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ABSTRACT: Geochemical data are presented for lavas from four pair Quaternary stratovolcanoes (Cordillera de
Guanacaste), small basic outcrops trenchward of the volcanic front (VF), and paleovolcanic units (Pliocene-
Pleistocene age) of northern Costa Rica. The more evolved lavas of the calc-alkaline series are from Rincén de la
Vieja and Miravalles andesitic volcanoes, and from Cafias Dulces (dacite/rhyolite} and Bijagua (andesite) domes-
field. They usually have high Zr, Ba and Rb contents. The Quaternary volcanoes grew over a regional basaltic to
dacitic basement (Pliocene-Pleistocene), called Pre-Neovolcanic lavas (PNL). The Intra-ignimbrite lava flows (IIL,
Pliocene age) have a clearly different trend with respect to the volcanoes, especially in their high TiO and P05
content, Both old lava units show a tholeiitic tendency, transitional to calc-alkaline series. The less evolved lavas
correspond to Orosi, Cacao, and Tenorio (Parcelas cone) volcanoes and also to small isolated basic lavas and cinder
cones (IBL) located 20-26 km in front of the VF. These rocks are high-alumina tholeiitic basalts/basaltic andesites or
transitional to alkalic basalts. Crystal fractionation is the dominant mechanism involved in generating the range of
magmatic compositions. The geochemistry suggests that Guanacaste lavas are cogenetic but some source hetero-
geneites are required to explain the observed petrological features.

RESUMEN: Se presentan datos geoquimicos de las lavas de cuatro pares de estratovolcanes Cuaternarios (Cordille-
ra de Guanacaste), de pequeiios afloramientos de lavas bésicas en el frente de arco volcdnico (VF) y de unidades pa-
leovolcdnicas (edad Pliocena-Pleistocena) localizadas en el norte de Costa Rica. Las lavas més evolucionadas de la
serie calcoalcalina estin presentes en los volcanes andesiticos Rincén de la Vieja y Miravalles y en los domos de Ca-
fias Dulces (dacitas-riolitas) y de Bijagua (andesitas) , usualmente con altos contenidos en Zr, Ba y Rb. Todos estos
volcanes se desarrollaron sobre un basamento regional constituido por lavas (Plioceno-Pleistoceno) de composicién
basdltica hasta dacitica, denominadas lavas Pre-Neovolc4nicas (PNL). Las lavas intraignimbritas (IIL, Plioceno) po-
seen claramente una tendencia diferente con respecto a los volcanes, en especial en los altos contenidos de TiO, y
PyOs. Ambas unidades antiguas muestran una tendencia toleitica transicional hacia la calcoalcalina. La cristaliza-
cién fraccionada es el mecanismo dominante en la generacién del amplio 4mbito de composicion magmética obser-
vada. Las lavas menos evolucionadas corresponden con las de los volcanes Orosi, Cacao y el cono Las Parcelas (vol-
cén Tenorio) y también con una serie de pequefios y aislados afloramientos de lavas y escorias bésicas (IBL) locali-
zados 20-26 km al frente del arco volcdnico. Estas rocas corresponden con basaltos y andesitas basélticas toleiticas,
ricas en alidmina, o transicionales a basaltos alcalinos. La geoquimica de las lavas de Guanacaste sugiere que éstas
son cogenéticas, pero se requiere de cierta heterogeneidad en la fuente para poder explicar varios de los aspectos pe-
trol6gicos tratados.
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INTRODUCTION

The Cordillera de Guanacaste is located on
the northern Costa Rican segment of the Central
American volcanic front (Carr 1984), an active
continental margin (Alvarado, 1984; Wilson,
1989). There is a well-defined Benioff zone in
northern Costa Rica with a maximum depth to
the seismic zone of about 200 km, and a subduc-
tion rate of 9 cm/year with an angle of 50°
(Minster & Jordan, 1978; Barquero, 1990). In the
northern part of Costa Rica, the under-thrusted
Cocos Plate, located beneath the VF, is older
than in the southern part (Figs. 1 and 2). This is
based on the magnetic anomaly interpretation of
Lonsdale & Klitgord (1978) and a constant
spreading rate. The Benioff plane lies about 150
km beneath the stratovolcanoes. Matumoto et al
(1977) have determined a crustal thickness of 43
+ 7 km for northern of Costa Rica (north of
Arenal volcano).

Geologically, the Cordillera de Guanacaste
comprises a 80 km series of composite basaltic
andesite/andesite volcanoes trending NW-SE.
These volcanoes overly Terciary basament and are
parallel to the middle American trench. The oldest
volcanic rocks exposed in this area are upper
Miocene to Pliocene ignimbrites and lava flows
(Alvarado et al., 1993; Gillot et al., 1994).

Scientists and naturalists (Karl von Seebach,
Henri Pittier and Alexander von Frantzius) of the
last century studied the general aspect of volca-
noes in this region. Subsequently, many geoscien-
tists have studied in more detail the geomorpholo-
gy, petrography and eruptive and/or residual activ-
ity of these volcanoes (Dengo, 1962; Hearly,
1969; Mainieri, 1975; Santana, 1977; Ferndndez,
1984). Nevertheless, few works related to the gen-
eral geochemical aspects of these volcanoes have
been published (Kussmaul et al., 1982; Alvarado,
1985; Tournon, 1983; Carr et al., 1986).

