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The Cretaceous Laguna Merín rift basin in southeastern Uruguay formed during the opening of the southern At-
lantic Ocean, and isfilledwith igneous rocks thatwe characterize here by field, age, geochemical, and geophysical
studies. Initial bimodal magmatic suites (~134 to 128 Ma) include volcanic rocks and intrusions of the sub-
alkaline Paraná–Etendeka large igneous province as well asmildly alkaline (transitional) suites. This was follow-
ed by younger (~128 to b127Ma) alkaline gabbro and trachyte intrusions. Ten units of sub-alkaline, transitional,
and alkaline rocks can be distinguished bywhole rock composition and Nb/Zr ratios, which increase from 0.05 to
0.37 as alkalinity increases. The early sub-alkaline basalts are widespread throughout the Laguna Merín basin,
however, later sub-alkaline rhyolites and more alkaline rocks are localized near four ~20 to 30 km diameter
ring complexes named Valle Chico, Lascano West, Lascano East and San Luis. Each of the four complexes has a
positive gravity anomaly (~80 mGals) and cospatial aeromagnetic anomaly (~1200 nT) with an abrupt margin
interpreted as a ring fault. Modeling suggests that the gravity anomalies result from shallowly emplaced and
dense gabbro dikes and sills, and additional underlying and more voluminous intrusions extending to more
than 5 kmdepth. Themagnetic anomalies correspond to syenites exposed at Valle Chico and sub-alkaline basalts
and gabbro dikes at Lascano East. Trace element modeling indicates that the sub-alkaline magmas formed via
large degrees of partial melting of shallow mantle sources, whereas the alkaline magmas formed via lower de-
grees of partial melting of deeper asthenospheric mantle, with progressive deepening of the mantle sources
through time. Sr and Nd isotopic compositions of 144Nd/143Nd b 0.5126 and 87Sr/86Sr N 0.705 evidence crustal
contamination even for the most primitive magmas.

© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The opening of the South Atlantic Ocean in the Cretaceous is asso-
ciated with the eruption of flood basalts and associated rhyolites of
the Paraná and Etendeka large igneous provinces in South America
and Africa, respectively (Erlank et al., 1984; Bellieni et al., 1986;
Hawkesworth et al., 1999). Ring complexes composed of gabbro, alkali
gabbro, and felsic intrusion and associatedwith bimodal basalt–rhyolite
volcanic rocks of both sub-alkaline and alkaline compositions are well-
exposed and studied in Namibia on the African margin. Ring complexes
are also present on the South American margin, but are generally more
, and Atmospheric Sciences,
dg, Corvallis, OR 97331-5506,

uschi).
ation BF, Cerro Colorado 5240,

s Condes, Santiago, Chile.
hol y Portland—ANCAP, Av. Del

na Research. Published by Elsevier B.
poorly exposed and studied. Four ring complexes in coastal Uruguay are
identified via aeromagnetic surveys, and below we present new geo-
chemical and age data on these igneous rocks. These new data allow
us to address the petrogenesis and evolution of the igneous rocks, and
more specifically the relationship between the Paraná large igneous
province basalts and the sub-alkaline to alkaline ring complex centers
within the evolving rifted continental margin.

The bimodal Paraná–Etendeka large igneous province was erupted
between 133 and 130 Ma with peak eruption rates between 133 and
132 Ma (Renne et al., 1992; Turner et al., 1994; Stewart et al., 1996;
Renne et al., 1997; Deckart et al., 1998; Ernesto et al., 1999; Mincato
et al., 2003). This province is dominated by tholeiitic basalt with
minor rhyolite. Most workers consider that magmatism is related to
the Tristan da Cunha mantle plume and the volcanic rocks at the Rio
Grande Rise and theWalvis Ridge (O'Connor andDuncan, 1990). The al-
ternative hypothesis invokes large degrees of melting of subcontinental
lithospheric mantle without a mantle plume (Hawkesworth et al.,
1988; Peate and Hawkesworth, 1996). In addition to the Paraná volca-
nics, contemporaneous and younger alkaline ring intrusive complexes
are also described in Brazil, Bolivia, Paraguay, Uruguay and Namibia
V. All rights reserved.
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(e.g., Jacupiranga in Brazil, Velasco province in Bolivia, Valle Chico in
Uruguay and the Damaraland province in Namibia; Darbyshire and
Fletcher, 1979; Almeida, 1983; Fletcher and Beddoe-Stephens, 1987;
Morbidelli et al., 1995; le Roex et al., 1996; Comin-Chiaramonti et al.,
1999; Muzio, 2000; Comin-Chiaramonti et al., 2002; Biondi, 2003;
Gomes and Comin-Chiaramonti, 2005; Miller, 2008). The complexes
along the southeast coast of Uruguay intruded the aborted rifts of the
Precambrian basement, that resulted in the formation of the east-
northeastly aligned Santa Lucía and Laguna Merín basins. These basins
accumulated sequences of Cretaceous volcanic and sedimentary rocks
and were grouped under the name of SALAM (Santa Lucía-Aiguá-
Laguna Merín, Rosello et al., 1999, Fig. 1).

In comparison to other alkaline provinces, the poorly exposed mag-
matic rocks of the SALAM have not been comprehensively studied by
linking geochemical, geophysical and geochronological data with field
observations. The Laguna Merín basin preserves the largest volume of
volcanic and intrusive rocks of the SALAMand the availability of drillhole
core data and geophysical surveys over the basin offers the opportunity
to study its geology and magmatic processes in detail. The Laguna
Merín basin presents a large, broad gravity anomaly of N80 mGal and a
coincident magnetic anomaly of ~1200 nT (Servicio Geográfico Militar,
1973). The gravity anomaly is approximately 80 km long by 40 km
wide, ellipsoidal in shape and elongated in an east to northeast direction
(Fig. 2A). High-resolution airborne gravity and magnetic images from
Orosur Mining Inc. (OMI), show that this anomaly comprises four well-
defined, 20–30 km diameter circular features extending from the town
Fig. 1. Schematic geologic map of Uruguay, modified from Bossi et al. (1998) and Bossi
et al. (2005). The location of Cretaceous intrusive complexes is from this work.
of Mariscala to the Laguna Merín lagoon near the border with Brazil
(Ellis and Turner, 2006, Fig. 2B,C). The southwestern anomaly is
~20 km wide and coincident with the syenite outcrops of the Valle
Chico intrusive complex (Ferrando and Fernández, 1971). The two cen-
tral anomalies, named here Lascano West and Lascano East, are each
about 20 km in diameter and are coincident with two sub-circular out-
crops of rhyolite ignimbrites. The northeastern anomaly, named here
San Luis, is the largest at more than 30 km in diameter and is only ex-
posed at its southern edge as granodiorite granophyres and gabbro sills.

Many hypotheses have been proposed to explain both the regional
gravity anomaly, and the newly identified gravity andmagnetic circular
anomalies that constitute it, but they have only been supported by lim-
ited surface mapping and one 1000 meter drillhole (DDH502 in Puerto
Gómez, DINAMIGE, Gómez Rifas and Masquelin, 1996; Turner et al.,
1999). The interpretations range from concealed mafic intrusions simi-
lar to Bushveld or Trumpsberg (e.g. Reitmayr, 2001; Veroslavsky et al.,
2002), several kilometers of basalt basin filling (Gómez Rifas and
Masquelin, 1996) and, for theWest and Lascano East anomalies, caldera
structures within the Paraná rhyolite sequence (Rosello et al., 1999;
Conti, 2008).

The three eastern geophysical anomalies are in areas of limited sur-
face outcrops, but recent drilling at the Lascano East anomaly provides
new geologic and geochemical data to study the nature of the anoma-
lies. Belowwe test the hypothesis that all four of the geophyisical anom-
alies are produced by intrusive complexes comparable to Valle Chico,
thewell-exposedwestern anomaly.We present new data on igneous li-
thologies that includes surface geologic mapping, drill-hole logging,
whole rock major and trace element geochemical analyses, Nd and Sr
isotope analyses and isotopic ages, and use these to constrain the age
and petrogenetic processes that produced the observed magmatic di-
versity of the Laguna Merín basin.

2. Geologic setting

2.1. Basement rocks

Precambrian rocks crop out over most of southern Uruguay, as well
as in two small windows through the Phanerozoic Paraná basin in the
north. The basement consists of the Piedra Alta, Tandilia, Nico Pérez
and Cuchilla Dionisio terranes, which are bounded by crustal scale
shear zones (e.g. Bossi and Gaucher, 2004; Mallman et al., 2004, Fig. 1).

The Chuchilla Dionisio terrane underlies the LagunaMerín basin and
is bounded on the west by the Nico Pérez terrane along the Sierra
Ballena shear zone (see Bossi et al., 1998; Masquelin, 2006, for a com-
prehensive review of the Precambrian in Uruguay). The oldest rocks
of the Cuchilla Dionisio terrane consist of a Mesoproterozoic granulite
to orthogneiss (PGN) core with minor biotite gneisses and migmatites
(Preciozzi et al., 1999; Basei et al., 2011, Fig. 3). These rocks are overlain
by the Neoproterozoic (~630 to 543 Ma) turbidite sequences of low
grade meta-sandstones and -siltstones of the Rocha Formation
(Sánchez-Bettucci and Mezzano, 1993; Gaucher et al., 2009). Several
granitoids, ranging in age from 850 to 550 Ma (see Oyhantçabal et al.,
2009), intrude the older rocks (e.g. Rocha Granite of 762 ± 8 Ma,
Hartmann et al., 2002, and Aiguá Granite of 587 ± 16 Ma, Basei et al.,
2000). The periphery of the studied area is dominated by the youngest
of these intrusions, the coarse-grained feldspar porphyritic Santa Teresa
granodiorite (STGD), which has an age of 543 ± 5 Ma (Basei et al.,
2013).

2.2. The Laguna Merín basin

The Laguna Merín basin (Fig. 3) preserves the majority of the igne-
ous rocks associated with the Cretaceous rifting in southern Uruguay.
Here, we collectively refer to the preserved early Cretaceous (~133 Ma
to 127 Ma) volcanic and sedimentary rocks as the Laguna Merín basin
sequence, although the basin also includes Cenozoic sedimentary



Fig. 2. Geophysical images from Uruguay and the Laguna Merín basin. A) Bouguer anomaly map of Uruguay from regional gravimetry survey (scale 1:1,000,0000, Servicio Geográfico
Militar, 1973) adapted from Ellis and Turner (2006) showing location of principal Precambrian structures, Santa Lucía and Laguna Merín basins and location of the geophysical airborne
survey shown in B and C. B) Reduce to pole magnetic map, and B′) blown up of B over Lascano East complex. C) Tzz gravity map adapted from Ellis and Turner (2006) and showing the
location of interpreted intrusive complexes and location of drillhole collars over Lascano East anomaly. Data from Bellgeospace airborne survey comprising 10,400 km of flight line at a line
spacing of 400 m (Orosur Mining Inc.) and using a Geometrics® cesium vapor magnetometer, an Air-FTG® (full-tensor gravity gradiometrer) and a radar altimeter system for terrain
corrections. A base station magnetometer was located near Punta del Este.
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rocks.Most areas of low relief consist of dark-grey to reddish plagioclase
porphyritic and glomeroporphyritic basaltic flows of the Puerto Gómez
Formation (Bossi, 1966), later renamed as the Mariscala Formation
(Bossi et al., 1998). These basalts infill the rift with documented thick-
nesses of at least 500 m (Gómez Rifas and Masquelin, 1996).

Overlying the Mariscala basalts in areas of higher topographic relief
there are sections up to 200 m thick of quartz-sanidine porphyritic or
aphyric rhyolite lava flows, pyroclastic breccias and rheomorphically
deformed rhyolitic and rhyodacitic ignimbrites of the Arequita Forma-
tion (Bossi, 1966; Morales et al., 2006).

Gabbros and granodiorites intrude the basalts and rhyolites. The San
Miguel granodioritic granophyres (Bossi, 1966) range from porphyritic
to equigranular and crop out at the east end of the Laguna Merín basin
near the border with Brazil and locally at Lascano and are commonly
intruded by pyroxene–plagioclase–olivine gabbro sills (Conti, 2008;
Muzio et al., 2009).

Prior to this study, the 20 kmwide Valle Chico syenite complex was
the only known intrusive complex in the Laguna Merín basin (Muzio,
2000; Lustrino et al., 2005). Its outcrop area is coincident with the
westernmost circular gravity and magnetic anomaly (Fig. 2B,C).

The Laguna Merín basin lacks the sedimentary diversity observed at
the more westerly Santa Lucía basin, and only local conglomerates
(b500 m thick) were identified in this work. In the Santa Lucía basin a
N2 km sedimentary infill of red-colored polymictic and sandy alluvial
conglomerate, organic-rich lacustrine claystone and siltstone that grade
upwards into alluvial and aeolian arkosic sandstone is intercalated with
the Mariscala basalts and records an arid continental climate during
the rifting and magmatism (Bossi, 1966).

The Mariscala and Arequita Formations, in the Laguna Merín basin
and elsewhere in the SALAM, were subdivided by Gómez Rifas and
Masquelin (1996) andKirstein et al. (2000) into several lithogeochemical
units based on geochemical and petrographic characteristics. Alkaline ba-
saltic lavas cropping out between the Santa Lucía and Laguna Merín ba-
sins were assigned to the Marmarajá series by Gómez Rifas and
Masquelin (1996). Kirstein et al. (2000) defined two groups of basalts
and two groups of rhyolites, including lavas and pyroclastic rocks, for
the entire SALAM. These include the sub-alkaline Treinta y Tres basalts
and Lavalleja rhyolite series; and the mildly alkaline Santa Lucía basalts
and Aiguá rhyolite series. This study expands the lithogeochemical
approach of Kirstein et al. (2000) but also includes additional field obser-
vations and cross-cutting relations used to define new units and charac-
terize other volcanic and intrusive rocks of the Laguna Merín basin. New
names were given to some of the lithogeochemical units to avoid confu-
sionwith previously published formal geologic names according to inter-
national stratigraphic guidelines (Salvador, 1994).

