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ABSTRACT

Sairecabur volcano {Andes of Atacama) is a large Plio-Quater-
nary massif collapsed into a caldera. Sairecabur and Morthern Smmll
cones erected after the collapse.

The lavas are andesites (pre-caldera lavas) and acidic ande-
sites and dacites (postu aldera lavas) of the calc-alkaline associ-

ation,

They contain phenocrysts of plagioclase, pyroxenes, magnetite
(pre-caldera lavas) and hornblende, biotite and occasional quartz
{post-caldera lavas}. Crystal clots (pyroxene + ‘plagioclase + mag—
netite) which result from the resorption of early crystallized
hornblende phenocrysts are found. Crystallization of plagioclase
phenocrysts took place under HZO pressure of 1«4 kb and temperature
of 850-850°C,

Major and trace element distributions indlcate a differentia-
tion of pre-caldera lavas by pyroxene + plaglcclase fractionation
and of post-caldera lavas by clinopyroxene + hornblende + plagio-
clase fractionation.

A three-stage model of petropgenesis is proposed : partial
melting of peridotitic upper mantle, crustal contamination of the
primitive magma at the base of the continental crust where crystal
fractionation can begin and proceed during the more or less long
ascenv of the lava up to the surface.
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INTRODUCTION

Sairecabur volcano is located on the berder of the
Altiplano ef Atacama (Fig. 1). It consists in a large massif
collapsed_into a caldera, The massif is probably of Pliocene
to Quaternary age és the oldest lavas are particularly unaltered
and as their fresh aspect is similar to those of other volecanoes
in adJacent areas which have Plio-Quaternary rédiochnonologiéal

ages (Roobol et al., 1976; Baker, 1977; Baker and Francis, 1978;
¥

Bolivia
Fig. 1, Geographical location of
Sairecabur volcano on the border of
the Bolivian-Chilean Altiplano. Lar-
ge faults are represented (after Cho-
tin et al., 1978, modified), T and L:
ZTocorpﬁri and Lascar Plio-Quaternary

volcanic massifs respectively,

Lahsen and Munizaga, 1979; Ramirez, 1979).
The voleano is located on large faulting zones oriented N135E
and M6SE (Déruelle et al., 1978) which give a rectangular shape

to the contiguous Laguna Verde depression whereas N-S faults cor-



respond to the direction of the hydrothermal alteration and cha-

racterize the Atacama graben (Fig, 2),
i a gr
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Fig, 2, Geological sketch

map of the Sairecabur volca-

. nié massif area obtained from

2 2290 LANDSAT imagery (NASA-E{{TS
document E-1243-14004, F,C,C.

_ N 23/april/1073),

Peey A 1 : Salar of Atacama.

2 ¢ recent and scree sedi-

‘ISu ‘ub R ments,
3 : Pliocene voleanic cones,
8 4 : Plio-Quaternary cones,
5 : ignimbrites.
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GEOMORPHOLOGY

The primitive volcano collapsed into a caldera of about
S km diameter (Fig 3 a and b). The caldera is limited by a verti-
cal cliff 400 m high. In the north, the cliff is covered with re-
cent lava flows of the Sairecabur cone which és built upright the
collapse fissure. Three secant craters cape this cone. An ultimate
flow has been parted in two equivalent lobes, one of which reached
the bottom of the caldera while the other one flowed down the
northern flank of the primitive strato-velcano. Another cone, made
of blecck lava flows has recently built up at the base of the north-

ern flank of the primitive volcano, The flows of this northern cone
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‘i, 3a. Geological map of Sairecabur massif. Geographical data,
ultitudes, scale and frontier drawing (crosses) are approximate,
sacaple numbers should be preceded by letter N. The map wis Jdrawn
with use of aerial photographs n® 31-2662 to 2667, line 15A and
"1-2622 to 2626, I.G.M., Santiago, and of western part of Saire-
cobur 1/50 000 topographic map, author spec. use, I1.G.M. Santiago,
ninosUbhlished,