Although a considerable amount of geologi-
cal data and major and trace element compositions
have been accumulated for these stratovolcanoes,
very little has been published in the English litera-
ture. This study examines the general stratigraphi-
cal and petrological aspects of the lavas in four
pairs of Quaternary stratovolcanoes, domes, cin-
der cones, and lava flows in the Cordillera de
Guanacaste and other Pliocene lava flows associ-
ated in northern Costa Rica.

METHODOLOGY

Intensive field work was done for several
weeks in 1986, 1988, and 1989, taking more than
250 samples in the Cordillera de Guanacaste and
surrounding areas. The samples are stratigraphi-
cally or morphochronologically related and they
display a variety of lithologies. These samples
were studied under the petrographic microscope at
the Instituto Costarricense de Electicidad (ICE)
and chemical analyses were made in the
Universita di Milano (Italy), British Geological
Survey (BGS), and Open University (England),
using x-ray florescence and atomic absorption for
major and trace elements, and electron-micro-
probe for mineral analyses. Some neoformation
minerals were studied by x-ray diffractometer.
The geochemical data base consists of over 178
whole rock analyses, that reveals a more complex
evolution than previous works indicated. The data
base compiled for this study includes principally
the chemical analyses published by Tournon
(1984), ICE-ENEL (1989, 1990), Zanchi (1989)
and Pecchio (1990). All samples are more or less
stratigraphical and petrographical representative
of the volcanic units and we used unalterated
rocks in the diagrams. The complete data set is
available from the first author. For minerals com-
positions we used the data from Tournon (1984),
ICE-ENEL (1990), Pecchio (1990) and Malavassi
(1991).

STRATOVOLCANOES
AND LAVAS FIELD

Four Quaternary groups of complex cones,
Orosi-Cacao, Rincén de la Vieja-Santa Maria,
Miravalles-Zapote and Tenorio-Montezuma,
1500-2000 meters high, are found along the
Cordillera de Guanacaste within an extensive
dacite-rhyolite ignimbritic plateau. Together, the
four groups of composite volcanoes and old
lavas represent a volume of over 450 km3 and
most of the recent lava flows are basalts to
andesites. Between the volcanoes there are val-
leys approximately 400-500 m above sea level.
The Rincén de la Vieja is the only volcano
which is still active. We present the summary of
general characteristics of the volcanoes and oth-
ers lava units below.
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Fig. 1: Tectonic setting of Central América (after Antoninetti et al 1992).
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Fig. 2: General geologic features of Guanacaste region.
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Intra-ignimbrite lava flows (IIL): In the
rivers or in the plain between Liberia and
Bebedero town (west of the Interamericana road)
and surrouding area, basaltic andesite, andesite
and dacite lava flows (54-64 % wt SiOy) are inter-
layed with the oldest ignimbrites of Guanacaste.
These lava flows may corresponding to Pliocene
fissural volcanism in front of the volcanic arc. The
IIL have a clearly different composition with
respect to the volcanoes” lavas, especially in their
high K50, TiO,, P5Os, FeO* contents and low
MgO and Al,O; contents.

Pre-Neovolcanic lavas (PNL): They con-
sist of old volcanoes, surrounding the recent vol-
canoes of the Pliocene (?)-Pleistocene age. PNL
have two trends: one with medium-K basaltic
andesitic to dacites (only two are low-K), and the
other is medium-K through high-K andesitic to
dacitic lavas, similar to IIL from Tempisque area.

Orosi-Cacao Complex: They are a group
of N30°W trending stratovolcanoes, each exhibit-
ing a horseshoe shaped crater (Orosi 1440 m,
Orosilito 1200 m, Cacao 1453 m). Orosf lavas are
little differenciated basalts to basaltic andesites
(51-54 % wt. SiO5), while those from Cacao cone
are andesites (54-56 % wt. SiO5). One exception
is arecent Mata Redonda lateral basaltic lava flow
with different petrochemical and mineralogical
characteristics (Tournon, 1984). The blocks of the
southern debris avalanche from Cacao volcano are
andesites. This volcanic complex is built upon an
older andesitic lava plateau (57-61 % wt. SiO5).

Rincén de la Vieja-Santa Maria
Complex: It is the largest volcanic center in the
Guanacaste range and it has a volume of about
250 km? (Carr, 1984). This center has in the sum-
mit region nine coalescing pyroclastic cones that
have grown 300 meters above the volcanic center.
The elevations of this cones vary within a narrow
range between 1100 and 1550 m, trending N60°W
and N14°E. Since the cones are spread over an 8§
km long axis, from a distance the volcano appears
as a long ridge. Most Holocene and historic erup-
tions of the Rincén de la Vieja active crater are
phreatic to phreatomagmatic eruptions. The recent
bombs from the Rincén de la Vieja have one of
the highest SiOy content (55-60 % wt) of the
Guanacaste volcanoes. Rincén de la Vieja has
grown over an old lava unit more differenciated

(basaltic andesites, and medium-K to high-K
andesites).

Caiias Dulces domes field: They are locat-
ed 10 km south of Rincén de la Vieja volcano.
The volcanic field consists of 10 domes and
lava-domes (655 m, 60 km?) with dacite to rhyo-
lite medium to high-K content, and
Pliocene/Pleistocene age (Bellon & Tournon,
1978; Alvarado et al., 1993). Proximal pyroclastic
flows, breccias, and lacustrine deposits are pre-
sent.