3. Methods

Reconnaissance geologic mapping of the ring complexes was con-
ducted at a 1:250,000 scale. Detailed core logging and geochemical sam-
plingwere conducted on ten 500 to 1000meter deep vertical cores from
holes drilled at Lascano East between 2002 and 2008 by OMI (see the



Fig. 3.Geologic map of LagunaMerín basin and its surrounding basement, modified form Bossi and Ferrando (2001), Lustrino et al. (2005), Morales (2006), Conti (2008) andMuzio et al.
(2009), showing the location of the interpreted intrusive complexes. Insert shows Lascano West and East and the location of Orosur Mining Inc. drillhole collars. Coordinate system in
Gauss-Krugger, Datum Yacaré.
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Appendix). Magnetic and gravity images used in this paper are extract-
ed from Ellis and Turner (2006).

Standard transmitted and reflected lightmicroscopy and petrograph-
ic techniques were used to describe the mineralogy and textures of the
rocks. Magnetic susceptibility was measured throughout the entire
core by OMI during drilling using a KT-9 Kappameter portable magnetic
susceptibility meter. Specific gravity was measured in representative
samples of the magmatic units by measuring dry mass and mass in
water with a hydrostatic scale (see Table 1 for data and additional
details).

Sevenhundred and sixty-five split drill core samples of up to 1meter
long together with 36 surface samples (801 samples) were analyzed at
ACME laboratories using inductively coupled plasma optical emission
spectrometry (ICP-OES) for major elements and inductively coupled
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plasma mass spectrometry (ICP-MS) for trace elements. Lithium
metaborate/tetraborate fusion was followed by dissolution using a di-
lute nitric digestion for ICP-OES and nitric acid digestion for ICP-MS.
See Table 2 and the Appendix for additional analytical details and data.

Sampleswere screened for alkali changes due to hydrothermal alter-
ation using molar ratio diagrams including Na/Al and K/Al (Madeisky
and Stanley, 1993), and the remaining 523 fresh samples were selected
for lithogeochemical and petrological characterization. Major elements
were normalized to 100% volatile-free as presented in Table 2.

The freshest samples were used for age determinations and were
inspected in thin section for signs of alteration and analyzed with a
CAMECA SX-100 Electron Microprobe at OSU using energy dispersive
spectrometry to confirm plagioclase and sanidine compositions.
Sanidine and plagioclase separates were prepared at Oregon State Uni-
versity (OSU) from five samples using standard procedures (see
Salisbury et al., 2010). Plateau ages from 12 to 22 incremental heating
steps of three plagioclase concentrates and one sanidine concentrate
were obtained via 40Ar/39Ar. Analyses were made at OSU Noble Gas
Mass Spectometry lab using a Mass Analyser Products model 215–50
rare gas mass spectrometer with all-metal extraction system, after irra-
diation in the OSU TRIGA experimental reactor (see Koppers and
Duncan, 2003). Inverse isochrons (36Ar/39Ar vs. 39Ar/40Ar) were used
to identify excess argon. Plateau ages were calculated as the weighted
mean of eight or more consecutive heating steps, representing at least
58% of the released gas. Errors are reported at 2 standard errors of the
mean and listed with the MSWD (see Appendix).

Five zircon separates where analyzed to determinate U–Pb ages: two
at theArizona LaserChronCenter (University of Arizona) using a laser ab-
lation multicollector ICP-MS (see Gehrels et al., 2006) and three at OSU
using a laser ablation quadrupole ICP-MS (see Farmer, 2012; Loewen
and Kent, 2012). Zircons were imaged with the cathodoluminescence
detector of the CAMECA SX-100 Electron Microprobe at OSU to identify
inherited cores and overgrowth rims (see Appendix). Concordant ages
within error of one another (n = 8 to 32) are reported as weighted
mean ages with a standard error of the mean reported at 2 standard de-
viation. Analysis in both laboratories used a NewWave 193 nm Excimer
laser system with He sweep gas, operating at 4 Hz with a 30 μm fixed
spot. General techniques are outlined in Dumitru et al. (2013) for the
analyses done at OSU and in Gehrels et al. (2008) for the analyses done
at the Laserchron Center. Analyses were standardized using PL-1 zircon
at OSU and Sri Lanka zircon at the LaserChron Center, and 206Pb/207Pb,
206Pb/238U and 207Pb/235U ratios for each individual analysis were linear-
ly extrapolated to the start of ablation to correct for laser-induced frac-
tionation. Analysis of zircon 91–500 throughout the analysis session
(n = 7) at OSU produced a mean 206Pb/238Pb ratio of 0.1765 ± 0.0050
(2.1%, 2 se), within b2% of the accepted value for this material.

Nine whole rock samples where analyzed at the University of Cape
Town for Sr and Nd isotopic ratios using a NuPlasma high resolution
multicollector ICP-MS and standardized to BHVO-2 and NIST 987 (see
le Roex et al., 2012 for additional details).

4. Results

4.1. Petrology and geochemistry

The igneous rocks of the Laguna Merín basin can be differentiated
based on their petrography (Table 1), whole rock compositions
(Tables 1 and 2), and isotopic (Table 3) and relative ages based on
cross-cutting relations into three groups according to their alkalinity:
sub-alkaline, transitional (mildly alkaline) and alkaline.

Based on whole rock compositions of SiO2 and alkalis (NaO + K2O,
Fig. 4) of the freshest rock samples, the sub-alkaline rocks present a bi-
modal compositional distribution that includes two types of tholeiitic
Paraná type gabbros, basalts, and minor basaltic andesites and a group
of dacites, rhyolites and trachy-dacites. The mafic rocks range from
~48 to 54 wt.% SiO2 and 2 to 4 wt.% NaO + K2O, and the felsic rocks
range from ~75 to 77 wt.% SiO2 and 6 to 10 wt.% NaO+ K2O. The transi-
tional igneous rocks present a bimodal compositional trend that partially
overlapswith the sub-alkaline rocks in terms of silica and alkalis, howev-
er, the samples plot close to the boundary of the sub-alkaline and alka-
line fields (Fig. 4). The transitional gabbros and basalts range from ~46
to 52wt.% SiO2 and 2 to 5wt.%NaO+K2O, and the rhyolites and syenites
range from~60 to 79wt.% SiO2 and8 to 11wt.%NaO+K2O.Whereas the
sub-alkaline and transitional groups present bimodal compositions, the
alkaline rocks form a continuous compositional range from alkaline gab-
bro to trachyte (Fig. 4). The alkaline gabbros and basalts range from ~44
to 51 wt.% SiO2 and 3 to 7 wt.% NaO + K2O. The trachyandesites
and trachydacites range from ~55 to 63 wt.% SiO2 and 8 to 12 wt.%
NaO + K2O.

The major element whole rock concentrations of the freshest sam-
ples were useful to establish the grouping of the different magmatic
units based on their alkalinity (Fig. 4), however, alkalis are sensitive to
remobilization by hydrothermal alteration, which affects some of the
rocks in the study area. Thewhole rock concentrations of trace elements
together with petrographic and cross-cutting relationswere used to de-
fine ten lithogeochemical units. In particular, immobile and incompati-
ble Nb and Zr define a series of distinctive magmatic Nb/Zr ratios
(Figs. 5, 6). Nb and Zr are found in high concentrations in the studied
samples (Nb 2–160 ppm, Zr 30–750 ppm) enabling precise measure-
ments of their concentrations. The Nb/Zr ratios vary by up to a factor
of 3 between successive lithogeochemical groups, and are used here as
the primary basis of distinction.

The sub-alkaline rocks (Fig. 5), include the plagioclase–clino-
pyroxene–olivine–magnetite Treinta y Tres basalts (Nb/Zr = 0.05) and
Carbonera basalts-gabbros (Nb/Zr = 0.09); the plagioclase–quartz–
clinopyroxene–amphibole San Miguel granodiorite granophyres
(Nb/Zr = 0.10) and the quartz–sanidine–plagioclase Las Averías
rhyolite ignimbrites (Nb/Zr = 0.07). The Treinta y Tres basalts unit as
used here was defined by Kirstein et al. (2000) (Fig. 6), and is named
for outcrops east to the Treinta y Tres town. The newly defined
Carbonera basalts–gabbros, are petrographically similar to the Treinta y
Tres basalts, but are characterized by higher Nb/Zr compositional ratios
(Fig. 6). Compared to the Treinta y Tres basalts, the Carbonera basalts
are less commonly exposed but they are ubiquitous in the subsurface
of Lascano East. The Carbonera unit also includes gabbro dikes and sills,
but no gabbros of Treinta y Tres composition have been reported.We in-
troduce the new name the Las Averías rhyolite ignimbrites for rocks cor-
responding to the Lavalleja series defined by Kirstein et al. (2000)
(Fig. 6). The proposed name change is justified because the name
Lavalleja has been previously used for other lithostratigraphic units,
and the characteristic rhyolites are not common at the Lavalleja locality
but are common at the Las Averías hills in the Laguna Merín basin. The
San Miguel granodiorite granophyres were defined by Bossi (1966),
who did not report data on their chemical composition.

The transitional rocks (Fig. 5), include the plagioclase–clinopyroxene–
olivine–magnetite Coronilla basalts–gabbros (Nb/Zr= 0.14); the quartz–
sanidine–plagioclase Salamanca rhyolites (Nb/Zr = 0.15); the India
Muerta rhyolites (Nb/Zr= 0.11); and the K-feldspar–plagioclase–amphi-
bole–pyroxene–magnetite Valle Chico syenites (Nb/Zr = 0.13). The
Coronilla basalts–gabbros as defined here partially correspond to the
Santa Lucía basalts defined by Kirstein et al. (2000) (Fig. 6), however,
the Santa Lucía unit included samples of basalts from outside of the
Laguna Merín basin. Furthermore, the name has been previously used
to define the Cretaceous Santa Lucía basin in southwestern Uruguay
(Fig. 1), where there are also basalts of similar age. To avoid confusion
we refer to the LagunaMerín basin basaltswith Nb/Zr=0.14 as Coronilla
basalts. This unit also includes gabbro sills that were not previously de-
scribed for Santa Lucía. The Salamanca rhyolites as defined here corre-
spond to the Aiguá rhyolite series defined by Kirstein et al. (2000)
(Fig. 6), however, we drop the nameAiguá because it has been previously
used for the Precambrian granitoids that crop out at the Aiguá town. The
type locality of these rhyolites is defined for the Salamanca caves (Grutas



Table 1
Petrographic descriptions and physico-chemical properties of igneous and sedimentary rocks of the Merín Basin.
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0.13

0.12

0.15

0.11

0.09

0.17

0.05

0.04

0.06

0.14

0.12

0.17

0.09

0.06

0.12

0.07

0.05

0.13

0.10

0.06

0.10

Nb/Zr

avg.

min

max

0.23

0.12

0.28

0.15

0.20

0.10
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Formation

Coronilla basalts and 

gabbros 

Carbonera basalts 

and gabbros

Treinta y Tres   

basalts *     

San Miguel 

Las Averías rhyolites

granodiorite 

granophyres

India Muerta 

rhyolites

Salamanca rhyolites

Valle Chico syenites

N.A.

basalts

Arrayán olivine

Lascano alkaline 

series

Lithogeochemical 

unit

Conglomerates,

sandstones.

basalts

trachybasalts

/gabbros

syenites, qtz-

syenites,

granites,

trachytes

basalts

gabbros

basalts

gabbros

basalts

granodiorites

rhyolites

trachyandesites

to trachydacites

Rock type

N.A.

 40% cpx, 20% ol,

30% plg, 5% mgt,

4% hm, ap <1%

75% plg, 14% px,

2%bt, 5% mgt, 1%

ap.

70% K-fd, 10 plg, 2

to 10% qtz,  1 to 5%

px, 0 to 5% amph,

1%bt, 1% mgt.

15% qtz, 20% sa,

10% plg, <1% ap,

54% aph. matrix.

58% plg, 30% cpx,

5% ol,  6% mgt, 1%

ap.

58% plg, 26% cpx,

5% ol,  10% mgt,

1% ap.

60% plg, 25% cpx,

10% ol, 1% ap, 5%

60% plg, 25%

cpx±opx, 10% ol,

1% ap, 5% mgt

45% plg, 45 %

mesostasis, 5% cpx,

5% mgt.

70% plag, 20% qtz,

5% cpx, 5% amph,

<1% mgt, <1% ap.

10% qtz, 15% sa,

15% plg, <1% ap,

<1zir, 53% aph.

matrix.

10% qtz, 25% sa, 

10% plg, <1% ap,

54% aph. matrix.

65 - 77 % plg, 25%

k-fd, 1 - 9% qtz, <

1% mgt, 1% ap.

Mineralogy

60% , 3mm-30cm clasts (60% basalt, 40%

rhyolite). Clast-supported. 20%, 0.3 mm angular

sandy matrix (qtz>lithic>px>plg). 20% ceolitic

matrix. Fining upwards in metric cycles.

10 %, 1-5 mm ol phen, sparse 1 mm plg phen.

0.05-0.3 mm matrix. Variolitic txt. Sparse 1-20

mm vugs.

15%, 0.5 - 6 mm plg/px ppy. 0.1 - 0.5 ground

mass

0.5-20 mm equigranular

40 % 1-10 mm sa±qtz ppy in aphanitic matrix.