Flg. 3 b Aerlal Dhotograph of the

Hestern part of Salrecabur voleanic
ma851f Recent faults and cliffs are outlined. The summits are s:ow—

capped, (After photograph n® 31.2564, line 15=-4, 27-Apr-61, I.G.M
Santiapo)



are short and thick {some 10 m) as they are more acidic than tho—

se of the primitive strato-volcano which reach 20 km in length.
The strato-volcano has been deeply notched by glacial tongues.
N4ASE and N135E faults affect the southern flank of the primi-

tive strato—-volcano and cut recent flows which go around southern

lLicancabur volcano. Slickensides have sometimes swerved the cour-

-se of posterior lava flows. Frontal moraines {ogives) cover the

ultimate flows of Sairecabur cone.
If one builds up again the primitive strato-volecano towards
its destroyed summit (Fig. 3 ¢}, it appears that the summit could
have reached an altituﬁe of about 7 000 m; so the primitive vol-
cano was one of the highest in the Andean Range (Ojos del Salado
volecano is the uppermost with 6 885 m alt,) and in the world,
o T T .
P : . 7000+
Sairecabur l‘ - ~ ,-; S % 1

Fig, 3 c. Geological section across the Sairecabur massif.

1
F

i lava flows; 2 : pyroclastic deposits; 3 : glacial deposits.

: faults limiting the caldera, The pipes are indicated with black

lines. The primitive volcanic massive has been drawn according to

its probable shape before collapse (light dashed line).

The presence of the contiguous ignimbritic massif of Chaxas,
southwest of Sairecabur volcano (Fig. 2) should be related to the
collapse of the caldera. The ignimbritic flows (7 M Years old, Ra-
mirez, 1979) are dacites (Guest, 1969) and they have mostly spread
towards the south-western graben occupied by the Salar of Atacama
(2 00 m altitude). West of Sairecabur is located a little recent

volecano (Puritama) whose lava flows (16 km long) follow the



"quebradas" of faulting tectonic origin,

All the lavas studied in the present work have been attributed

to the pre;caldera or post-~caldera groups (see Fig. 3 a).

PETROGRAPHY

Pre~caldera lavas
- The lavas are black and their texture is microlitic porphyric

with more.or less abundant glass. They often present a fluidal
aspect. The distribution of the minerals is similar to those of
pyroxeﬁe andesites of Atacama (Déruelle,1979a), Plagioclase (An60-
70), clinopyroxene, orthopyroxene and magnetite phenocrysts are
found within a microlitid groundmass of plagioclase, clinopyroxene
orthopyroxene and magnetite microlites and glass. N7X sample is

altered by hydrothermal fumeroles and contains sulphur.

Post-caldera lavas

The lavas are black, greyish or brown and have desertic patine,
They are characterized by hornblende phenocrysts. The phenocrysts
are rather more abondant than in the pre-caldera lavas. Plagiocla-
se (An40-60) is often cloudy. Orthopyroxene frequently includes
clinopyroxene. Hornblende phenocrysts are destabilized and rimmed
by opaque minerals or replaced by plagioclase, orthopyroxene, cli~
nopyroxene and magnetite clots. Olivine has been Found in one da-
cite (a common feature of dacitic lavas of Atacama) and is comple-
tely rimmed with orthopyroxene and plagicclase (An50}. The minera-
logical distribution corresponds to andesites {plg, cpx, opx, occ-
asional hb) and dacites (presence of biotite) and this classifica-

tion is in fair agreement with the chemical one.

AINERALOGY
Minerals have been studied under microprobe. The analyses

are given in Table 1.
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Flagicclane Cpx Opx - Hornblende Bictita kit Ilm