Miravalles-Guayabo Complex: It is a
medium-K andesitic stratovolcanic complex (2014
m), including the subsidence of Guayabo caldera
(Santana ,1977; ICE-ELC, 1983; Fernandez,
1984). There are at least 1000 meters of breccias,
lava flows, tuffs, lahars, debris flows and lake sed-
iments inside the caldera according to the deep-
drills of the Geothermal Miravalles Project of
ICE. Recent summit pit craters and small cones
have developed towards the southwest. At least
one recent lateral explosion (debris avalanche)
deposit is exposed in the Guayabo-Miravalles
caldera. The Guayabo composite caldera rim (15
km diameter) has a wider range of variations
(basalts to dacites) than Miravalles and Cabro
Muco lavas, and at the same SiO, content, the
K70 is lower than in the first group.

Tenorio-Montezuma Complex: Stratovol-
canic complex comprising pyroclastic cones and
craters, orientated at N25°W, and Bijagua andesitic
dome (59-61 % wt SiO,) field (in the north flank)
that grew over a relatively old volcanic center. Many
of these lava flows have a typical radial pattern. The
volcanic vents are divided into two clear petrograph-
ic groups: one, the most common in the literature,
and similar to Rincén de la Vieja lavas, consists of
intermediate lavas (56-61 % wt SiO5); the other
group are basic volcanic rocks (50-53 % wt SiO;)
present in the Parcelas cinder cone. Similar to the
rest of Guanacaste volcanoes, the Tenorio-
Montezuma complex has at its base an old andesitic
to basaltic andesitic plain (53-63 % wt SiO9) with
two different trends in the Al,O3, TiO; and K5O
contents.

Recent isolated basaltic cinder cones and
lava flows (IBL): At least two basaltic cinder
cones (Upper Quaternary) and two isolated
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(dikes?) exposure of basaltic andesite lavas are
observed 20-26 km in front the Cordillera de
Guanacaste with a NW-SE trend. The Chopo cin-
der cone, also called Anunciacion cone, the most
known of these (Mora, 1977), has lava flows and
scorias with reverse grading (49-50 % wt SiOp;
0.67 % wt K90) and large variability in the MgO
content according to the literature range between
5-8%. The other is an alkaline basalt from
Corobici cinder cone (Pecchio, 1990).

PETROGRAPHY

Guanacaste lavas are basalts to rhyolites.
Modal analyses are given in Table 1. Phenocryst
chemical compositions (Tables 2, 3, 4, and 5) are
briefly discussed below.

Basalts contain plagioclase (Angs_3¢),
clinopyroxene (Woq1_2gFs30_4Ens4_35), olivine
(Fogg.53), rare orthopyroxene (En75_g3) and
magnetite phenocrysts in an intergranular to inter-
sertal groundmass of plagioclase microlites
(Ango_sg), clinopyroxene (Wo35.39Fsyq_
17En50.44), opaques, rare orthopyroxene (Eng).
44), and rhyolitic to andesitic glass and apatite.
The plagioclase phenocrysts exhibit strong normal
or reverse zoning (Ang7_gs). Olivine phenocrysts
are normal (Fogg_g() or reversely zoned (Fogs_
68); partially altered to iddingsite, chlorite or ser-
pentine, with xenomorphic corroded forms and
Cr-spinel inclusions. Chromian diopside is found
in the core of some augite, such as pigeonite
(coronae in olivines or as microlites) in some
basaltic lava flows (see Tournon, 1984;
Malavassi, 1991).

Basaltic andesites have phenocrysts of nor-
mal zoned plagioclase (Ang(y_43), some with com-
plex zoning (An55_53_52), pyroxenes, olivine,
magnetite and apatite microphenocrysts. The
olivine phenocrysts (Fog(_7,) are automorphic to
xenomorphic with spinel inclusions. The orthopy-
roxenes (Eny7_g() are usually found with a rim of
clinopyroxene (Woy4y_30Fs19_10Engg._42). The
groundmass ranges between intergranular and
intersertal with plagioclase, pyroxene, Fe-Ti
oxides, olivine, apatite, brown glass and tridimite
or cristobalite.

Andesites are phyritic, seriate and glomero-
phyritic clusters. The most abundant phenocrysts
are plagioclase (Ang()_43), clinopyroxene (Woy4o_
34Fs99_gEngg_37), ortopyroxene (Engg_go) usu-
ally have contiguous augite rim, magnetite.
Olivine (Fog() is rare (less 0.2 %), partially
altered to iddingsite with spinel inclusions.
Hornblende with opacitic rims is also rare. The
matrix is of intersertal, intergranular or pilotaxitic
texture (rare hyaline) with the same mineralogical
phases as phenocrysts, and occasionally with
apatite, tridimite and very rarely zircon. The pla-
gioclase phenocrysts exhibit seriate texture with a
gradual transition to microlites with glass-mineral
inclusions and rich cores. These microlites (ande-
sine-labradorite) show platy, elongated prismatic,
and needle-like crystal form. Phenocrysts of inter-
mediate size are usually normally or complex
zoned (e.g. Angs_77.70; Ang(.70-65)- Diverse
generations of plagioclase phenocrysts are accord-
ing to their size, compositions, degree of preserva-
tion and abundance of inclusions are present.
These reflect the genetic sequence and depth of
plagioclase crystallization.