Thin flows are usually aphanitic.

15%, 0.2-3 mm qtz ppy and/or 30% 1-20 mm sa

ppy in aphanitic matrix.

5% 0.2-3 mm qtz and 5% 1-3 mm plg phen.

Shards, lithoclasts and elongated pumice clasts.

up to 20% 1-3 mm plg phen. 

Aphanitic to vitrophyric. Sparse plg-san phen.

Angular clasts < 2 m

10%  2-5 mm plg phen in 0.3 to 1 mm matrix

with plg-qtz granophyric intergrows.

0.1 to 1 mm eq. Granophyric plg-qtz intergrows.

20%, plg ppy (10%, 5-10 mm xenocrysts,

euhedral plg and 10%, 3-5 mm plag). 0.1-1 mm

Intersitial plg, ol, cpx, mgt, ap. Oph texture.

up to 3 mm subhedral plg and interstitial

subhedral px and ol. Common mgt/hm euhedral

crystals forming in tabular intersitial zones.

Aph or 1-10 mm plg phen. Rare px 1-5 mm

phenos. 0.1-1 mm int. to s-oph matrix

up to 3 mm cummular equigranular

Aph or 1-15mm plg ppy/gppy in 0.1-0.2 mm

matrix with vitreous mesostasis.  20 mm voids.

20%, 0.5 - 4 mm K-fd/plg phen. 0.01 - 0.1 ground

mass with 0.1-0.5 k-fd and plg microlites. Often

pilotaxitic banding.

Texture

< 400

flows:1−10

< 200

< 10

?

2 − 100

< 200

< 100

< 20

< 80

flows 5−15

>600

<200

flows 3−10

>800

< 350

flows 3−10

>600

> 700

flows ± 1

< 15

Thickness

(m)

clasts: sub-

alkaline 

alkaline 

transitional 

to locally 

peralkaline

sub-

alkaline

transitional

sub-

alkaline

sub-

alkaline

sub-

alkaline

transitional

alkaline 

Magmatic 

lineage 

N.A.

lavas

Lacolith, ring-

complex? 

dikes, sills, 

domes?

 lavas 

dikes, sills

 lavas 

dikes, sills

lavas

sills, domes?

dikes, flows. 

ignimbrites, 

rheoignimbrites, 

dikes, pyroclastic 

breccias

dikes, sills

Emplacement 

type

Abbreviations: ap (apatite), bi (biotite), cpx (clinopyroxene), mgt (magnetite), ol (olivine), plg (plagioclase), san (sanidine), k-fd (potassic feldspar), qtz (quartz), zir (zircon), ppy (porphyritic), eq. (equigranular), aph (aphanitic), gppy
(glomeroporphyritic), phen (phenocrystals), oph (ophitic), s-oph (sub-ophitic), hyp. (hypersthene), T. Alk. (Na2O + K2O), N.D. (No Data), N.A. (Not applicable), Mag. Sucept. (Magnetic suceptibility). * Modified from Kirstein et al. (2000). Notes:
Specific gravity was calculated as S.G. = Mass(air) / [Mass(air) − Mass(water)], and density was calculated as ρ = S.G. × ρ(water), where ρ(water) = 1.0 g/cc. CIPWnormative compositions were estimated using Kurt Hollocher's excel program
(NORMS). KT-9 Kappameter portable magnetic susceptibility meter detection limit of 1 × 10−3 S.I.
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de Salamanca). The India Muerta rhyolites are newly defined here to in-
clude the transitional rhyolitic dikes and sills that are only found in the
subsurface of Lascano East. The name Valle Chico was previously defined
for the syenites as the Valle Chico Formation by Ferrando and Fernández
(1971).

The alkaline rocks (Fig. 5) include the plagioclase–clinopyroxene–bi-
otite–magnetite trachybasalts and plagioclase–K-feldspar–quartz
trachyandesites to trachydacites of the newly defined Lascano alkaline
series (Nb/Zr = 0.23); and the clinopyroxene–olivine–plagioclase–
magnetite of the newly defined Arrayán olivine basalts (0.18 b Nb/
Zr b 0.47). No lava flows of Lascano series affinity have been identified
in the Laguna Merín basin, however, Gómez Rifas and Masquelin
(1996) described isolated basalt lava flows and dikes of similar compo-
sition in theMarmarajá hills between the Santa Lucía and LagunaMerín
basins (Fig. 1).

TheQuebracho Formation is newly defined here to include conglom-
erates and sandstoneswith angular to roundedmafic and felsic volcanic
clasts up to 0.5 m diameter.

Besides Nb and Zr, the concentrations and ratios of other relatively
immobile high field strength elements such as Ti, P, Sc, Ta, Hf, Th, Y
and rare earths are characteristic of each unit. The sub-alkaline Treinta
y Tres basalts and Carbonera basalts–gabbros have overlapping patterns
on mantle normalized diagrams plots (Fig. 8A,B), whereas the transi-
tional Coronilla basalts–gabbros are enriched in alkalis, alkaline earths
(Cs, Rb, Ba, Sr) and high field strength elements such as Ta, Nb, La and
Hf. In comparison to the Coronilla basalts, these elements are more
enriched in the gabbros of the Lascano alkaline series and even more
enriched in the Arrayán olivine basalts (Fig. 8C,D).

The Arrayán olivine basalt is the most distinctive geochemical unit.
Whereas all the other mafic units have rare earth patterns relatively
similar to an Enriched Mid-Ocean Ridge Basalt composition (E-MORB),
the Arrayán basalt patterns are similar to an Ocean Island Basalt (OIB)
as shown by relatively strong depletions in heavy rare earths compared
to light rare earths (Fig. 7D). In comparison with present day OIB
magmatism at Tristan da Cunha and Gough island, the Arrayán olivine
basalts are generally less enriched in trace elements (Fig. 8B). Another
difference is that the Arrayán basalts are the only mafic rocks that
have a small positive Eu anomaly whereas all the other mafic units
have a negative anomaly (Fig. 7C). The sub-alkaline Las Averías rhyolite
ignimbrites and the SanMiguel granodiorite granophyres have overlap-
ping patterns in spider plots whereas the transitional Salamanca and
IndiaMuerta rhyolites, the alkaline Valle Chico syenites and the Lascano
series trachytes are relatively enriched in heavy rare earths and high
field strength elements such as Ta, Nb, La, Nd, Hf and Zr (Fig. 7E,F,G).

Isotopic compositions for the three different geochemical groups are
also distinct from each other. All groups have 144Nd/143Nd b 0.5126 and
87Sr/86Sr N 0.705 (Table 2), which indicates that even the basaltic igne-
ous rocks have been contaminated by neodymium and strontium de-
rived from continental crust. The sub-alkaline and transitional mafic
rocks present the lowest 144Nd/143Nd and highest 87Sr/86Sr ratios
evidencing more crustal contamination, whereas the alkaline mafic
rocks are the least contaminated rocks. The OIB-like Arrayán olivine ba-
salts show the highest 144Nd/143Nd and lowest 87Sr/86Sr.

4.2. Geochronology

The new U–Pb zircon and 40Ar/39Ar ages, as well as previous pub-
lished ages, for all the dated igneous rocks range between 134 and
127Ma and are summarized in Table 3. Errors are reported with 2 stan-
dard deviations. The 40Ar/39Ar plateau ages and inverse isochrons to-
gether with age spectra, concordia and probability plots for U–Pb
zircon ages are available in the appendix.

The 40Ar/39Ar ages of plagioclase and sanidine (n= 4) have weight-
ed mean plateaus produced by more than 58% of the 39Ar gas released
and corresponding MSWDs that range between 0.04 and 0.57. Three
of the samples present three to four initial heating steps that yield
younger ages than the plateau. These steps are attributed to Ar-loss in
the rims of the crystal grains, they represent less than 20% of the 39Ar
gas release and were discarded for the age calculation. These samples
are: 80002 (Lascano alkaline series gabbro, 127.8 ± 0.9 Ma in plagio-
clase), 80006 (India Muerta rhyolite, 129.1 ± 0.5 Ma in sanidine) and
79992 (Las Averías rhyolite, 129.0 ± 0.18 Ma in plagioclase). Sample
71907 (Treinta y Tres basalt, plagioclase) is the only sample that
shows excess Ar for the first 4 heating steps, representing 41% of the
39Ar released. Nonetheless, for sample 71907 59% of the Ar released
yield a robust plateau age of 126.94 ± 0.89 Ma, which agrees with the
isochron age of 126.98 ± 1.36 Ma.

U–Pb in zircon ages for each sample were calculated using only the
individual zircon spot analyses that produced a gaussian distribution
and lying within two standard deviations of the mean. This mean age
is interpreted as the age of cooling and crystallization of the rock. All
the samples present at least one and up to eleven individual zircon
spot analyses that yield younger or older ages, outliers of the gaussian
distribution of ages. The younger ages are considered to be produced
by Pb-loss, and the older ages to be produced by inherited or antecrystic
grains. Inherited grains were confirmed by several spot analyses of zir-
con cores with ages as old as 165Ma (Appendix). We use the weighted
mean of concordant individual zircon ages and consider it robust for all
the samples, based on MSWDs ranging between 0.94 and 1.4. The best
ages are 131.10 ± 0.73 Ma for sample LASRV (India Muerta rhyolite)
calculated from 26 individual analyses, and 134.25 ± 0.56 Ma for sam-
ple LASGR (SanMiguel granodiorite granophyre) calculated from 32 in-
dividual analyses. The other three ages were calculated from fewer
individual analyses, but are considered robust and yield ages consistent
with other ages. Sample 79999 (San Miguel granodiorite granophyre)
yields an age of 133.97 ± 0.75 Ma calculated from 14 individual analy-
ses, sample SM049 (San Miguel granodiorite granophyre) yields an age
of 130.3 ± 1.5 Ma calculated from 8 individual analysis, and sample
SM004 (San Miguel granodiorite granophyre) yields an age of
135.0 ± 1.3 Ma calculated from 8 individual analysis
4.3. Density and magnetic susceptibility

The three types of gabbros (Carbonera, Coronilla and Lascano alka-
line series), have the highest density, up to 2.99 g/cc (see Table 1 for de-
tails). The gabbros are considerably denser than the compositionally
similar basalts. For example, the Coronilla gabbros have a density of
2.99 g/cm3, and are about ~0.32 g/cm3 denser than the 2.67 g/cm3

Coronilla basalts. All the felsic rocks have a density between 2.41 and
2.54 g/cm3 and are therefore at least 0.45 g/cm3 less dense than the
gabbros.

All the mafic units, except the Arrayán olivine basalts, have a
high magnetic susceptibility up to 200 × 10−3 SI, however, the
sub-alkaline Carbonera basalts and gabbros are slightly less magnetic
than other units. The felsic rocks have very low susceptibility, com-
monly under the detection limit of the instrument (1 × 10−3 SI). A no-
table exception is the Valle Chico syenite that has a high magnetic
susceptibility similar to the most magnetic mafic unit (200 × 10−3 SI,
Ellis and Turner, 2006).
5. Discussion

Whereas the sub-alkaline Treinta y Tres and Carbonera basalts are
widespread through the Laguna Merín basin, the rest of the igneous
rocks are spatially restricted and likely genetically related to the four
ring complexes (Figs. 3 and 8). Whereas the Valle Chico complex is
mainly composed of syenite exposures, the other three complexes are
concealed under volcanic rocks, younger sediments and soil. From
southwest to northeast the concealed complexes are named here
Lascano West, Lascano East and San Luis.



Table 2
Selected representative chemical analysis.

Lithogeochemical unit Sample HoleID From (m)
or latitude
coord. (m)

To (m) or
longitud
coord. (m)

SiO2

wt.%
Al2O3

wt.%
Fe2O3

w%
MgO
w%

CaO
w%

Na2O
w%

K2O
w%

TiO2

w%
P2O5

w%
MnO
w%

Cr2O3

w%
LOI
wt%

Ba
ppm

Ce
ppm

Co
ppm

Cs
ppm

Cu
ppm

Dy
ppm

Er
ppm

Eu
ppm

Ga
ppm

Gd
ppm

Hf
ppm

Ho
ppm

Treinta y Tres basalts 71907 LMD1 −433.7 −434.7 50.26 17.54 10.94 4.78 10.51 2.71 1.22 1.63 0.22 0.18 0.02 4.5 305 35.4 39.5 0.6 61.3 5.3 3.1 1.6 20.9 5.1 4.0 1.1
71932 LASDDH1 −624.35 −625.35 51.29 16.01 11.92 4.93 10.50 2.42 1.14 1.41 0.16 0.18 0.03 1.8 263 32.9 42.7 0.2 119.0 5.0 3.0 1.3 17.5 4.9 3.3 1.0
71905 LMD1 −196.4 −197.4 55.68 15.70 10.08 3.65 8.65 2.64 1.97 1.28 0.16 0.15 0.03 2.0 420 53.4 33.7 0.4 45.8 5.1 3.1 1.5 19.1 5.6 5.8 1.1

Carbonera
gabbros-basalts

71902 LASDDH3 −286.7 −287.7 48.76 15.47 11.19 8.70 12.37 2.07 0.26 0.85 0.05 0.19 0.09 3.1 72 7.1 53.0 0.4 117.4 2.6 1.6 0.7 14.9 2.1 0.9 0.6
73060 LASDDH5 −120 −121 50.57 17.02 9.86 7.62 10.62 2.51 0.70 0.83 0.06 0.14 0.07 3.7 167 22.7 42.5 0.8 127.1 3.4 2.2 0.9 14.5 3.2 2.3 0.7
73067 LASDDH5 −400.3 −401.2 53.14 15.73 10.27 6.44 9.24 2.55 1.32 0.98 0.14 0.15 0.04 2.7 268 32.3 38.7 0.8 124.1 4.8 3.3 1.2 16.7 4.3 3.9 1.1