H3M N34 N3M NBK NBK M3 N3H N8K  hBK  NBK NBK  NBK [T 13t

P{; Pb m Pe Pb P P P mP m Pc Pb [+ m
810, 48,25 49.58 55,05 56.00 53,73 60,85 52,18 45.25 45,80 46,00  36.33 36.58 - -
Tio, - o - 0,91 ©.32 1.53 1.49 1,46  5.02 4,78 10,03  41.75
ALO, 31,41 31.17 26,18 27,00 20,18 3,34  2.37  8.14 7.78 7.069 13,61 13.87  1.23  0.25
Fo 0, - - Z - - - - - - - - - 39,32 8,u0
Fe0 ~0.90 0,79 0.3 - 8,20 14,81 13,99 13.84 14.15 16,00 15.43 42.17  37.75
LnO - - - - - 0.38° 0.5 0.38 0.35 0,40 0,i0 0.20 - -
Mo T 16,37  20.10  14.07 14.41 14,35  14.84 14.71 - -
Ca0 15,01 15,40 10,54 8,85 9,62 20.40  1.48 11,55 10,73 11.30 - -
Ha,,0 2.28 2,49 4,70 6.07 5,38 0.50 0.26 1.40 1,31 1.47 0.87 0.68 - -
K,0° 0.14 0.18 0.4% 0,48 0,41 ©.61 0.50 0,58 8,97 6.85 - -
Total 98,01 09,62 09,60 99.62 98.50 100.92 100.03 97,01 95,33 07.43 95,42 95,14  63.35  89.70
si 2.24 2028 2,40 2,53 2,48 1,87 1.87  7.08 7.13 7.10 5.48 5.51 33,020 10,690
Ti : . 0.03  0.01  0.18 0.17 0,17 0.7 0.54
Al 1.71 1,88 1,50 1.48 1,57 0.15 0,10 1.4% 1,43 1.40 2,42 2.48
Fe 0.03 0,03 0.0% 0.25 0.44  1.81 1.80 1,82  2.03 1.94
Mn ' 0.01 ©0.02 0,05 0,05 0,05 0.01 0.03
Mg 0,00 1.52  3.26 3.36 3,33 3,27 3.30
Ca 0.79 0,76 0,53 0.43 0.47 .80 .08 1.92 1,78 1,87
Na 0.20 0.22 0,41 D.53, 0,48 0,04 0,02 0.42 0,40 0,44 0,20 0.20
« 0.01 0,01 0.03 0,03 0,02 0.12 0,12 0.11 1,73 1,70
- 3.97 3.98

27 .

Table 1. Representative chemical analyses of the minerals of Sairecabur
lavas CAMECA MS46 and CAMEBAX microprobe analysers in Lab. Petrography
Univ, Paris VI and Lab. Petrography & Volcanology Univ. Paris XI, Orsay
respectively. For plagioclase, pyroxenes, hornblende, biotite, magne-
tite and llmenite : number of ions on the basgis of 8, 6, 23, 22+2(CH),

*

32 and 6 oxygens respectively. P : phenocryst; m': microlite; ¢ : core:
b : border; mP : microphenceryst,l: ulvospimelle, 2: hematite.

Plagioclase composition permits to evaluate {Kudo and Weill, 1970}
the H20 pressure of the plagiocclase ‘equilibrium, the temperature be-
ing deduced from miorolitic Ti-Fe oxides equilibrium., Plagioclase
phenocrysts equilibrated between 1 and 4‘kb H20 pressure. Crystalli-
zation temperature of pre—-caldera andesite is 90°C higher than that
of posf—caldera dacite. Oxygen fugacities of pre-caldera andesites
are Just above the Ni-NiO byffer (Déruelle;1§7&ﬂ in the T=log f02
diagram of Buddington and Lindsley (1964).

Clinopyroxene is typical calcic augite with low alYT/atY. ortho-
pyroxene is bronzite type and rather poorer in iron than Opx in oro-

genic zones. Opx-Cpx equilibration give temperatures around 950°C in



pre-~caldersa andesites,
Hornblende is brown pargasitic hornblende which appears in phe-

nocrysts, microphenocrysts and microlites. An attempt of replacem-
ent of hornblende has been made for the mineral phases which are
observed in the clots (Table 2). The results differ from thoss of
Steward (1975), but most of the clots in Sairecabur lavas still ha-

ve the amphibole phenoccrysts shape (Fig,nﬁ) and are poorer in iron,

b Plg Cpx Opx Mt Qz
s10, 46,6 44,8 52,7 50,4 0.2 9.0
Ti0, 1.3 0.0 0.8 0.5 8.2 0.0
A0, 8.2 21.8 2.0 2.7 2.0 0.1
Fed 12,9 G.1 8,4 15,2 81,0 0.0
MO 04 0.0 0.6 0.6 06 0.0
1go 13,6 0.3 16,4  28.2 0.8 0.0
Cal 1.7 16.4 20,4 .2 0,0 0.0
Na,0 1.3 5.1 0.4 0.3 0.1 0.0
K,0 0.3 0.1 0.1 0.1 0.0 0.0
% 100,0 19,4  40.2  24.6 8.3 4.4
St bev, 1.5 10.6 2,3 9.9 5.2

Table 2. The chemical composition of hornblende coincids with the glo-
bal chemical composition of the clots according to the modal distribu~
tion of the minerals, Calculations have been made without guartz here
introduced in replacement of glass; the results are quite the same
(after Wright and Doherthy (1970) calculations method).