Table 1

Modal analyses of Guanacaste lavas (Vol%)

Section MIR IBL TEN IIL CACAO OROSI PNL
Plagioclase 35.37 47.45 40.36 61.90 58.52 38.42 49.00
Clinopyroxene 16.33 27.74 14.76 - 12.79 24.64 25.33
Ortopyroxene 3.06 0.00 452 - 349 321 -
Pyroxenes Tot. 19.39 27.74 19.28 18.32 16.28 27.85 Tr
Oxides 5.44 6.57 8.13 19.78 10.85 10.36 17.64
Hornblende 0.00 2.19 Tr 0.00 11.24 0.00 0.00
Olivine 1.02 7.30 0.00 0.00 3.10 0.00 0.00
Groundmass 38.78 8.76 35.24 0.00 0.00 9.46 7.33

Key: Tr, traces; MIR, Miravalles volcano; IBL, isolated basaltic lavas; TEN, Tenorio volcano, IIL, intraignimbritic lavas; CACAQ,
Cacao volcano; OROSI, Orosi volcano; PNL, pre-neovolcanic lavas.
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Table 2
Microprobe analyses of plagioclase from Cordillera de Guanacaste
Formula based on 8 Oxygens:
Orosf volcano Cacao volcano Miravalles volcano
§i02 5375 53.01 4439 4430 5141 5032 5330 5782 5164 5120 5155 51.00 5279
TiO2 0.01 0.08 0.00 0.01 006 000 000 0.00 0.03 0.02 0.02 002 000
ARO3 2890 2843 3537 3514 2995 3114 29.44 2637 3021 3003 3057 3076 2988
FeO 0.84 0.87 045 053 070 065 046 031 0.55 0.82 0.68 071 07
MgO 0.10 0.10 0.02 0.02 0.16 0.10 004 005 0.07 0.14 0.07 007 0.2
Ca0 1185 1185 1924 1890 1336 1500 1250 8.82 1328 1382 1355 1407 1304
Na20 472 4.72 0.56 0.60 400 272 405 642 4.12 3.55 344 3.16 3.80
K20 0.19 0.19 0.02 0.02 011 018 0.17 040 0.10 0.16 0.14 012 020
Total 10036 99.04 10005 9952 99.75 100.08 9997 100.09 10000 99.74 100.02 9991 100.54
Tenorio volcano Intraignimbritic lavas Pre-neovolcanic lavas

Sio2 49.52 5554 47.00 47.00 4852 4868 4929 5554 4844 5537 49.35 48.28
TiO2 0.01 0.02 0.03 0.03 0.04 0.05 0.03 0.09 0.08 0.02 0.01 0.02
Al203 3036 2669 32.62 3262 3262 3235 3191 27.11 3241 2848 32.05 33.25
FeO 0.76 1.19 0.80 0.80 0.85 083 0.91 1.33 098 0.46 0.82 0.79
MgO 0.11 0.10 0.08 0.08 0-.14 0.12 0.07 0.12 0.05 0.07 0.09 0.11
Ca0 14.31 10.07 1687 16.87 1569 1588 1555 1033 1564 10.31 16.11 15.96
Na20 3.38 5.38 1.7 1.71 235 231 239 5.02 231 5.29 2.09 2.11
K20 0.08 0.39 0.08 0.08 0.09 0.09 0.11 0.40 0.12 0.53 0.12 0.12
Total 9853 9938 99.19 99.19 10030 10031 10026 9998 10003 10023 100.07 100.13
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Table 3

Microprobe anayses of pyroxenes from Cordillera de Guanacaste

Formula based on 6 Oxygens:

Orosi volcano Miravalles volcano

Tenorio volcano

Si0y 5290 5348 5361 5147 5294 51,69 4970 53.10 5148 49.26 5233 5230
TiOy 0.16 0.18 0.17 033 021 0.40 0.62 0.14 045 0.81 0.13 0.18
AlbO; 133 1.81 1.05 222 197 246 4.73 0.87 238 437 0.74 0.72
Crp03  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 17.69  16.86 17.80 1029 17.37 7.56 8.70 19.01 9.10 9.63 20.50 2052
MnO 0.62 0.42 0.67 032 042 0.28 0.21 0.72 0.23 0.26 0.77 0.81
MgO 2557 2575 2512 1493 2545 15.72 1483 2529 1565 15.06 2461 2438
Ca0 1.48 1.55 164 1952 176 20.89  20.81 1.22 2080 2022 1.10 1.04
NayO 0.06 0.00 0.04 034 0.05 0.19 0.22 0.00 0.30 0.31 0.03 0.02
K20 0.00 0.02 0.01 000 0.04 0.03 0.01 0.00 0.02 0.01 0.00 0.01
Total  99.81 100.07 100.11  99.42 10021 10022  99.83 100.35 10041 9993 10021 99.98
Pre-Neovolcanic lavas
Si0, 4807 5115 5172 5147
TiOy 0.03 0.46 0.40 0.41
AlO3 3327 234 1.23 1.98
Cry03  0.02 0.00 0.07 0.02
FeO 0.84 1034 1262  10.03
MnO 0.01 029 0.59 0.38
MgO 0.01 16.06 13.89 1624
Ca0 1629 19.54 19.44 1889
NayO 2.19 0.31 0.24 0.28
K0 0.13 0.00 0.00 0.00
Total 100.86 100.49 10020  99.70
Table 4
Microprobe analyses of amphibole and olivine from Cordillera de Guanacaste
Formula based on 24 Oxygens: Formula based on 4 Oxygens:
Amphibole Olivine
Cacao volcano Miravalles volcano Isolated basaltic lavas
Si02 47.72 45.17 43.81 46.38 40.39 40.37 40.51 38.13 38.30 38.70 38.40
TiO2 1.52 1.70 231 1.73 0.00 0.00 0.03 0.00 0.08 0.00 0.02
Al203 795 8.87 929 7.69 0.04 0.03 0.04 0.02 0.23 0.03 0.03
Cr203  0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00
FeO 12.66 13.99 16.38 13.46 19.14 18.90 19.01 19.10 25.85 17.26 17.84
MnO 027 0.30 0.30 023 0.31 0.33 0.26 0.29 0.44 0.23 032
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 14.32 14.81 13.87 1545 43.82 44.10 44.34 42.46 3522 43.18 42.58
Ca0 12.32 11.04 10.35 11.54 0.15 0.13 0.15 0.12 0.30 0.17 0.20
Na20 1.83 1.86 1.97 1.77
K20 0.58 0,38 0.41 0.37
Total 99.17 98.12 98.69 98.62 103.85 103.86 10437 100.12 10042  99.57 99.39
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Table 5