San Miguel granodiorite
granophyres

73066 LASDDH5 −340.5 −341.25 64.60 13.63 7.76 1.91 3.50 3.06 4.24 0.93 0.23 0.10 0.03 1.2 704 85.5 13.4 2.9 60.8 9.2 6.1 1.7 16.9 8.7 9.6 2.0
73063 LASDDH5 −200 −200.95 67.63 12.78 6.04 1.04 3.51 2.88 5.05 0.76 0.18 0.09 0.03 3.0 704 92.7 8.5 3.9 28.6 9.2 6.2 1.7 14.4 8.8 10.3 2.0
79999 LASDDH5 −200 −200.95 67.63 12.78 6.04 1.04 3.51 2.88 5.05 0.76 0.18 0.09 0.03 3.0 704 92.7 8.5 3.9 28.6 9.2 6.2 1.7 14.4 8.8 10.3 2.0
LASGR LASDDH8 −791 −792 67.91 14.14 4.89 0.93 1.94 3.24 5.89 0.79 0.15 0.07 0.05 2.2 775 105.2 8.9 4.4 26.3 8.1 5.2 1.1 18.3 8.1 16.0 1.7

Las Averías rhyolite
ignimbrite

79992 LASDDH4 −637.3 −638.3 70.28 12.66 5.98 1.16 1.49 2.14 5.27 0.67 0.20 0.10 0.03 2.7 922 112.0 6.8 2.9 7.9 8.9 4.9 1.9 16.2 9.3 10.0 1.8
73107 LASDDH4 −637.3 −638.3 70.28 12.66 5.98 1.16 1.49 2.14 5.27 0.67 0.20 0.10 0.03 2.7 922 112.0 6.8 2.9 7.9 8.9 4.9 1.9 16.2 9.3 10.0 1.8
71960 surface 6266807 652522 71.52 12.79 5.76 0.30 1.49 2.00 5.16 0.64 0.17 0.08 0.08 1.7 1480 132.2 7.1 3.1 10.7 10.7 6.3 2.4 17.3 11.5 10.6 2.2

India Muerta rhyolites 73414 LASDDH6 −618.8 −619.8 69.06 14.56 4.27 0.26 1.51 4.60 5.13 0.41 0.06 0.09 0.03 1.3 953 134.4 2.4 0.7 12.1 17.0 10.7 2.2 21.2 14.1 19.9 3.5
71928 LASDDH1 −406.6 −407.5 74.12 12.00 3.98 0.09 1.40 2.39 5.62 0.22 0.03 0.06 0.09 0.0 1366 170.7 2.3 1.7 6.9 12.6 7.0 2.2 18.6 13.4 11.1 2.4
80006 LASDDH1 −406.6 −407.5 74.12 12.00 3.98 0.09 1.40 2.39 5.62 0.22 0.03 0.06 0.09 0.0 1366 170.7 2.3 1.7 6.9 12.6 7.0 2.2 18.6 13.4 11.1 2.4
LASVR LASDDH3 −310 −311 73.55 12.40 4.04 0.09 1.62 2.78 5.08 0.28 0.05 0.06 0.04 0.7 1420 124.5 1.4 2.9 3.2 9.7 5.5 2.2 17.9 10.3 13.0 1.9

Valle Chico syenites 71953 Surface 6235033 604924 66.30 14.79 6.70 0.81 1.07 3.48 5.40 1.00 0.30 0.12 0.03 1.7 1341 122.6 8.1 1.4 9.7 9.1 5.5 2.2 22.0 9.2 11.2 1.8
71994 Surface 6243231 611116 63.88 14.23 8.33 1.08 2.13 3.55 4.81 1.36 0.46 0.15 0.00 2.2 1272 115.4 10.6 2.0 12.8 6.7 4.2 2.2 21.4 7.3 11.2 1.3

Salamanca rhyolites 71977 surface 6229151 609779 76.28 11.98 3.01 0.22 0.21 2.79 5.11 0.27 0.09 0.05 0.00 2.3 126 287.0 1.2 4.8 5.2 15.6 9.2 0.5 26.0 16.5 18.4 3.2
71975 surface 6206293 549289 77.78 11.28 2.53 0.05 0.36 2.51 5.27 0.17 0.03 0.02 0.00 1.5 252 163.6 0.6 1.0 6.4 9.1 5.3 0.6 22.4 7.9 12.3 1.9

Coronilla gabbros
and basalts

73086 LASDDH2 −498.3 −499.3 47.22 14.47 15.97 4.91 10.51 2.65 0.79 2.92 0.31 0.22 0.02 3.3 237 36.5 45.0 0.1 98.1 7.3 4.4 1.9 19.9 6.7 4.1 1.5
73131 LASDDH6 −217.23 −218.23 50.35 16.87 12.53 3.82 9.78 3.21 0.95 1.96 0.31 0.16 0.06 2.2 257 35.8 34.3 0.2 147.2 6.7 4.3 1.8 20.1 6.4 4.7 1.4
73128 LASDDH6 −214.23 −215.23 49.92 18.63 11.38 3.40 10.42 3.19 0.82 1.79 0.28 0.12 0.04 2.1 242 31.5 32.7 0.1 89.5 6.1 3.8 1.7 20.4 5.8 4.4 1.3

Lascano alkaline series
(trachybasalts)

80002 LASDDH7 −219.8 −220.8 47.36 17.04 12.39 4.45 9.97 3.91 1.46 2.52 0.67 0.20 0.03 1.5 481 56.3 33.4 0.3 52.3 6.6 3.5 2.4 20.6 7.1 4.4 1.3
71940 LASDDH7 −219.8 −220.8 47.36 17.04 12.39 4.45 9.97 3.91 1.46 2.52 0.67 0.20 0.03 1.5 481 56.3 33.4 0.3 52.3 6.6 3.5 2.4 20.6 7.1 4.4 1.3
71535 LASDDH8 −214.05 −215 48.83 15.37 13.08 3.91 7.66 4.63 2.19 2.89 1.15 0.27 0.01 1.7 642 76.9 26.2 7.8 24.8 9.6 5.2 3.3 20.7 10.0 6.0 1.9

Lascano alkaline series
(trachyandesites)

71611 LASDDH8 −738.55 −739.55 55.26 17.01 10.91 1.29 4.49 5.70 3.37 1.28 0.41 0.26 0.01 4.0 764 97.7 7.6 0.2 14.6 13.2 8.3 3.6 28.9 12.2 11.8 2.7
71617 LASDDH8 −744.55 −745.55 55.57 16.35 11.09 1.51 4.65 5.64 3.02 1.40 0.47 0.30 0.00 2.9 714 92.4 8.7 0.5 19.2 12.5 7.6 3.6 24.4 12.0 11.6 2.6
71619 LASDDH8 −746.55 −747.55 56.05 16.17 11.04 1.48 4.48 5.40 3.23 1.39 0.47 0.27 0.01 2.6 766 92.0 8.3 0.4 18.3 12.3 7.7 3.6 25.1 11.7 11.6 2.6

Lascano alkaline series
(trachydacites)

73442 LASDDH6 −677.35 −678.25 60.15 15.99 8.24 0.51 2.56 5.16 6.28 0.74 0.14 0.22 0.00 2.0 635 69.5 1.3 0.3 5.6 8.1 4.8 2.3 24.2 7.9 7.7 1.6
73083 LASDDH2 −149.1 −150.1 61.42 15.11 8.33 0.38 2.64 5.55 5.56 0.69 0.13 0.19 0.01 2.2 284 81.3 1.4 0.8 7.8 9.1 5.2 1.7 18.3 8.4 8.2 1.8
71577 LASDDH8 −549.65 −550.65 63.31 15.89 6.95 0.35 2.07 5.51 5.28 0.43 0.05 0.17 0.00 2.0 462 117.4 0.5 0.4 5.1 14.8 9.2 2.2 28.3 13.3 16.3 3.1

Arrayán olivine basalts 73103 LASDDH4 −458.6 −459.6 47.78 15.20 11.27 9.67 9.84 2.89 1.00 1.50 0.62 0.16 0.07 5.8 583 61.6 45.9 9.4 55.9 3.3 1.5 1.6 16.3 4.1 3.5 0.6
73102 LASDDH4 −420.5 −421.5 49.49 14.83 11.48 6.78 12.35 2.74 0.69 1.23 0.23 0.16 0.04 8.1 249 24.6 42.4 2.6 120.8 3.2 1.6 1.2 15.9 3.3 2.2 0.6
73101 LASDDH4 −205.5 −206.5 49.68 15.76 10.06 8.19 8.84 2.98 1.89 1.82 0.59 0.13 0.06 5.7 598 55.3 37.4 3.3 48.1 3.4 1.8 1.6 16.6 4.3 4.3 0.7

Pre-Є gneiss (PGN) 71979 Surface 6222863 617933 70.96 14.48 3.64 0.82 2.08 3.16 4.12 0.51 0.17 0.06 0.00 2.1 1596 98.1 9.3 19.4 5.0 3.6 2.1 1.5 17.0 4.1 6.9 0.7
Pre-Є granodiorite (STGD) 71986 Surface 6247336 695338 75.11 13.53 2.15 0.28 0.46 3.15 4.90 0.25 0.13 0.05 0.00 1.1 248 88.2 1.9 32.7 2.0 5.8 3.6 0.6 22.3 5.4 4.7 1.2
Volcanic clasts in

Quebracho
Conglomerate

73054 LASDDH4 −398.2 −402.4 53.74 15.11 11.75 5.04 8.40 3.46 0.70 1.40 0.19 0.17 0.03 6.1 312 34.2 36.8 0.9 63.3 4.3 2.5 1.3 18.8 4.6 3.3 0.9
73055 LASDDH4 −404.45 −406.45 54.44 14.19 12.78 4.99 7.30 2.78 1.16 1.89 0.22 0.23 0.01 5.8 379 61.3 40.0 0.9 35.6 6.6 3.8 1.7 20.9 6.9 5.7 1.3
73056 LASDDH4 −218.4 −233 57.96 13.24 10.95 5.44 6.60 3.34 0.77 1.35 0.15 0.19 0.01 7.6 459 52.7 39.0 1.1 47.2 5.5 3.2 1.4 21.2 5.9 4.9 1.2

Notes: Coordinates in Gauss-Krugger, DatumYacaré. Location of Drillholes in theAppendix.Major elementsweremeasured at ACME labs using a Spectro Ciros®Vision ADS500 ICP-OES and reported as oxideswith a 0.002 to 0.04 wt.% detection limit.
Trace elements were measured with an Elan® 9000 ICP-MS and detection limits vary between 0.01 and 0.5 ppm for most of the elements (see Appendix). n.d. = no data. BDL = below detection limit. Pre-Є = Precambrian.
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Table 2
Selected representative chemical analysis.

Lithogeochemical unit La
ppm

Lu
ppm

Mo
ppm

Nb
ppm

Nd
ppm

Ni
ppm

Pb
ppm

Pr
ppm

Rb
ppm

Sc
ppm

Sm
ppm

Sn
ppm

Sr
ppm

Ta
ppm

Tb
ppm

Th
ppm

Tm
ppm

U
ppm

V
ppm

W
ppm

Y
ppm

Yb
ppm

Zn
ppm

Zr
ppm

143Nd/
144Nd

87Sr/86Sr 87Sr/86Sr
(*130 Ma)

143Nd/
144Nd
(*130 Ma)

Treinta y Tres basalts 15.7 0.4 0.1 7.3 20.1 48.0 1.6 4.8 34.2 33 4.9 1.0 263.3 0.4 0.9 2.0 0.5 0.4 272 BDL 29.4 2.9 58 148.0 0.512475 0.708977 0.708299 0.512346
14.4 0.4 BDL 6.4 18.2 43.0 1.8 4.3 34.8 39 4.2 1.0 187.9 0.4 0.8 3.2 0.5 0.5 282 BDL 26.8 2.9 38 143.8 n.d. n.d. n.d. n.d.
24.7 0.4 BDL 9.0 28.3 28.0 2.6 6.7 59.7 31 5.7 BDL 204.0 0.5 0.9 5.8 0.5 0.8 205 BDL 30.5 3.0 57 178.9 n.d. n.d. n.d. n.d.

Carbonera
gabbros-basalts

3.0 0.3 0.1 3.4 5.1 109.0 0.6 1.0 6.0 46 1.6 BDL 180.1 0.2 0.4 0.5 0.3 BDL 298 BDL 15.8 1.6 37 39.3 n.d. n.d. n.d. n.d.
10.2 0.3 1.5 8.3 12.1 162.0 3.3 2.9 18.4 36 2.7 1.0 211.7 0.4 0.6 3.2 0.4 0.4 222 0.6 21.6 2.2 47 71.0 0.512325 0.711326 0.710962 0.512204
15.1 0.5 0.3 11.3 18.4 93.0 2.8 4.3 39.3 35 4.2 2.0 191.0 0.7 0.8 3.5 0.5 0.7 218 0.5 29.8 3.0 46 132.5 n.d. n.d. n.d. n.d.

