, 4 — stabo zmieniony, utleniony

_ andezyt, 5 — gips, V — ujScie solfatary

Fig. 3. Dyfraktogramy skat przeobrazonych (promiéniowanie CuKe )
a — opalit, b — opat z TN C zatunityzowany andezyt. Refleksy: A — atunit, C —
krystobalit, F — skalen, P — piroksen, S — siarka
Fig. 4. Spektrogramy absorpcyjne w podczerwieni skal przeobrazonych
A — opalit z domieszka barytu, B — zatunityzowany andezyt
Fig. 5. Derywatogramy opalitu z domieszka siarki
TFig. 6. Derywatogramy zalunityzowanego andezytu

Botiyex HAPEMBCKH, Anodnceii TAYJIIO

NPONYKTH COJIb®ATAPHBIX W3MEHEHUY AHJIE3UTOBBIX JIAB
B KPATEPE BYJKAHA KOTOMAXH (3KBAJIOP)

PeswowMe

B paGore mpeJCTaBjeHbl Pe3y/IbTaTbl FeOXUMHUUECKOro W MHHepasorhde-
CKOFO H3YUEHHs TIPOAYKTOB MPeoGpakeHHs AHe3HTOBBIX JaB colbbarapaMmy,
NeHCTBYIOIMMH B HUXHel YacTH Kparepa OJIHOTO M3 BbICOUANIHX JEHCTBY-
JOLIMX BYJKaHOB MHpa — Koronaxu (5897 M). Hccaenosanns P OBOIHIIHCDH
MeTOaMH MHKPOCKOMHUECKOro, XHMHIECKOTO, CIeKTPaJIbHOTO, PEHTTeHOBCKO-
ro, MK-CIeKTPOCKOMHYECKOTO H TEpMHUECKOTo aHaTH30B.

Cpeu M3MEHEHHBIX MOPOX pa3THyaloTcsi ABE PasHOBHAHOCTH: omnaJu-
T M aJyHHTH3HPOBAHHBIE AHACSHTDI. Ilepbie M3 HHX, PacmpoOCTpaHEHHbIC
B6MU3H YCThs coMb(araphl, COCTOAT NOUTH HCKJIIOUHTEIBHO (10 95%) u3
onaja-KpHcToGanura ¢ IPHMEChIO Cepel, amynuta W OapHTa. AnyHHTH3YU-
poBaHHblE AHJE3HTBI, 3aJIETalollHe Ha HEKOTOPOM paCCTOSIHHHA OT combdara-
pBI, KpOME DeJIHKTOB MepBHIHBIX MHHEpAJIOB, COlEPHKAT, B OCHOBHOM, HATPHH-
-KaJHeBbIH aJTyHHT H onaj-KpucTobanut. B aToil 30HE HPOKCEHBI XapaKTe-
pH3YIOTCST HAMHOTO GoublIeil yCTONUHBOCTHIO UEM naaruokaassl. OmnaauTl
Tpe/ICTaBASIOT MPORXYKT MOUTH [OJHOTO BbIllleJauHBaHHs BCEX KOMIOHEHTO3,
KpoMe KpeMHHs M THTaHa, a aJlyHHTH3HPOBAHHbIE MOPOJbI 06pa3oBajich
81
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B pe3yJ/bTaTe 3aMOJHEeHHs My3bIPHCTBIX NYCTOT MHHEPAIOM Jalll JEC INTEE —— Ty e
MEHTOB, BbILIeJOYEeHHBIX M3 MepBoH 30HbI. Kasbuui ynassieTcss 3a mpeaesn
o6enx 30H M KOHLEHTpHpyeTcs: B Buje runca. [To faHHBIM MPOBeIEHHBIX aHa-
JIH30B ONpe/eJeHa M0C/IeJ0BaTeNbHOCTh PACCesHHbIX /€MEeHTOB M0 HX MO/A-
BHXKHOCTH B paccMOTpHBaeMoii cpefie: Li>> Sr > Rb > Ba. Cpeau saemen-
TOB FPYNMBI XKeJie3a XPOM XapaKTepH3yeTCs HaWMeHbLIeH MOJBHXHOCTBIO, Oif
Ja)ke KOHLEHTPHPYETCs B OMNaliuTe.