Microprobe analyses of spinel from Cordillera de Guanacaste

Formula based on 4 Oxygens:
Cacao volcano Miravalles volcano TV IIL

Si0y 0.45 1.01 1.43 0.51 1.05 0.66 0.46 12.79 16.81
TiO, 8.06 7.76 7.76 9.10 9.59 7.32 8.88 6.69 14.17
AlyO5 2.06 292 2.57 3.74 3.06 4.16 2.29 343 8.24
FeO 85.24 83.94 84.73 79.76 80.61 79.71 80.87 67.86 47.04
MnO 0.36 0.27 0.44 041 0.48 0.43 0.34 0.31 0.53
Zn0O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 1.04 1.26 1.25 1.55 1.99 2.03 2.10 5.00 0.84
Ca0 0.04 0.05 0.05 0.10 0.05 0.04 0.04 3.63 3.01
Total 97.25 97.24 96.18 96.87 94.56 94.56 95.98 99.71 93.69

Key; TV. Tenorio volcano; IIL, intraignimbritic lava flows.

Dacites/rhyolites: There are two different
types, the first present in the Cafias Dulces lava-
dome field (Caiias Dulces, Fortuna, Gorgona,
San Roque hills) consist of green to black lavas.
The phenocrysts consist of plagioclase with
strong zoning and corrosion rims, clinopyrox-
ene, ortopyroxene (rare actinolite corrosion
rims), green to brown hornblende and Fe-oxides
with glomeroporphyritic clusters (hb+plag) and
hornblende-andesites autolites. The groundmass
is intersertal, hyalopilitic, spherulitic to perlitic
with microlites of plagioclase, magnetite,
clinopyroxene, glass, cristobalite and crystalites
or within microlites. A magnesio-hornblende
bearing dacite lava with plag (Angg.
55)+hb+opx (Enjg_gg)+ox are also interbeded
in pumice-ash flow deposits (Guayabo
Formation) at Rio Blanco and surrounding the
Guayabo caldera rim. The second type of
dacites/rhyolites corresponds to lava flows
without hornblende (Atravesado and Las Mesas
lava field, part of Cafias Dulces lava-domes
field and rare samples of stratovolcanoes).
These rocks are phyritic with megacrysts of pla-
gioclase and rare microphenocrysts of clinopy-
roxene, ortopyroxene, opaque within a interser-
tal matrix with the same phenocrysts assembly
or hyaline with crystalites of feldspar, cpx, opx,
opaques, tridimite or cristobalite.

MAJOR AND TRACE ELEMENT
COMPOSITION

Guanacaste lavas show extensive and regu-
lar major element variation from high-Al basalts
to rhyolite compositions (Figs. 3, 4, 5, 6, and 7).
Major and trace elements are give in Table 6 with
chrondrite normalized values plotted in Fig. 6.
Two pyroxenes basaltic andesites and andesites
are the dominant rock type, whereas aluminous
basalts, dacites, and rhyolites lava flows are sub-
ordinate. The basic lava flows (< 53 % wt SiOp)
include high-Al, low- and medium-Mg, and all
medium-K content (Fig 3). Olivine phenocrysts
are present in the basalts and basaltic andesites.
All of these rocks have quartz and hyperstene the
CIPW norm, and only the basaltic bombs (Chopo
cone) have normative olivine (olivine tholeiites).

Ca0, MgO, TiO;, FeO*, and Al,03
decrease with increasing SiO (except to Caiias
Dulces lavas with anomalous Al-content), while
NayO and K5O increase (Fig 5). Orosi-Cacao
lavas are similar to IIL, also Rincén de la Vieja,
Miravalles and Tenorio lavas are similar to several
PNL; but the Cafias Dulces lavas formed a differ-
ent group. For the older volcanic rocks (IIL and
PNL) the aluminum contents variability is greater
(13.6 to 21.6 wt % Al,0O3), but the basalt andesite
compositional spectrum of Quaternary VF centers
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have characteristically high-alumina contents
(15.4-20.5 wt % Al»O3). Differences in the abun-
dance of TiO,, Aly03, NayO, K50, P»O5 and
sometimes FeO* between IIL, Orosi-Cacao volca-
noes and Cafias Dulces domes appear to reflect
differences in the degree of plagioclase, opagues
and apatite crystalization and/or accumulation. In
fact, some samples of Miravalles volcanic com-
plex and Orosi volcano are abnormally rich in
AlyO3 and CaO0, and they have low FeO* content
relative to other rocks of the suite. Those lavas
may be thought of as being liquids from the nor-
mal liquid line(s) of descend to which plagioclase
has been added. They are thus typical examples of
rocks termed cumulus-enriched. However, futher
consideration of the mechanism by which such
magmas might be formed shows that there are a
number of the other posibilities. In this case, both
AlyO3 and CaO decrease from basalt to rhyolite.