San Miguel granodiorite
granophyres

41.1 0.9 1.5 25.1 40.4 21.0 5.8 10.7 135.6 20 8.6 3.0 120.1 1.7 1.5 13.2 0.9 2.0 89 1.4 57.7 5.6 80 320.2 n.d. n.d. n.d. n.d.
45.3 0.9 0.9 28.3 44.9 BDL 10.2 11.3 168.9 13 9.1 3.0 89.0 1.7 1.6 15.9 1.0 2.2 48 1.9 58.7 5.7 60 353.7 0.512215 0.723291 0.719945 0.512107
45.3 0.9 0.9 28.3 44.9 BDL 10.2 11.3 168.9 13 9.1 3.0 89.0 1.7 1.6 15.9 1.0 2.2 48 1.9 58.7 5.7 60 353.7 n.d. n.d. n.d. n.d.
50.2 0.7 1.7 41.9 45.3 BDL 11.3 12.1 253.1 9 8.3 5.0 91.1 2.8 1.4 27.7 0.8 4.0 50 1.5 48.7 5.0 55 573.8 n.d. n.d. n.d. n.d.

Las Averías rhyolite
ignimbrite

55.8 0.8 0.7 22.5 50.3 BDL 7.6 13.8 169.0 13 10.1 3.0 87.8 2.6 1.6 17.2 0.8 2.7 29 1.6 48.5 4.8 69 357.6 n.d. n.d. n.d. n.d.
55.8 0.8 0.7 22.5 50.3 BDL 7.6 13.8 169.0 13 10.1 3.0 87.8 2.6 1.6 17.2 0.8 2.7 29 1.6 48.5 4.8 69 357.6 0.512070 0.735566 0.732218 0.511963
67.9 0.8 0.8 22.1 70.2 BDL 5.1 17.5 181.7 12 12.7 3.0 118.7 1.4 1.9 18.6 0.9 2.5 32 1.6 65.1 5.9 71 356.2 n.d. n.d. n.d. n.d.

India Muerta rhyolites 64.3 1.8 3.0 78.8 68.9 BDL 7.3 16.7 141.0 9 13.3 6.0 81.9 4.3 2.7 15.3 1.8 2.9 16 0.9 103.2 12.3 92 724.3 n.d. n.d. n.d. n.d.
80.1 1.0 0.2 33.5 80.8 BDL 3.6 21.2 206.9 6 15.4 4.0 111.5 1.9 2.2 24.0 1.1 2.7 BDL 0.6 65.8 6.6 24 378.5 0.512109 0.725871 0.721772 0.512007
80.1 1.0 0.2 33.5 80.8 BDL 3.6 21.2 206.9 6 15.4 4.0 111.5 1.9 2.2 24.0 1.1 2.7 BDL 0.6 65.8 6.6 24 378.5 n.d. n.d. n.d. n.d.
63.5 0.9 0.6 26.0 66.2 BDL 3.0 17.4 187.1 7 12.0 3.0 122.6 1.9 1.7 15.6 0.9 2.1 BDL 0.7 54.6 5.7 29 482.9 n.d. n.d. n.d. n.d.

Valle Chico syenites 57.6 0.8 1.8 55.5 54.2 BDL 14.1 14.1 163.4 13 10.0 3.0 222.7 3.5 1.6 12.2 0.9 2.5 33 1.0 55.0 5.3 73 445.8 n.d. n.d. n.d. n.d.
58.2 0.6 3.1 76.8 47.7 20.0 5.2 12.8 133.1 14 8.3 4.0 294.6 4.2 1.2 7.8 0.7 1.4 71 0.8 38.9 4.1 58 409.3 n.d. n.d. n.d. n.d.

Salamanca rhyolites 228.9 1.3 0.8 94.0 189.4 20.0 23.6 54.7 212.4 1 27.4 6.0 24.2 5.7 2.8 21.9 1.4 3.6 46 0.6 89.4 8.9 80 644.2 n.d. n.d. n.d. n.d.
51.3 0.7 2.0 35.4 41.8 20.0 7.1 12.2 155.5 1 8.4 4.0 29.1 2.0 1.5 15.8 0.8 2.2 10 0.5 54.5 5.2 61 393.7 n.d. n.d. n.d. n.d.

Coronilla gabbros
and basalts

16.3 0.6 0.7 23.8 23.5 25.0 1.2 5.2 18.2 50 5.8 1.0 263.3 1.3 1.2 2.7 0.7 0.5 631 BDL 42.1 4.2 74 152.7 n.d. n.d. n.d. n.d.
16.5 0.6 0.5 25.3 22.2 22.0 0.6 4.8 23.0 38 5.6 1.0 289.4 1.5 1.2 2.5 0.7 0.6 349 1.5 40.0 4.1 65 174.4 0.512595 0.706432 0.705977 0.512460
15.3 0.6 0.4 22.8 18.5 62.0 0.6 4.3 19.5 34 4.8 2.0 319.9 1.4 1.1 2.3 0.6 0.5 329 61.4 35.4 3.6 57 154.4 n.d. n.d. n.d. n.d.

Lascano alkaline series
(trachybasalts)

28.1 0.5 1.9 49.5 31.6 BDL 2.5 7.3 25.8 23 6.8 1.0 555.1 2.9 1.2 3.4 0.6 0.9 260 0.6 35.8 3.2 75 174.6 n.d. n.d. n.d. n.d.
28.1 0.5 1.9 49.5 31.6 BDL 2.5 7.3 25.8 23 6.8 1.0 555.1 2.9 1.2 3.4 0.6 0.9 260 0.6 35.8 3.2 75 174.6 0.512697 0.704740 0.704229 0.512582
36.4 0.7 2.3 65.7 43.3 BDL 1.9 9.9 47.2 21 9.8 2.0 445.6 3.8 1.7 3.9 0.8 1.0 168 0.7 50.8 4.6 91 242.3 n.d. n.d. n.d. n.d.

Lascano alkaline series
(trachyandesites)

49.9 1.2 2.8 115.8 52.3 BDL 5.7 12.6 82.7 12 11.9 4.0 139.9 6.5 2.3 8.0 1.3 2.0 BDL 1.6 76.6 7.9 132 487.9 n.d. n.d. n.d. n.d.
47.2 1.1 3.2 106.6 50.6 BDL 4.9 12.1 89.9 13 11.5 3.0 227.0 6.0 2.2 7.4 1.2 2.1 BDL 1.9 73.3 7.5 109 453.5 n.d. n.d. n.d. n.d.
47.3 1.1 2.8 109.0 49.3 BDL 4.8 11.9 96.9 14 11.2 3.0 175.6 5.9 2.2 6.1 1.2 1.9 BDL 1.7 68.6 7.1 109 462.7 n.d. n.d. n.d. n.d.

Lascano alkaline series
(trachydacites)

34.4 0.8 3.2 71.3 34.0 BDL 5.7 8.7 144.7 9 7.6 3.0 140.3 4.3 1.4 6.7 0.8 1.6 BDL 0.6 41.3 4.8 79 308.8 n.d. n.d. n.d. n.d.
40.4 0.8 2.8 78.2 38.5 BDL 6.6 10.4 114.9 7 8.1 2.0 63.1 4.5 1.5 7.5 0.8 1.7 16 1.2 49.7 5.2 60 340.0 0.512633 0.740745 0.738469 0.512521
61.5 1.4 1.3 148.0 56.1 BDL 9.0 14.4 154.6 2 12.7 5.0 72.4 8.7 2.5 10.5 1.5 2.8 BDL 1.0 83.4 9.4 123 636.2 n.d. n.d. n.d. n.d.

Arrayán olivine basalts 36.1 0.2 2.0 75.6 25.3 188.0 2.7 6.9 16.3 26 4.6 BDL 708.9 4.0 0.6 4.8 0.2 1.4 186 0.7 16.2 1.4 49 161.0 0.512636 0.704614 0.704292 0.512539
12.5 0.2 0.4 17.9 13.0 87.0 2.8 3.2 27.3 32 3.3 BDL 432.4 1.0 0.6 1.5 0.2 0.5 205 0.7 16.3 1.5 53 77.0 n.d. n.d. n.d. n.d.
31.0 0.3 1.3 55.7 24.9 161.0 2.6 6.5 31.1 24 5.1 BDL 587.9 4.1 0.7 4.7 0.3 1.3 168 0.8 18.5 1.6 56 171.5 n.d. n.d. n.d. n.d.

Pre-Є gneiss (PGN) 36.4 0.3 0.2 10.4 31.5 20.0 7.1 8.4 177.6 7 5.2 7.0 380.8 0.4 0.6 6.1 0.3 1.3 46 1.8 17.8 1.8 45 269.6 n.d. n.d. n.d. n.d.
Pre-Є granodiorite

(STGD)
39.3 0.7 0.7 35.8 35.5 20.0 6.2 9.8 444.9 4 7.0 23.0 57.2 6.5 1.0 28.3 0.6 6.9 12 7.8 36.1 4.5 28 160.6 n.d. n.d. n.d. n.d.

Volcanic clasts in
Quebracho
Conglomerate

20.1 0.3 0.3 18.8 20.7 84.0 3.1 4.8 21.8 31 4.2 1.0 366.0 0.9 0.8 2.6 0.4 1.0 233 1.0 30.6 2.4 48 114.3 n.d. n.d. n.d. n.d.
31.9 0.6 0.1 15.7 34.3 37.0 7.7 8.3 35.7 35 7.1 2.0 274.5 0.9 1.3 8.2 0.6 1.8 298 0.6 44.7 3.6 41 199.3 n.d. n.d. n.d. n.d.
26.0 0.4 0.2 10.3 29.8 29.0 7.1 7.2 27.8 33 6.2 1.0 353.7 0.5 1.0 6.4 0.5 1.4 257 0.4 37.7 3.1 55 170.0 n.d. n.d. n.d. n.d.

Table 2 (continued)
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Table 3
Isotopic ages for the Merín Basin.

Formation Lithogechemical unit Location (+) drillhole
and depth or surface
coordinates

Sample
number

Method Mineral Plateau age/
weighted
mean (⁎)

MSWD Author

Lascano alkaline series gabbro LASDDH7 219 m 80002 40Ar/39Ar plg 127.8 ± 0.9 0.57 This paper
Valle Chico syenites 611045 mE 6244062mN 93-L-59 n.d. 133.0 ± 0.8 1.0 Stewart et al. (1996)

n.d. Mar-55 U/Pb zirc 128.1 ± 1.8 n.d. Lustrino et al. (2005)
n.d. VC-93 128 ± 2 n.d. Muzio et al. (1999)

Arequita India Muerta rhyolites LASDDH1 407 m 80006 40Ar/39Ar san 129.1 ± 0.5 0.31 This paper
LASDDH3-329 m LASRV U–Pb zirc 131.10 ± 0.73 0.73 This paper (LaserChron)

Salamanca rhyolites 632827 mE 6253353mN 93 L28 40Ar/39Ar san 127.0 ± 0.6 1.00 Stewart et al. (1996)
Las Averías rhyolite
ignimbrites

LASDDH4 637 m 79992 plg 129.0 ± 0.6 0.18 This paper
643981 mE 6268555mN 93 L107 san 128.1 ± 0.6 1.7 Kirstein et al. (2001b)
642680 mE 6268353mN 93 L105 129.7 ± 1.7 0.7
646009 mE 6273850mN 93 L112 128.3 ± 1.2 0.3
644024 mE 6265226mN 93 L118 128.1 ± 0.8 2.3

San Miguel granodiorite
granophyres

LASDDH5 200 m 79999 U–Pb zirc 133.97 ± 0.75 1.08 This paper (OSU)
707225 mE 6271843mN SM049 130.3 ± 1.5 0.94
704158 mE 6271391mN SM004 135.0 ± 1.5 1.30
LASDDH8 791 m LASGR 134.25 ± 0.56 1.08 This paper (LaserChron)

Puerto Gómez / Mariscala High Nb basalts
[Coronilla / Carbonera ?]

632827 mE 6253353mN 93 L53 40Ar/39Ar plg 131.4 ± 0.7 1.5 Stewart et al. (1996)
632827 mE 6253353mN 93 L47 132.7 ± 1.0 1.0 Stewart et al. (1996)

Treinta y Tres basalts LMD1 434 m 71907 126.9 ± 0.9 0.04 This paper
624150 mE 6249923mN 93 L93 133.1 ± 0.6 1.60 Stewart et al. (1996)
613479 mE 6237084mN 93 L42 131.4 ± 0.6 2.0 Kirstein et al. (2001b)

Abbreviations: plg (plagioclase), san (sanidine), zirc (zircon), N.D. (no data), MSWD (Mean StandardWeighted Deviation). Notes: (*) Isotopic ages reported with 2stdev. (+) Location in
Gauss-Krugger, Datum Yacaré. Location of drillhole collars in Appendix.

Fig. 4. Total alkalis (K2O + Na2O) versus silica (SiO2) (Le Maitre et al., 1989) showing the
alkaline/sub-alkaline boundary (Irvine and Baragar, 1971). Only the freshest samples
(screened using a Na/Al versus K/Al molar plot) were used to construct this diagram.
Three apparent trends are show by the dashed lines: two bimodal trends (one sub-
alkaline and one transitional or mildly alkaline) and one continuous alkaline trend.
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5.1. Geology, geochemistry and isotopic ages

5.1.1. Sub-alkaline rocks
This group generally presents the oldest isotopic ages in the Merín

basin. The sub-alkaline basalts of Paraná affinity are the only basalts ex-
posed in the Laguna Merín basin and include the Treinta y Tres basalts
(Nb/Zr = 0.051) and the Carbonera basalts (Nb/Zr = 0.090). Both
units lie at the same stratigraphic position and are usually aphanitic or
present fine-grained plagioclase phenocrysts. They occur as thin, 3 to
10 m thick, lava flows in low relief areas and are overlain by rhyolites
nearValle Chico and LascanoEast andWest. In the subsurface at Lascano
East the Treinta y Tres and Carbonera lavas are volumetrically dominant
in the periphery of the complex and have composite thicknesses up to
600 m for Treinta y Tres and up to 350 m for Carbonera. Here,
hyaloclastically fractured basalt Treinta y Tres lavas (LASDDH4) pro-
vides the only evidence for underwater volcanism in the basin.