- "&- -1

) Fig. 4. Hornblende phenocrysts on the way to breakdown as hypersthene
+ plagioclase + augite + magnetite clots. ————— : 1 mm.

Biotite phenocrysts are often broken or folded, They crystallize

in the ultimate stages of the magmatic differentiation and they are

not altered. It is difficult to distinguish bibtite from hornblende



microlites but under microprobe test. Biotite is rich in T;LO2 (as
observed in Peruvian dacites, Andriambololona, 1976).

Quartz phenocrysts are scarce in two dacites. They are highly
corroded and dﬁstihct from those found in shoshonitic lavas from
Argentina (Déruelle, 1979a) as these latter are rimmed by microli-
tic pyroxenes.

Iron oxides are abundant in phenocrysts compared t¢ andesitic
lavas from other volcanoes of Atacama. Ilmehite is rare and géne—
-rally not ubiquitous. Oxides contain few MnO, even in differentia-

ted lavas. ' - '

Zircon and apatite are found as accéssory minerals,

GEOCHEMISTRY

AFM diagram (Fig. 5} gives a good distinction between
the two pre~ and post-caldera groups of lavas (Table 3.

-4

F

Fig., 5. A¥M diagram
(F = FeO + 0.9 Fe 0.).
,b; pre-caldera lavas;
% and,® : respectively
Northern and Sairecabur
cones of the pogt-caldera
lavas group. The dashed
line limits distribution
fields of andesites and
dacites from Tocorpuri
{Déruelle, 1979b) and
Lascar (Déruelle, 1979a)
neighbouring volcanoes
hﬂ'(see Fig. 1),

In the MgO - FeO diagram (Fig, 6), the pre-caldera lavas trend
shows light iron enrichment with differentiation. If pyroxene frac-
tionation may explain the pre-caldera lavas trend, differentiation
of post caldera is probably dominated by hornblende (and/or bioti~
te) fractionation. As observed in the calc-alkaliﬁe lavas of Ataca-

ma (Déruelle, 197%a) thorium is a good differentiation index. The
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Fig. 7 offers a good discrimination between the three groups of

lavas : 1 ¢ precaldera, 2 : Sairecabur cone and 3 : Northern cone.

Major elements.

Pre-caldera and Sairecabur cone lavas show a correlative de-
crease in MgO, CaO_and increase in 8102, TiOz, Nazo and K20 with
differentiation which correspond to pyroxene fractionation. Varia-
tions in iron distribution could arise from changes in the relat-
ive proportions of orthopyroxene and clinopyroxene.

Post-caldera lavas (Northern cone} show smooth decrease
in Cal, Fe203, TiO2 and Na20 while MgO remains rather constant
with increasing differentiation as a result of clinopyroxene frac-
tionation followed by hernblende and plagioclase fractionations.

Trace elements.

Sr and Rb show a good correlation (Fig. 8). Sr decrease with
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F'ig. 7. lMajor elements vs Th diagram. Same symbols as in Fig. 5. The
lavas are classified in andesites (SiO, {62%) and dacites (5107 62%)
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differentiation correéponds to pyroxene fractionation in pre~caldera
lavas while lower Sr contents correlated with higher Rb contents in
the other lavas correspond to plagioclase and hornblende fractiona—
tions. Ba is concentrated in biotite which fractionates only in the
ultimate stages of the differentiation (Fig. 9} simultaneously with
hornblende. The same results are deduced from GCs distribution,

There is a strong decrease in transition elements with increa-
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sing differentiation particularly in pre—céldera lavas. Two dist—
inct trends {Joron et al., 1978) appear for post—caldera lavas in
the Ni - Th diagram (Fig. 10). Crystal fractionation of magma bub-

bles issued from partial melting of a basic primitive magma is clea—
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ly put on evidence. The trends of differentiation of fhe iavas corr—
espond to various stages of c¢crystal fractionation of a material re-
sulting from varicus stages of partial melting of a common socurce.
Same results are obtained with Co, Cr, Sc distributions. Cu contents
are remarkably low in post-caldera lavas compared with those of
post—-caldera lavas.

Hf and Zp have reverse trends in pre and post-caldera lavas
(Fig. 11). Biotite fractionation is probably effective in the latest
differentiated lavas of post-caldera stage. Th and Ta or Tb give an-

other example of crystal fractionation of magmas derived from var—
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ious degrees of pahtial_meltihg of a basic source (Fig. 12).