This suggests that plagioclase appears early as a
phenocryst phase. The petrographical data sup-
ports this petrochemical observation. Thus, major-
element variation largely reflects phenocryst con-
tent, with most labradorite and labradotite-pyrox-
ene andesites being chemically “normal” and most
pyroxene and olivine andesites chemically “low
Si” or basaltic andesites. Decreasing FeO* and
MgO content from basalt to rhyolite is consistent
with the fractionation of ol+px. The crystalization
of olivine and pyroxene should be the cause of
FeO* /MgO anomalous ratio (10.0-18.5) observed
in several rocks form Caifias Dulces domes.

Trace element values generally correlate
with major element contents and variations
between samples reflect variations in phenocryst
contents. V, Cr, Ni and Sr contents vary in both
andesites and basalts, reflecting variations in the
modal content of Ti-Fe oxides, pyroxene, olivine
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and calcic plagioclase. The less evolved lavas cor-
responding to Orosi, Cacao, Parcelas cone and
IBL usually have lower K5O, Rb, Sr, and Cr con-
tents and higher Al,O3 and CaO contents than
Rincén de la Vieja and Miravalles volcanoes, IIL,
Bijagua domes and PNL. These more evolved
lavas usually contain larger amounts of Zr, Ba and
Rb than the first group (Fig. 7).

DISCUSSION

The importance of fractional crystallization
as a major modifier of the chemistry of the lavas
chemistry has been documented for several con-
vergent margins and in Central American VF
(Carr, 1984). Several lines of evidence suggest its
importance in the rocks from northern Costa Rica.
Within the lavas, the major phenocrysts phases are
plag, cpx, opx, Fe-Ti oxides and ol. Fractional
crystallization of these phases may be responsible
for the transition from basalt to basaltic andesite
to andesite and dacite. The relatively good, posi-
tive correlation between Rb-Ba and Zr-Rb, are

consistent with the interpretation of chemical vari-
ations as a result of the fractional crystallization
(Fig. 7).

For the high-Al basalts (HAB) of
Guanacaste, the high alumina (18-20.5%) content
together with low Cr, Ni, Co, and low MgO/FeO*
are generally interpreted as originating from par-
tial melting of mantle peridotite followed by con-
siderable fractional crystallization .of olivine and
pyroxenes (e.g. Rose et al., 1980; Thorpe et al.,
1982). The relatively high modal abundance of
plagioclase in many lavas (20-50%), the unexpect-
ed enrichment of Sr (in several samples) and Ba,
and the increased Al,Og as fractionating proceeds
are all arguments for the possibility that they
could be enhanced at “higher” pressure, as the lig-
uid is more compressable than feldspar (Fujii &
Kushiro, 1977). The large Al,O3/TiO; ratios sup-
port this idea.

In addition, plagioclase fractionation is sug-
gested by correlations such as Rb/Sr vs SiO, and
CaO vs K5O (Figs. 8 and 9). The CaO/Aly03
ratio show sharphly negative correlation with sili-
ca, however. This means that a CaO-rich but
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Fig. 4: AFM diagram, tholeiitic vs. calc-alkaline (Irvine & Baragar, 1971).

AlyO3-poor mineral may have also been fraction-
ated (e.g. CaO-Cpx; Fig 10). Therefore, for a
basaltic magma simultaneously crystallizing pla-
gioclase, clinopyroxene and olivine, may result in
the selective fractionation/removal of mafic min-
erals and the preferential relation of low density
plagioclase crystal along the margins of a convect-
ing magma chamber in a primitive mantle derived
calc-alkaline basalt intrusion. This represents a
possible mechanism for generating the plagio-
clase-phyric magmas of HAB composition (see
Marsh & Maxey, 1985; Brophy, 1989) from
Guanacaste lavas discussed above under the head-
ing of Geochemistry.

Chemical data for Guanacaste lavas show a
decrease in V concentration with SiO, content
(Fig. 11). This trend suggests that magnetite may
also be fractionated, but the high content in vana-
dium in some samples, suggest a relative slow
fractionation of opaque minerals. The occurrence

of magnetite phenocysts and especially the exis-
tence of magnetite inclusions in plagioclase phe-
nocrysts shows that magnetite is in equilibrium
with the Guanacaste parental magma.

Incompatible trace elements suggest that
lavas are cogenetic (Fig. 12) but small scale
source heterogeneites are required, specially in
several of the more evolved lavas (Rincén de la
Vieja, Miravalles, Cafias Dulces domes, IIL and
PNL). Aditionally, there are several pieces of evi-
dence that indicate magma mixing (see Sakuyama,
1984) in the Guanacaste lavas. Extreme reversed
or complex zoning in plagioclase (from Angs to
Ang) or some olivine (Fogs_g0) and other petro-
graphic and mineralogical aspects (e.g. olivine
with pigeonite rim, olivine with Cr-spinel inclu-
sions in andesites) suggest that basaltic and
andesitic magma mixed to form the stock.

The volcanic rocks of the Guanacaste vol-
canic zone include the widespread ignimbrite
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Fig. 6: MORB-normalized plot for sample of Guanacaste lavas. The normalising values are taken from Wood et al (1979).

sheets of dacite-rhyolite compositions which over-
lap the andesite/basaltic andesite lavas in both
space and time, and both groups show intergrada-
tion of mineralogical and petrological features
(Kussmaul et al., 1982; Tournon, 1984, in this
work). The occurrence of many different phases
of caldera collapse in Guanacaste between 8 and
0.6 M.a. (Chiesa et al., 1992; Gillot et al.,1994)
strongly suggests the presence of shallow magma
chambers. In these chambers crystal fractionation
and in situ crystallization processes may have
operated during periods of quescence or normal
eruptive activity.