Vi3aMeHeHHsT B MNepBOH 30He MPOHCXOAMJIM [OJ BJHSHHEM T[OPAUMX,
CHJIBHO KHCJbBIX Ta30THApOTepMaJbHbIX pacrBopos (npu pH okoso 1), Ko-
TOpble 060ralllaMHCh OCHOBHbIMH KOMIOHEHTaMH H MpeBpallanch B Gosee
ulesiounble pactsopel (pH = 3—5), KoTopble CnocOGCTBOBAJH BbIMAAEHHIO
anynuta. O6pa3oBaHHe CHJIbHO KOHLUEHTPHPOBAHHBIX M CHJbHO KHCJBIX pac-
TBOPOB GblJI0 BO3MOXKHO B OueHb CHeUH(HUECKHX YCJIOBHAX, Kakdne HaOJio-
J1al0TCSl B KpaTepe B HACTOsILLee BPeMsi, MPH OTPaHHUEHHOM JIOCTYIME MeTeop-
HBIX BOJ.

®ur. 1. CxemaTnueckasi Kapra Kpartepa Byakana Kotonaxu

| — naBel M Tydbl, o6pa3yloline KpyThie CTEHKH, 2 — [CMeJ H CKJIOHOBLIC OCbIMHA, 3 — CHEHK-
HbI H JeloBuft MOKpPoB, 4 — ycTbs coabdarap, AEACTBYIOUMX MOCTOSHHO B MMEPUOJ aBrycr —
cenTabp, 1972T., 5 — KDATKOBPEMEHHble SKCTaJfAlMH, 6 — OTMETKM B MeTpax, no ¢usHueckon
kapTe OkBagopa 1:50000 (1963), ocra/nbHbie OTMETKH MO JaHHBIM H3MepeHHA Yexoca0sauko-
TToabCKOA 3KCNMEeAHUHH, 7 — TOpHBle XpeOThl, 8 — OCH JIOJNHH

®ur. 2. Cxema 30HAJIbHOCTH H3MEHEHHBIX TMOPOJ BOKPYT cOJb(aTapbl
1 — cepa, 2 — onajauT, 3 — aJYHHTH3HPOBAHHBIA AHAE3HT, 4 — MaJO HM3IMCHEHHBIA, OKUC/EH-
HbIfi aHjge3ur, 5 — runc, V — ycree coabdatapsl

Qur. 3. Iudpakrorpammbl u3MeHeHHbIX nMopop (u3nyuyenne CuKq )
a — onanut, b — onaa U3 NPOKKIKA, ¢ — AJYHHTH3HPOBAHHBIA aHje3uT. ITuku: A — anyuut
C — kpHcrobGaaur, F — mnoJseBo#i wnar, P — nupokceiu, S — cepa

®ur. 4. UK-cnekrporpaMmbl NOTJIOIIEHHA H3MEHEHHbLIX MOPOL

— OH3JNHT C NPHMECHIO 6apu'ra, B — aleHHTHBH'p\’TB?lHHMﬁ AHJIC3UT

Qur. 5. JlepuBaTOrpaMMbl ONajnTa ¢ NPHUMECHIO Cepbl
Dur. 6. [lepuBaTorpaMMbl aJyHHTH3HDOBAHHOTO aH/IE3HTA
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PLATE 1

PLATE I (PLANSZA I, TABJIMLA 1)

Phot. 1. Crater of Cotopaxi viewed from summit towards the south. Crater rim and
vast part of the interior covered with snow. At the left clouds of solfatara
vapours above altered andesites. In the background fragment of somma
with snowy southern summit (approx. 5830 m) Photo: J. Dobrzynski

Krater Cotopaxi widziany z wierzchotka ku potudniowi. Brzeg krateru
i znaczna cze§é wnetrza pokryte éniegiem. Po lewej obloki solfatarowe ponad
przeobrazonymi andezytami. Na dalszym planie fragment sommy Wraz
z oéniezonym poludniowym wierzchotkiem (okoto 5830 m)

Bux Ha KpaTep By.iKkana KoTomaxi ¢ BEpLUIHHDBI, B I0XKHOM nanpassienun. Kpait Kpa-
Tepa M 3HauMTENbHAs 4AcTb MOJIOCTH nokpuiThl cieroM. Ciesa conbharaposbie 06Ja-
Ka Haj W3MeHeHHbIMHM aHje3ntamu, Ha 3ajHem IjaHe 4acTe JIBOMHHKOBOTO
BVJKAHA C 3aCHEXKeHHOH I0XKHOH pepmnHoit (0KoJ0 5830 M)

N

Photal

{ Wojciech NAREBSKI, Andrzej PAULO — Solfataric alteration products of andesitic
: lavas in the crater of Cotopaxi volcano, Ecuador