Whereas the Treinta y Tres basalt type has only been observed as
lavas, the Carbonera compositional type also characterizes fine- to
medium-grained equigranular gabbro sill-like bodies that intrude the
San Miguel granodiorite granophyres. Other Carbonera exposures in-
clude some on the northeastern edge of the basin in the San Miguel
hills, and in drillhole core from Lascano East where the gabbro sills
have thicknesses that range from 1 to 200 m. Both Carbonera gabbros
and San Miguel granodiorites are found as xenoliths in the other unit,
indicating broadly synchronous emplacement. The identification of
the xenoliths as Carbonera gabbros is supported by the similar major
and trace element analyses (Fig. 5 and Appendix). The 40Ar/39Ar ages
of the Treinta y Tres basalts and Carbonera basalt and gabbro and the
U–Pb in zircon ages of the San Miguel granodiorite range from
133.97 ± 0.75 to 130.3 ± 1.5. From these units, only one sample of a
Treinta y Tres basalt yields a younger age of 126.9 ± 0.9 and its signifi-
cance is discussed below.

The sub-alkaline Las Averías rhyolites have Nb/Zr values of ~0.065
and comprise a diverse unit.Whereas quartz and/or feldspar porphyritic
ignimbrites and rheomorphically deformed ignimbrites containing
fiammé, glass shards and lithic clasts dominate at Lascano West
exposures; ignimbrites, pyroclastic breccias, vitrophyres and banded
feldspar porphyritic rhyolites (flows or volcaniclastic sedimentary
rocks) dominate at Lascano East. The Las Averías rhyolites overlie the
Carbonera basalt. The rhyolites have a stratigraphic thickness up to
200mwhere they are exposed as a topographic ring of outcrops that de-
fine the margins of the Lascano East and West ring structures, which
furthermore correspond to the circular geophysical anomalies. At
Lascano West, the contact of the Las Averías rheo-ignimbrites with the
underlying Carbonera basalt lavas, as well as the compaction foliation
of rhyolites dip at 2° to 10° towards the center of the ring complex
and potentially record deformation related to caldera collapse (Rosello



Fig. 5. Zr versus Nb plot of fresh and unaltered rock samples displays linear compositional trends that distinguish several different lithogeochemical units within the igneous rocks of the
Laguna Merín basin. The average Nb/Zr ratios and ratio lines are shown for each lithogeochemical group.
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et al., 1999; Conti, 2008). The 40Ar/39Ar ages of these rhyolites range
from 129.7 ± 1.7 to 128.1 ± 0.6 Ma, and are therefore mostly younger
than the isotopic ages of the Carbonera basalts and gabbros and related
granodiorites (Table 3). In drill core at Lascano East, the Las Averías rhy-
olites are up to 200 m in thickness and were observed in other strati-
graphic positions that include intercalated with Treinta y Tres basalts
(LMD1, LASDDH2), on top of Treinta y Tres but underneath Carbonera
basalts (LASDDH3), and intercalated with Coronilla basalts (e.g.
LASDDH6), which indicates an overlapping age with the basalts.

5.1.2. Transitional rocks
Based on cross-cutting relationships and isotopic ages, the transi-

tional rocks generally overlap or post-date the sub-alkaline rocks but
pre-date the alkaline rocks. These units also have Nb/Zr ratios and
trace element concentrations intermediate between the sub-alkaline
and alkaline groups (Figs. 5, 6).

The Coronilla basaltic lavas are only observed at the subsurface in
the center of Lascano East where they are volumetrically dominant
(up to 600 m thick, e.g. LASDDH2). The basalts have diagnostic coarse-
grained euhedral plagioclase crystals, which in some cases have corrod-
ed edges. Equigranular gabbro sills 2 to 20 m thick and with similar
compositions cross-cut the basalts in the drill core (e.g. LASDDH2).
40Ar/39Ar ages of high Nb basalts that outcrop between Valle Chico
and Lascano West (Fig. 3, Stewart et al., 1996) and might correspond
to the Coronilla unit, range between 132.7 ± 1.0 and 131.4 ± 0.7 Ma,
and overlap in age with the sub-alkaline basalts. However, the Coronilla
basalts are also observed intercalated with Las Averías rhyolite ignim-
brites in the subsurface of Lascano East, which suggests an age younger
than 131 Ma.

The Salamanca rhyolites have Nb/Zr of 0.15 and a 40Ar/39Ar age of
~127.0 ± 0.6 Ma. Lavas of similar composition, in the vicinity of
Minas, Lavalleja, ~ 60 kmWest of the LagunaMerín basin have a report-
ed age of 131.9± 0.9Ma (Kirstein et al., 2000). Since these outcrops are
not part of the LagunaMerín basin, and the genetic relationship of these
lavas with the Salamanca rhyolites is unknown, this age is not
considered here. The Salamanca rhyolites range from feldspar and
quartz porphyritic to aphanitic and crop out in the elevated topography
around the Salamanca caves and other localities surrounding the central
syenites of the Valle Chico complex. Most outcrops consist of 1- to 3-m-
thick lava flow units, whereas some others contain broken quartz and
feldspar crystals that suggest a pyroclastic origin. Nonetheless, no
shards or fiammé were identified in these rocks. The less explosive
character of the Salamanca rhyolites in comparisonwith the Las Averías
rhyolites has beendiscussed byKirstein et al. (2001a). The contact of the
Salamanca rhyolites with the underlying Treinta y Tres and Carbonera
basalts as well as the contacts between Salamanca flows dip between
3° and 5° to the northwest, towards the center of the Valle Chico com-
plex. Narrow dikes (0.5- to 3-m wide) of similar chemical affinity in-
trude the Valle Chico syenites. They strike east–west and northwest–
southeast and dip 65° to 90° to the north or northeast (Lustrino et al.,
2005).

No Salamanca rhyoliteswere observed at LascanoEast, however, dikes
and sills of the newly defined IndiaMuerta rhyolites (Nb/Zr= 0.111) are
compositionally similar to Salamanca. The IndiaMuerta rhyolites contains
euhedral quartz and sanidine phenocrysts and forms 20 to 100 m thick
dikes and sills that cross-cut Las Averías rhyolite ignimbrites (LASDDH4),
Carbonera gabbros and San Miguel granophyres (LASDDH3), Treinta y
Tres basalts (LASDDH7) and Coronilla basalts (LASDDH6). The 40Ar/39Ar
and U–Pb zircon ages range between 131.10 ± 0.73 and 129.1 ± 0.5
and are older than the isotopic ages of the Salamanca rhyolites.

The Valle Chico syenites (Nb/Zr = 0.130) are exposed only in the
~20 km diameter center of the Valle Chico geophysical anomaly. Here,
we include the syenites in the transitional group; however, Lustrino
et al. (2005) reported local peralkaline compositions. Two U–Pb ages
for the Valle Chico syenites (128.1 ± 1.8 Ma, 128 ± 2 Ma) are younger
than the 40Ar/39Ar age 133 ± 2 Ma reported previously (Stewart et al.,
1996). No raw data, spectra or isochrons are available for this sample
and it is not possible to judge the quality of the age, however, based
on the stratigraphic and contact observations, we consider the U–Pb
ages as the best estimate of Valle Chico syenites.



Fig. 6.Nb/Zr versus SiO2 plot of fresh whole rock samples and comparisonwith compositional fields Treinta y Tres and Santa Lucía basalts, and Lavalleja and Aiguá rhyolites from Kirstein
et al. (2000), Marmarajá series fromGómez Rifas andMasquelin (1996), Tristan da Cunha basalts from le Roex et al. (1990) and gabbro–basalts from Okenyenya complex (Namibia) from
le Roex et al. (1996). The upper Nb/Zr limit for the Paraná lavas was calculated using data from GEOROC.
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5.1.3. Alkaline rocks
Based on cross-cutting relations these newly recognized alkaline in-

trusions are the youngest magmas in the basin, and the 40Ar/39Ar age of
one gabbro from the Lascano alkaline series is 127.8 ± 0.9 Ma. This
group also has a restricted Nb/Zr ratio frommafic to felsic rocks that av-
erages Nb/Zr = 0.23.

The Lascano alkaline series intrusions are only observed in drill holes
at the center of Lascano East. They cutmost of the sub-alkaline and tran-
sitional rocks intruding the Coronilla basalts (LASDDH2), the Las Averías
rhyolites (LASDDH6) and the San Miguel granodiorite granophyres
(LASDDH8). The trachyte dikes and sills range between 10 cm and
15 m wide, whereas the gabbro dikes and sills reach widths of up to
45 m. Similar trachyte dikes have been identified in outcrop at the cen-
ter of Valle Chico, where they cut the syenites.

The newly identified Arrayán olivine basalts (no isotope ages), have
the highest Nb/Zr ratios of the Cretaceous magmas of Uruguay
(0.18 b Nb/Zr b 0.47, Fig. 5). These basalts present distinctive 1 to
3 mm olivine phenocrysts partly altered to iddingsite. They were only
identified at the subsurface of Lascano East, as 1 to 5 m thick flows, im-
mediately northeast of the Lascano East ring structure. Here, a total of
120 m of basalt flows are intercalated with Quebracho conglomerates
and overlie sub-alkaline basalts and rhyolite ignimbrites (LASDDH4).

TheQuebracho Formation is newly defined here to include conglom-
erates and sandstoneswith angular to roundedmafic and felsic volcanic
clasts of up to 0.5 m diameter. This unit does not crop out but reaches
400 m thickness at the periphery of Lascano East. Up to 20 m thick
lenses of conglomerate, possibly age correlative but more likely older,
have been observed intercalated with the upper lavas of the Coronilla
basalts in the central zone of Lascano East (LASDDH7).

Three samples of basalt and rhyolite clasts from the Quebracho con-
glomerates (LASDDH4), have Nb/Zr ratios between the sub-alkaline and
transitional rock ratios, suggesting provenance from units of that com-
position (Fig. 5). These conglomerates are similar to the Cañada Solís
Formation from the Santa Lucía basin (De Santa Ana and Ucha, 1994).
However, the Cañada Solís conglomerates lie in a lower stratigraphic
position intercalated with Mariscala basalts.

5.2. Age of igneous rocks

The isotopic ages for the dated igneous rocks range between134 and
127 Ma, with some of the ages overlapping at two standard deviation
confidence interval. Nonetheless, when the ages are plotted according
to the geographical distribution of the samples and cross-cutting rela-
tionships are also taken into account, three age groups become evident
(Fig. 9). The magmatism generally evolved from an early phase domi-
nated by sub-alkaline basalts throughout the Laguna Merín basin, to
sub-alkaline felsic volcanic rocks and intrusions, and finally by transi-
tional and alkaline magmas localized near the individual ring com-
plexes. Sub-alkaline to transitional basalts and gabbro-granodiorite
dikes and sills (Carbonera, Coronilla and SanMiguel) dominate between
134 and 130 Ma and are found throughout the basin. Sub-alkaline rhy-
olite ignimbrites then erupted from 131.5 Ma to 127 Ma (Las Averías)
and dominate the areas of LascanoWest and East. Lastly, the transitional
to alkaline dikes, sills and plugs at Valle Chico and Lascano East range
between ~128 Ma to 127 Ma or possibly younger (Valle Chico syenites,
Salamanca rhyolites, Lascano alkaline series and India Muerta rhyo-
lites). The Arrayán olivine basalts were not dated, but their age is in-
ferred to be younger than ~127Ma based on cross-cutting relationships.

A few observations deserve further discussion. The ages of the
Treinta y Tres, Carbonera and Coronilla basalts are consistent with most
of the field observations that the Las Averías rhyolites stratigraphically
overly the basalts. Nonetheless, the exception is one age of ~127 Ma for
a Treinta y Tres basalt from Lascano East, which is younger than the age
of the Las Averías rhyolites. This age is consistent with field observations
of small volumes of the Treinta y Tres, Carbonera and Coronilla basalts
stratigraphically overlying the Las Averías rhyolites. We conclude that
the sub-alkaline to transitional basaltic magmatism dominated between
134 and 131 Ma but small volumes of this composition erupted as late
as 127Ma. Therefore, basaltswith similar chemical affinitywere probably
erupted at different ages in different parts of the basin. Furthermore, the
observed cross-cutting relations evidenced that the alkaline rocks post
date the sub-alkaline ones. However the 127 Ma age of one of the sub-
alkaline Treinta y Tres basalts overlaps with the isotopic ages of the
alkaline rocks suggesting that both types of magmatism were active at
the same time at least in some areas of the basin. Similarly, the mildly al-
kaline Valle Chico syenites and the Salamanca and IndiaMuerta rhyolites,
partially overlap in age with the sub-alkaline Las Averías rhyolite
ignimbrites.

Based on the isotopic ages, the Lascano alkaline series rocks are
younger than the India Muerta rhyolites, however, no cross-cutting ob-
servation confirm this hypothesis. At Valle Chico, the syenites intrude
the Salamanca rhyolitic lavas, but the isotopic ages of the two units



Fig. 7. Spider diagrams of whole rock trace element compositions plotted normalized to primordial mantle (McDonough et al., 1992), E-MORB and OIB (Sun andMcDonough, 1989). The
fields represent the variability of all the studied samples for each group. Valle Chico syenites and Salamanca and Las Averías rhyolites include samples fromKirstein et al. (2000). Tristán da
Cunha samples from le Roex et al. (1990), Gough island samples from le Roex (1985) and Okenyenya gabbros–basalts samples from le Roex et al. (1996).
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overlap at ~128 Ma and suggest they were both emplaced in a short
time. Furthermore, rhyolite dikes similar in composition to the Sala-
manca rhyolite lavas intrude the syenites.