Some lavas from Guanacaste have corun-
dum-normative, specially the Cafias Dulces
Domes (¢ normative 0.11-14.26), suggesting: a)

some crustal contamination, b) the fractionation of
pyroxene and/or amphibole without plagioclase
or, ¢) analytical inaccuracy. Nevertheless, contam-
ination possibly have a significant effect on K
abundances (e.g. Cafias Dulces domes) but not on
Ti and P (Thompson et al., 1982; Cox, 1983;
Hodder, 1985). The F/F+M ratio is high (>0.775,
see Wilson, 1989) in all samples from IIL and
many rocks from Cafias Dulces domes, some PNL
and Rincén de la Vieja, and only one sample from
Bijagua domes. It may be a reflect of an assimila-
tion of crustal volcanic and sedimentary Terciary
rocks. The Caifias Dulces lavas are chemically and
genetically associated to ignimbrite events and
therefore, possibly they are to some extend conta-
minated. The elevated K, Rb, Ba, Th, Zr and La
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Fig. 7a: Rb vs Ba; Rb vs Zr for Guanacaste lavas.

values could also indicate that mantle-derived
magmas could become contamined by terrygenous
sediments in situ in the base of the continental
crust.

In an AFM and FeO*/MgO vs SiO, dia-
grams (not include) the rocks of Guanacaste are a
calc-alkaline suite leading towards the tholeiitic
series (Fig. 4). Several lavas show little or no Fe-
anrichment, similar to the calc-alkaline trend
observed in other island arc and orogenic suites.
The chemical similarity of these rocks with other
island arc and active continental enrivoments is
reflected in their petrographic characteristics, geo-
chemistry and in the spider diagram (i.e. Nb
anomaly, Figs. 3, 4, 5 and 6). Several rocks from
Orosf, Cacao and Tenorio volcanoes, IIL, IBL and
PNL, however, are located in the field of liquid
produced by the tholeiitic trend of crystal fraction-
ation. But, of these rocks only some lavas from
Orosi, Cacao, IBL and PNL have at the same time

K/Rb> 500 and NayO/K,O >33, characteristics of
island-arc tholeiitic suites (e.g. Coulon & Thorpe,
1981). These basic rocks have also similar P,O
abundances, TiO, less than 1%, MgO less than
about 6% and Al,O3 usually greater than 16%,
typical of island arc tholeiites (Mullen, 1983). In
fact, Malavassi (1991) argues about that a basalt
from Orosi and another from Mata Redonda lava
flows are medium-K arc tholeiites with pigeonite
in the groundmass, early crystallization of
orthopyroxene, nearly constant Zr/Y ratios, and
Fe-Ti-Y enrichment trends.

CONCLUSIONS

1) Althrough fractional crystallization is the
predominant petrogenetic process governing the
major element evolution of the magmas from
Guanacaste, additional magmatic processes could
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Fig. 7b: Rb vs Ba; Rb vs Zr for Guanacaste lavas.

have opperated in the magma chambers underly-
ing the volcanoes; for example, assimilation of
Tertiary crustal rocks, magma mixing and in situ
crystallization.

2) The Guanacaste lavas vary from 48 to 70
wt % SiO5: basalts to rhyolites with intermediates
andesites and basaltic andesites dominating. They
are represented in five distinct volcano types:

a) Large calc-alkaline stratovolcanoes with
several and complex periods of activity (e.g.
Rincén de la Vieja and Miravalles volcanoes). Old
basaltic to andesitic cones are overlain by young
eruptive lavas with diverse compositions ranging
from basaltic andesites to andesites.

b) Stratovolcanoes of basaltic to pyroxene-
andesitic lava flows, forming conical slopes, but
coalescent cones with complex evolution and
recent basic volcanic products (e.g. Cacao-Orosf
and Tenorio-Montezuma volcanoes).

¢) Old lava flows (Pliocene-Pleistocene
age), including basaltic andesites to dacites from
Pliocene-IIL and the PNL transitional between
tholeiitic to calc-alkaline suites.

d) Dacite to rhyolitic dome-clusters of
Caiias Dulces hills and andesitic dome-clusters of
Bijagua hills.

e) Upper Quaternary isolated
basalts/basaltic andesites cinder cones and isolated
lava outcrops (quarz-tholeiites and olivine-tholei-
ites transitionals to mildly alkaline basalts) are
located 20-26 km in front of the VF.