Heavy rare earth elements fractionate more intensively than light

rare earth elements as a result firom hornblende precipitation in a-

¢idic lavas. No europium depletion is observed as no potassic feld-—

par interferesin the differentiation of the lavas,

Th/Tb ees

100111fra

-
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Fig. 12. Th - Th/Tb and Th/Ta
diagram,., Same symbols as in
Fig. 5. The dashed and full

‘lines correspond respectively
" to partial melting of a magma-

tic source and to erystal fra-
ctionation. The arrows indica-
te the progress of these pro-

cessus (as explained in Joron

et al.,, 1978).
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Sr isotopic ratios do not show great variation between pre- and
post~caldera lavas. No contamination of the magmatic source can be

detected between the two episodes of the volecano erection. The ori-

ginal material is the same for the two lava series,

PETROGENESIS

Partial melting of peridotitic upper mantle can lead to
andesites by means of ol + plg + cpx + mt fractiohations._Major ele-
ments modelling is consistent with such hypotheses (Lopez-Escobar et
al., 1977; Déruelle, 1979a). If REE distribution can be explained by
the occurrence of garnet in peridotites, Sr isotopic ratios and K,
Rb, Ba, Sr concentrations are not satisfactory with the upper mantle
origin. As a generally admitted fact, single stage models of the ge-
nesis of calc-alkaline magma are inconsistent with the previously
exposed data, Common limitations to single stage process arise from
the absence of xenolifhs in the lavas, large-ion-lithophile element
distribution and Spr isotaopic data. The model proposed hereaften is

not far “rom numercus ones that have been elaborated since Taylor's



L)
fa

(1969) contribution. It inserts into the Andean geophysical and
geological %ramesicritically réviewed in Déruelle (1979a)5

The first stage of the magma genesis ié'supposed to occur in.
the peridotitic upper mantle of the American plate, when fluids
escape from the Nazca descending lithospheric slab and induce mel—
ting of the overlying peridotitic upper mantle. prbles of primary
magma are generated. The degree of ﬁelting does nat need to be
higher than 15% (Déruelle, 1979a), Variations in degrees of melting
of the uﬁper mantle and in the rate of contdmination give the mag-
matic identity of the yolcanc unity. Crystal fractionation can be;
gin at great depﬁhs'(pressure:>h20 kb) and proceed up to the base
of the continental crust, Amphibole clots correspond to deep crys—
tallization of basic magma. .

The main effect of the second Stagé.is contamination of the pri-
mary magma by continental material at the base of the lower conti~
nental crust, The rate of contamination depends on the more or less
long duration of the stay (from'yéars to M. y.) of the primary mag~
ma at the base -of lower crust wheremLILE or incompatible elements
are concentrated. In this zone "an extensive basement reactivation
and a melting may be expected" (Mborbath, 1978),

Crystal fractionation predominates during the third stage. Si-
multaneous occurrences ofiphénECEQst:of 6livine, plagioclase, cli-
nopyroxene, orthopyroxene, hornblende and biotite in the same lava
is the proof of a continuous process of equilibrium—diséquilibrium
of the different mineral phases during vari&tions of the thermody-
namic conditions. Distributions of phenocrysts reflects the evolu~—
tion of the fractionél.crystallization with increasing differentia-
tion. Hornblende and biotite are more dependent on temperature of
crystallization than on water pressure which always complies with
crystallization conditions of hydrated phases, HiQh oxygen fugacity
favours oxide fractionation but hot in such a determining way as

exposed by Osborn (1979), Crystal fractionation processes are shor-
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tened when the ascent of the lava is fast; basic lavas of South-
Centﬁal Andes (such as pre-caldera lavas of Sairecabur) were emit—
'ted along large fractures which facilitate their ascent. Post—cal-
dera lavas result from late emissions of residues of a primiti;e
bubble of magma which stayed a long time in the continental crust
after the collapse of the caldera which obturated the feeding lava
chimneys; they are Characterized by low pressure (<:2§ kb) "econti-

1

nental" crystal fractionation,

CONCLUSIONS

The lavas from Sairecabur massif are representative of vol-
‘canic activity in active continental margins. The petrography, the
mineralbgy and the geochemistry of the lavas can ba explained by a
three-stage model of genesis : partial melting of peridotitic upper-
mantle, crustal contamination of the primitive magma at the base of
the continental crust and crystal fractionation during the more or

less long ascent of the lava up to the surface,-
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