5.3. Alkaline ring complexes

Each complex is bounded by a steep magnetic and gravity gradient
that is interpreted as vertical ring-fault. This fault bounds most of the
highly magnetic and denser rocks inside the complexes (Fig. 2C).
5.3.1. Valle Chico
The concentric ring pattern of the magnetic anomaly at Valle Chico

(Fig. 2B) could represent concentric intrusions of the highly magnetic
syenites (Table 1). This is supported by the currentmaps of the complex
that shows a central zone of coarse-grained quartz syenite rimmed on
the northeast by fine- to medium-grained quartz syenite and on the
southeast by syenite, quartz syenite and porphyritic trachyte (Muzio,
2000; Lustrino et al., 2005). Furthermore, the geophysical modeling by
Reitmayr (2001) and Ellis and Turner (2006), argue that the source of



Fig. 8. Cross sections over Lascano East and West showing interpreted geology at 3× vertical exaggeration. Inserts are shown with no vertical exaggeration. Dip directions of geologic
features are arbitrary since the core was not oriented.
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the aeromagnetic anomalies in the Laguna Merín basin is limited to
shallow crustal layers at b1 km depth. The syenites intrude the Sala-
manca rhyolites and are in turn cut both by rhyolitic dikes of Salamanca
composition and trachyte dikes of the Lascano alkaline series. Valle
Chico is the only location in the LagunaMerín basinwhere the Salaman-
ca rhyolites are exposed, which suggests this ring complex may be the
eruptive source of the Salamanca rhyolites.

5.3.2. Lascano East and West
The surface of LascanoWest and East complexes is dominated by Las

Averías rhyolite ignimbrites overlying Treinta y Tres and Carbonera ba-
salts. At Lascano West both the ignimbrites and basalts crop out along
and inside the inferred ring-fault but ignimbrites are not offset by the
fault. The ignimbrites dip 2° to 5° towards the center of the ring-
complex, and we interpret that they were erupted synchronously with
caldera collapse along the ring-faults

In both Lascano West and East the gentle gradient of the aeromag-
netic anomaly inwards from the ring-structure boundary reflects the
dip of the highly magnetic Treinta y Tres and Carbonera basalts
underneath the rhyolites (Fig. 4). In these complexes, the steepmagnet-
ic gradient along the ring-structure is marked by the change from posi-
tive magnetic anomaly inside against the negative magnetic anomaly
outside. Therefore, the position of the steep gradient is inferred to be
the ring-faulted outer contact of the magnetic basalts. This interpreta-
tion is further supported at Lascano East by drill-holes, located immedi-
ately inside the inferred ring fault, that intercepted large volumes of
Treinta y Tres and Carbonera basalts and minor Las Averías rhyolites
(LASDDH1, 3, LMD1). Most of the intercepted highly magnetic basalts
are lava flows. Nonetheless, since the magnetic anomalies in the ring
structure are broad zones and there are only three drillholes into the
ring structure, the possibility of highly magnetic ring dikes that were
missed by drilling is highly probable.

The large volumes of basalts and rhyolites at the rim of Lascano East
ring are intruded by SanMiguel granodiorite granophyres, sill-like bod-
ies of Carbonera gabbros, and India Muerta rhyolite dikes and sills
(LASDDH1, 3, 5). However, the center of the complex is composed of
thin sections of Las Averías rhyolites and Treinta y Tres basalts and
thick sections of Coronilla basalts. These units are not only intruded by



Fig. 9. A) 40Ar/39Ar and U–Pb isotopic ages of igneous rocks from the Laguna Merín basin ordered according to their geographic distribution. Error bars are two standard deviation. Data
from this study and from Kirstein et al. (2001b); Stewart et al. (1996); Muzio et al. (1999) and Lustrino et al. (2005) (see Table 3). B) Synthesis of themagmatic evolution of igneous rocks
in the Laguna Merín basin according to their geographic distribution, showing emplacement styles and relative age of units based on cross-cutting relations calibrated according to the
isotopic ages.
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San Miguel granodiorite granophyres (LASDDH8, 9) and Coronilla
gabbros (LASDDH2, 6, 7), but are also heavily intruded by the Lascano
alkaline series dikes and sills. Thus, the alkalinemagamtismwas focused
in the center of the complex.

The eruption of hundreds of meters of Coronilla basalts exclusively at
the center of the Lascano East complex suggests that this area was a to-
pographic low resulting from subsidence due to the caldera collapse.
These transitional basaltsmay represent post-collapsemafic intracaldera
magmatism.

The geology outside of the Lascano East complex is contrastingly dif-
ferent from the geology inside. The Las Averías rhyolites and Carbonera
basalts, encountered at the only drillhole outside of the Lascano East
complex (LASDDH4), are located in a deeper position relative to the
same lithologies inside the ring complex and are overlain by more
than 400 m of Quebracho conglomerates intercalated with the Arrayán
olivine basalts. These observations suggest that this boundary of the
Lascano East complex was a fault that down-dropped the outside rela-
tive to the inside after the extrusion of the Las Averías ignimbrites.
This is one of a pair of graben-bounding normal faults striking 250° to
260° along the north side of Lascano East that are inferred on the basis
of abrupt discontinuities in aeromagnetic and gravity data (Fig. 2B).
This graben is filled with the Quebracho conglomerates and Arrayán ol-
ivine basalts. The basalt and rhyolite clasts of the Quebracho Formation
have compositionsmatching the sub-alkaline andmildly alkaline rocks,
which are the most abundant rocks along the rim of the complex. Be-
cause no alkaline clasts were identified in the conglomerates, it is possi-
ble that the alkaline magmas of the Lascano series did not erupt or at
least were not exposed along the scarp at the rim of the complex.
5.3.3. San Luis
The San Luis complex produces the biggest magnetic and gravity

anomaly, but most of its geology is concealed, and no drill-hole data
are available. The only outcrops lie immediately south of the ring-fault
at its southern periphery. Small volumes of Carbonera basalts and sub-
alkaline rhyolites are intruded by San Miguel granodiorite granophyres
which are in turn cross cut by Carbonera gabbros sills.

5.4. Gravity anomalies and the mafic roots of the ring complexes

Reitmayr (2001) and Ellis and Turner (2006) calculated that the ob-
served gravity anomaly of the LagunaMerín basin could be explained by
density contrasts of at least 0.4 g/cm3. They estimated that the dense
rockswere located deeper than 1 kmand inferred that they possibly ex-
tended to the upper mantle. Above, we reported density contrasts that
range from 0.26 to 0.58 g/cm3 between gabbro and less dense volcanic
rocks. We propose that the gravity anomalies result from shallowly
emplaced and dense Carbonera, Coronilla and Lascano gabbro dikes,
sills and plugs, and additional underlying and more voluminous intru-
sions extending to more than 5 km depth.

An estimate of the thickness of the dense gabbroic rocks, can be cal-
culated using the Bouguer anomaly formula (Δg = 2π · G · Δρ · Δh),
whereΔg is the gravity anomaly,Δρ is the density contrast, G is gravita-
tional constant, and Δh is the thickness of the dense rock. To produce
the observed ~80 mGal positive gravity anomaly, the calculation re-
quires a 5 km thick body of dense rock with a ~0.4 g/cm3 density con-
trast. The thickness may be greater if we visualize that the upper part
of the complex is not one single intrusion, but a high density net of
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gabbro dikes and sills with intervening wall-rock screens. Similar inter-
pretations have been proposed by Bauer et al. (2003) for the ring com-
plexes of Damaraland in Namibia.
5.5. Petrogenesis

The magmatic diversity observed in the Laguna Merín basin rocks
cannot be explained simply by melting of a single source or by crystalli-
zation of a singlemagma.We propose that themagmatism evolved from
dominantly sub-alkaline, to transitional to alkaline and hypothesize an
evolution from large degrees of partial melt of a shallower N-MORB-
like mantle source to lower degrees of partial melt of a deeper OIB-like
source, coupled with crustal assimilation. A similar interplay between
N-MORB and OIB was proposed for the formation of alkaline basalts in
the Brazilian offshore rifts byMohriak et al. (2002) and different degrees
of partial melting of progressively deeper mantle sources, has been pro-
posed for Messum and some other complexes of the Damaraland prov-
ince by le Roex et al. (1996). An alternative hypothesis argues for
metasomatized lithospheric mantle melts as a more likely source than
a MORB-like source (Kirstein et al., 2000), however, the observed mag-
matic trace element enrichments are consistent with contributions of
crustal assimilants and deep and enriched mantle source materials.

To test the petrogenesis of the Laguna Merín igneous rocks, linear
magma mixing and fractionation/melting paths were calculated using
standard approaches (Rollinson, 1993). Fractional and equilibrium crys-
tallization paths were calculated for basalt with crystallizing proportions
of 50 wt.% plagioclase, 30 wt.% clinopyroxene, 10 wt.% orthopyroxene
and 10 wt.% olivine. Batch melting of lherzolite mantle was calculated
using starting proportions of 50% olivine, 23% orthopyroxene and 23%
clinopyroxene and 4 wt.% of an aluminum phase such as plagioclase or
spinel or garnet. Mineral–melt partition coefficients and mantle source
compositions were taken from Rollinson (1993), Salters and Stracke
(2004) and Gurencko and Chaudisson (1994). The results of the model-
ing are presented here using a Nb/Zr versus La/Sm plot (Fig. 10). Howev-
er, the results are similar for Ta, Hf, P, Ti, Sc, Y, Th and other rare earth
element ratios such as La/Yb and Dy/Yb.

The three groups of units, sub-alkaline, transitional and alkaline, cor-
respond to three different magmatic lineages that respond to an inter-
play between shallow and deep mantle melts and assimilation of
different crustal rocks. These lineages can be illustrated by mixing
lines between N-MORB and OIB mantle melts compositions with two
Laguna Merín basin wall-rocks of Neoproterozoic age that are possible
assimilants, the Santa Teresa granodiorite (STGD) and a granitic gneiss
(PGN) (Fig. 10B). The N-MORB starting composition was chosen over
an E-MORB composition, since the latter is too enriched to account for
some of the sub-alkaline mafic rocks that present lower Nb/Zr and La/
Sm compositions than an E-MORB (Fig. 10B). Therefore, the starting
composition could lie between and N-MORB and an E-MORB (near
primitive mantle), and could be a slightly enriched source relative to
N-MORB, or could be a N-MORB derived melt that experienced some
crystal fractionation (Fig. 10A).

Mixing between a shallowly derived mantle melt of N-MORB com-
position and the two sampledwall-rocks (i.e. crustal assimilation), asso-
ciated with crystal fractionation can explain the compositional
variability of the sub-alkaline and transitional rocks. Several intermedi-
atemixing lines could be fittedwith different proportions of assimilants
(e.g. 10% PGN + 90% STGD, 20% PGN + 80% STGD, etc.). An assimilant
composed of 80% PGN and 20% STGD is needed to explain the composi-
tion of the Treinta y Tres basalts, while an assimilant of 70% STGD and
30% PGN is needed for the Carbonera basalts (Fig. 10B). Both sub-
alkaline types of basalts require at least 20% of wall-rock contamination.
The sub-alkaline felsic rocks including the Las Averías rhyolites and the
San Miguel granodiorites have similar origin of mixed N-MORB and
PGN-STGD crust with an additional component of crystal fractionation
to produce higher La/Sm values (Fig. 10B,C).
The transitional Coronilla basalts plot close to the Carbonera basalts,
but displaced towards an OIB composition, which could suggest an in-
terplay between a N-MORB and a OIB source (Fig. 10B). The transitional
India Muerta and Salamanca rhyolites and the Valle Chico syenites form
a trend from the Carbonera and Coronilla gabbros–basalts towards an
assimilant composition intermediate between STGD and PGN
(Fig. 10C). Kirstein et al. (2001a) argues for an inhibition of the fraction-
ation of traceminerals like zircon due to the high halogen concentration
in the magmas, to explain the high Nb, Zr, and Th composition of some
of the felsic transitional rocks. As shown in Fig. 5, Nb and Zr concentra-
tions increase collinearlywithin the fractionation trendof each unit. The
same can be observed for Hf, Ta, Th and Y. This argues that both zircon
and minerals that incorporate Nb (biotite, titanite, rutile) did not crys-
tallize and are suppressed during the evolution of all the units, so that
elements like Zr and Nb behave incompatibly and increase as the
magmas evolve. Therefore, we think that the inhibition of the crystalli-
zation of these minerals had played a role in increasing the concentra-
tion of Zr, Hf, Th, Nb, Ta and Y in all the units, and not only in the
transitional felsic rocks as previously argued.

Mixing between a deeper mantle source (40% OIB) and a shallower
mantle source (60% N-MORB), or fractionated products of these, can
produce a starting composition for the Lascano alkaline series. These
compositions could represent physical mixtures between the two dif-
ferent magma sources, or lesser degree partial melting of a mantle
source of intermediate depth between shallow N-MORB and deep OIB
mantle source. The Arrayán olivine basalts have OIB character and are
sourced more deeply than the Lascano alkaline series at lesser degrees
of partial melting of an OIB mantle source.

Both the Arrayán basalts and the Lascano alkaline series composi-
tions require the assimilation of a third type of crust (not specifically
identified here) with both higher Nb/Zr and La/Sm ratios compared to
STGN and PGN (Fig. 10B). As pointed out before, the suppression of zir-
con and titanite crystallization played a significant role in increasing the
concentration of elements likeNb and Zr that remain incompatible even
at high degrees of fractionation. In this way, the composition of the un-
known assimilant could plot at lower Nb/Zr ratio in Fig. 10B. An alterna-
tive hypothesis to produce the high Nb/Zr and Nb/Th ratios of the
alkaline rocks is melting of a previously metasomatized subcontinental
lithospheric mantle as demonstrated by Pilet et al. (2008) for alkaline
basalts elsewhere.