3) Spatial/temporal coexistence of tholeiitic
high-Al and low-Mg lavas typically calc-alkaline
lavas during Pliocene-Quaternary time. An exten-
sive volcanism with tholeiitic tendency (transi-
tional to calc-alkaline) developed in the Pliocene-
Lower Pleistocene in Guanacaste (IIL and PNL)
in the same place of the actual Cordillera de



Table 6

Average whole rock wet chemical analyses of G lavas

Sample $i0; TiO, AlLO FeO* MnO HgO CaO Ha,0 K,0 P,Os V. Cr Co Ni Cu Rb S V Zr Hb Ba La Ce Th

Orosi Heah 51.50 0.72 1903 891 0.4 527 1003 251 063 012
Voleano (1) V.Max. 5349 098 1963 958 021 670 1111 301 083 021 250 46 29 24 42 15 80 19 75 1 431 10 27 4
V.Min. 5032 060 1801 846 007 320 847 218 047 009

Cacao Mean 5519 059 1701 8.18 018 466 885 262 104 015 4
Volcano (2) V. Max. 61.77 0.65 18.06 986 0.19 697 1151 336 1.64 0.251 2039026 18 28 23 sl 20 89 2 80 oSl
V.Min. 4990 0.54 1620 637 0.6 250 626 1.84 062 008

Rincéndela  Mean 5821 0.70 1681 738 013 356 727 300 175 0.16
Vieja V.Max. 6229 0.80 18.37 837 0.8 505 829 340 295 022
volcano (3) V. Min. 56.43 0.52 1541 499 008 093 429 259 137 015

185 33 23 16 26 45 491 22 139 51044 28 63 4

Miravalles ~ Mean 57.48 071 1775 696 015 343 730 326 157 021
voleano (4) V.Max 6279 0.86 2057 873 021 513 1001 374 247 o028 70 58 47 11 46 37 591 24 125 6 1143 29 40 3
V.Min. 50.51 0.57 1589 557 0.13 252 559 252 051 0.14

Tenorio Mean 5648 068 17.88 753 016 390 798 296 106 0.16
volcano (5) V.Max. 58.77 0.82 1898 9.50 0.19 560 998 329 135 027 218 35 25 17 21 23 580 20 94 2 g02 13 32 3
V.Min. 50.52 0.57 1709 631 013 290 572 253 053 010

Bijagualava Mean 6029 059 1740 641 015 238 671 320 121 015
dones (6) V.Max. 6107 068 1821 701 016 280 728 340 126 022 181 23 22 15 18 26 505 20 95 3 912 13 31 4
V.Min. 5960 054 1662 580 0.14 157 590 310 115 013

Cafias Dulces Mean 6695 063 1676 402 0.3 089 293 324 283 016
Lava V.Max. 70.14 1.01 2162 641 019 177 484 441 365 023 63 1 12 8 10 9 333 25 276 12 1605 42 78 9
domes (7) V. Min. 6022 040 1364 281 009 025 087 214 221 009

Basaltic Mean 49.59 079 1855 937 018 640 1020 251 067 024
isolated V.Max. 50.29 0.84 1920 9.56 0.18 799 1076 275 068 030 233 151 32 41 62 17 773 20 94 3 653 24 52 3
lavas (8) V.Min. 48.79 076 1735 920 018 531 925 238 066 018

Intra-ichimbrite Mean 5924 1.03 1553 792 016 168 602 307 229 034
lava flows (9) V. Max. 64.13 1.31 1690 1026 023 300 820 331 3.0 044 192 10 25 13 28 47 486 24 145 6 1245 36 86 2
V.Min, 5462 084 1398 585 005 086 434 273 115 027

Pre- Mean 5830 071 1725 725 0.6 296 7.02 330 147 019
Neovolenic V. Max. 66.59 091 20.16 1076 021 506 925 422 261 029 194 33 24 16 31 40 531 22 124 5 982 23 54 4
lavas (10)  V.Min. 5190 0.54 1477 481 012 066 370 250 061 013

(1)=average of & major and & trace elements of basaltic andesites; (2)= average of & major and 4 trace elements of andesites, (3)= averagc of 32 major and 22 trace elements of
dacites and andesites; (4)= average of 53 major and 45 trace el of (5)= ge of 24 major and 20 trace el dh (6)= average of 6 major and trace
elements of andesites and dacites; (7)= average of 7 major and 6 trace element analyses of dacite and rhyolite; (8)= average of 5 analyses of basaltic lavas; (9)= average of 5 major
and 4 trace elements; (10)= average of 41 major and 25 trace elements of andesitic and dcitic lavas.
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Fig. 8: 8i0; vs Rb/Sr for Guanacaste lavas.

Guanacaste and in the Tempisque Intrabasin. The
neovolcanism of Cordillera de Guanacaste began
in the Middle Quaternary age and continuous to
the present. The main rocks are calc-alkaline but
the basic members show tholeiitic characteristics.
Other, like Corobici cinder cone, show alkaline
tendency, that can be explained by the Carr et al.
(1990) mixing model through a possibly regional
fault parallel to the VF.

4) Gill (1981) suggests that where shallow
magma chambers exists (<20 km deep) they usu-
ally underlie volcanoes with historic eruptions of
andesites or dacites. In contrast magma reservoirs
extending into the upper mantle normaly underlie
volcanoes whose most recent eruptions are basalts
or basaltic andesites. In the case of Cordillera de
Guanacaste, the most recent andesitic eruptions
(prehistoric lava flows and tephras) are in the
Rinc6n de la Vieja, Tenorio, Miravalles volcanoes
and several historical andesitic phreatomagmatic

eruption at Rincén de la Vieja volcano. Basaltic
prehistoric eruptions (Upper Pleistocene) are in
the case of Mata Redonda lava flows (Orosi com-
plex), Chopo and Corobici pyroclastic cones
(Fig.2 and 13). In effect, the Lower-Middle
Pleistocene pumice-flow deposits have their poss-
sible source near the old volcano tectonic struc-
tures between Rincén de la Vieja and Tenorio vol-
canoes. Civelli (1990) and Chiesa et al. (1992)
support the idea of the presence of a high level
magma chambers, as discussed above, for these
andesitic volcanoes.
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Fig. 11: 8i0y vs V for Guanacaste lavas.
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