In general, melting progressively greater depths produced a contin-
uum of melt compositions from Treinta y Tres, to Carbonera, to
Coronilla, to Lascano, to Arrayán basalts. We note that this magmatic
progression is in part a temporal progression, but that the field and geo-
chronology data suggest that there is no simple temporal progression
and that different compositions overlap in time. Fig. 11 illustrates that
the Dy/Yb ratio increases from the sub-alkaline, to transitional, to alka-
line gabbros\basalts, and reaches a maximum with the youngest
Arrayán olivine basalts. High Dy/Yb indicates a garnet-bearing mantle
source where garnet preferentially retains Y and heavy rare earths
such as Yb, evidencing the deepening of the melts sources. The similar-
ity of trace element contents of the Arrayán olivine basalts and the pres-
ent day volcanic rocks from Gough Island and Tristan da Cunha in the
southern Atlantic also supports the hypothesis that a deep OIB-like
source was involved in the magma production in the late stages of the
LagunaMerín basinmagmatism (Figs. 7B). The deepening of themantle
source is also accompanied by progressively lower degrees of partial
melting in order to explain the progressive enrichment of incompatible
elements from sub-alkaline to alkaline rocks (Fig. 7).

The Nd and Sr isotope data provide further evidence that variable
degrees of crustal assimilation contribute to all basic and silicic magmas
in the Laguna Merín basin (Fig. 12). Even the most primitive and least
contaminated samples, the Arrayán olivine basalt and the Lascano alka-
line series gabbro, yield relatively evolved isotopic compositions of
144Nd/143Nd ~0.5126 and 87Sr/86Sr ~0.705 that require a small crustal
component.
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The three magmatic linages identified with the trace element
modeling follow distinct paths in the 87Sr/86Sr versus 144Nd/143Nd
space (Fig. 12). The sub-alkaline rocks show a trend towards lower
143Nd/144Nd and higher 87Sr/86Sr (144Nd/143Nd ~0.5119, 87Sr/86Sr
~0.735) coincident with the isotopic compositions of the PGN (Basei
et al., 2010). The transitional rocks follow a similar trend, however,
they evolve to even lower 143Nd/144Nd and higher 87Sr/86Sr
(144Nd/143Nd ~0.5115, 87Sr/86Sr ~0.745), evidencing a different
crustal assimilant. Kirstein et al. (2000) and Lustrino et al. (2005) previ-
ously interpreted these two trends as the result of an upper crustal
assimilant for the sub-alkaline trend and a lower crust assimilant for
the transitional trend. In contrast, our model, the assimilant for the
sub-alkaline trend is the PGN, which is an exposed upper crustal lithol-
ogy. However, the isotopic composition of the assimilant for the transi-
tional magmatic trend remains unknown. The trace element modeling
suggests the STGD is a likely assimilant, however, no isotopic data is
available for STGD.

Only two samples from the Lascano alkaline series were analyzed, a
gabbro and a trachyte, and they appear to form a different and third
trend, not previously recognized, at higher 143Nd/144Nd (~0.5125) but
with the trachyte also having a very high 87Sr/86Sr, of ~0.738. This isoto-
pic trend evidences a third and unknown crustal assimilant, that is con-
sistent with the trace element modeling. At present, there is isotopic
data only for the PGN but not other crustal basement lithologies.

5.6. Comparison with the Namibian complexes

Based on plate tectonic reconstructions for the South American and
African plates at ~133 Ma, the Damaraland and Lüderitz alkaline prov-
inces in Namibia were very close in space to the Laguna Merín basin
during the early Cretaceous (Franke et al., 2007; Fig. 13). These com-
plexes present similar size and structure, stratigraphy, and geometry
of intrusions to the Laguna Merín complexes, and were emplaced be-
tween 133 and 124Ma (Pirajno, 1994). They lie in the Paraná–Etendeka
igneous province and are thought to be related to opening of the South
Atlantic and the Tristan da Cunha hot spot magmatism.

The closest similarity between the Uruguayan and Namibian com-
plexes is found in their geochemical compositions. For example, the
Nb/Zr ratios of the sub-alkaline lithologies of the Okenyenya complex
(formerly Okonjenje, SACS, 1980) range from 0.08 to 0.14 and overlap
with the Nb/Zr ratios (0.05 to 0.10) reported in this study from the
Laguna Merín basin. In contrast, the alkaline gabbros of the Okenyenya
complex have a higher Nb/Zr ratio of 0.22, which is similar to the
Lascano alkaline series from Laguna Merín (0.23), and very distinct
from the low Nb/Zr ratio of the sub-alkaline rocks (Fig. 6). Similarly,
the Nd and Sr isotopic compositions and trends of the Laguna Merín
basin rocks overlapwith the composition and trends of the Damaraland
complexes (Fig. 12). The similarity of these chemical signatures, which
primarily reflect the magma sources, together with the geochronologi-
cal and paleotectonic reconstruction, indicates that the magmatism in
LagunaMerín, Damaraland and Lüderitz was broadly contemporaneous
Fig. 10. Nb/Zr versus La/Sm ratio diagrams showing A) Melting and fractionation experi-
ments showing that a unique magmatic source cannot explain the magmatic diversity
found in the LagunaMerín basin. Thedark greyfield shows the envelope of all the fractional
and batch melting experiments of a plagioclase, spinel and garnet lherzolites of primitive
mantle composition. The light greyfields show all the fractional and equilibrium crystalliza-
tion experiments of an average basalt from a N-MORB, E-MORB and OIB composition. The
inset shows the individual melting and fractionation experiments at 5% increments.
B) Whole rock composition of fresh mafic rocks samples from the Laguna Merín basin
plot on top of or between mixing lines between N-MORB, OIB and possible crustal
assimilants: STGD (Neoproterozoic Santa Teresa granodiorite) and PGN (Proterozoic gneiss
from Cuchilla Dionisio terrane). Mixing lines are shown at 10% increments. C) Mafic rock
compositions shown in B are now shown as fields, and felsic rocks compositions are plotted
individually. The sub-alkaline and transitional rocks plot between N-MORB, PGN and STGD
whereas the alkaline rocks plot between N-MORB, OIB and an unknown assimilant of
higher Nb/Zr and La/Sm concentrations.



Fig. 12. Isotope ratio plot showing that all the rocks from the Laguna Merín basin show
high 87Sr/86Sr and low 144Nd/143Nd, ratios evidencing abundant crustal assimilation in
their petrogenesis. The compositions are comparable to similar complexes from the
Damaraland Alkaline Province in Namibia shown as fields (from Lustrino et al., 2005).
The sub-alkaline, mildly alkaline and alkaline rocks show different evolutionary trends
in the isotopic space, with the sub-alkaline rocks overlapping with the available isotopic
compositions of the Proterozoic wall-rock (data from Basei et al., 2011).
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and probably linked to similar melt sources, evolutionary paths, and
emplacement mechanisms.

In contrast to the well-exposed and partially eroded Nambian alka-
line complexes, Uruguayan complexes are, except Valle Chico, poorly
exposed and partly buried by young sedimentary deposits and largely
expose the near surface volcanic sequence and not the subvolcanic in-
trusions. This is consistent with the southern end of the African plate
experiencing uplift after the Gondwana break up whereas the South
American plate remained more stable and low-lying as described by
Moore et al. (2009). Therefore, speculations about the geology of the
deeper and concealed parts of the complexes in the Laguna Merín
basin can be guided by comparison with the better-exposed complexes
of Damaraland.

First, the Damaraland complexes show roughly circular and steep-
sided positive gravity and magnetic anomalies, of the same intensity
to the ones in Laguna Merín, (e.g. Eberele et al., 2002; Bauer et al.,
2003). The SIMBA seismic reflection transect over theMessum complex
(Bauer et al., 2003) shows a heavily intruded root zone of cylindrical
shape that extends to the Moho at ~40 km. The authors interpret this
geophysical response as a network of mafic dikes, sills and small intru-
sions occupying 30% of the crustal column, and which increases in vol-
ume from 20 km to the Moho. The work of Bauer et al. (2003)
supports the hypothesis that the gravity anomalies in the Laguna
Merín basin are caused by a network of gabbroic dikes and sills and pos-
sible deeper intrusions inside each complex, and that these extend
deeply into the crust.

Second, the complexes of the Damaraland present diverse litholo-
gies that range from oversaturated complexes with granites and sye-
nites, mixed oversaturated–undersaturated with carbonatites and
undersaturated with carbonatites (Kinnaird and Bowden, 1991). With
this in mind, the two concealed complexes in Laguna Merín, Lascano
West and San Miguel, could be composed of different lithologies com-
pared to the ones identified in Valle Chico and Lascano East.

Finally, the Messum ring complex exposes an inwardly gently dip-
ping series of gabbro–rhyolite sill-like bodies and a younger central
nepheline syenite, and this complex is the apparent source of the local
sub-alkaline basalts, rhyolites, and alkaline rhyolites. Therefore, Messum
is potentially a goodmodel for the ring complex at 0.5–1 kmdepth below
Lascano East and West, and was used to model Lascano-East (Fig. 14).
6. Conclusions

The magmatic evolutionary model in temporal panels shown in
Fig. 14, illustrates the genesis of the Lascano East complex. Based on
the observations presented above, the genesis of Lascano West is likely
similar.
Fig. 11. Dy/Yb ratio for different mafic lithogeochemical units grouped according to their
alkalinity. This trend reflects a progressive deepening of themantle source and/or smaller
degrees of partial melting from the sub-alkaline gabbro–basalts to the younger alkaline
gabbro–basalts.
Rifting related to the opening of the South Atlantic produced as-
thenospheric ascent and decompression, which triggered partial melt-
ing to produce basaltic magmas at different depths. The early stages
Fig. 13. Paleogeographical reconstruction of southern Gondwana at ~133 Ma taken from
Jokat et al. (2003), Macdondald et al. (2003) and Franke et al. (2007) (Azimuthal equal
area projection centered at 40° S, 0° E) showing Paraná–Etendeka large igneous province,
the Laguna Merín basin and its intrusive complexes in Uruguay, Damaraland intrusive
complexes (location from Google Earth, Milner and le Roex, 1996; Pirajno, 2009) and
Lüderitz intrusives complexes (locations from Pirajno, 1994) in Namibia. Ticks show
present day latitude and longitude in WGS84. Insert shows present day geography and
location of Tristan da Cunha island.
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were dominated by large degrees of partialmelt of a shallow-source and
were broadly tholeiitic. Thesemelts assimilated gneisses and granitoids
of the Proterozoic Cuchilla Dionisio terrane together with crystal frac-
tionation generated the sub-alkaline magmatic rocks. They erupted be-
tween 134 and 131 Ma as the Treinta y Tres and Carbonera sub-
alkaline basalts and possibly minor amounts of the transitional
Coronilla basalts. After the first eruptions, the San Miguel granodio-
rite granophyres, products of extensive crustal melting and mixing
with basalt, and the Carbonera gabbros intruded shallowly and prin-
cipally as sill-like bodies.

At least two shallow silicic magma chambers developed in the
Lascano East and West ring complexes, and erupted to form the Las
Averías rhyolite ignimbrites between 131.5 and 128 Ma. The volumi-
nous Las Averías rhyolite ignimbrites rapidly erupted, emptied themag-
matic chambers, and produced caldera collapse along ring-faults. This
collapse caused sagging and the inward tilting of the Treinta y Tres
and Carbonera basalts and Las Averías ignimbritc rhyolites inside the
Lascano East and West calderas. These ignimbrites were deformed to
dip gently inward during the subsidence of the caldera floor. Less volu-
minous batches of the sub-alkaline basalts of Treinta y Tres and
Fig. 14. Simplified evolution of themagmatism in the LagunaMerín basin and Lascano East repr
inated by the extrusion of large volumes of sub-alkaline basalts and associated gabbros and gra
time. 2A) Formation of sub-alkaline felsicmagma chambers in Lascano East andWest and extru
calderas and the formation of ring-faults followed by intra-caldera extrusion of sub-alkaline to
Lascano alkaline series reutilizing the sub-alkaline feeder zones and the ring-faults. 4) Waning
outside of the complex.
Carbonera were extruded at this time intercalated with individual Las
Averías ignimbrite eruptions.

At the same time, the Coronilla basalts lavas erupted inside the
Lascano East caldera, as part of the intracaldera magmatism, and were
accompanied by the emplacement of chemically similar gabbro dikes
and sills.

In the final stages, between 128 and 127Ma, the India Muerta rhyo-
lite dikes were emplaced and were followed by the Lascano alkaline se-
ries intrusions, as dikes, sills and plugs of alkaline gabbro to trachyte.
Minor amounts of late sub-alkaline basalts might have also been
extruded at this stage. In contrast to the sub-alkaline rocks, the transi-
tional and alkaline igneous rocks were produced by progressively deep-
ening of themantlemelting source and lessening of the degree of partial
melting and assimilation of theNeoproterozic Santa Teresa granodiorite
and other un-identified wall-rock lithologies together with crystal
fractionation.

The density contrast of ~0.4 g/cm3 between the gabbro dikes and
sills with the rest of the rocks is coincident with the estimated contrast
to satisfy previous geophysical models and suggests that these are
responsible for the gravity anomalies. On the basis of geophysical data,
esented in temporal panels. 1) Initial stages ofmagmatism in the LagunaMerín basin dom-
nodiorite intrusions. Onlyminor volumes of mildly-alkaline basalts where extruded at this
sion of large volumes of rhyolite ignimbrites that produced the 2B) collapse of the volcanic
mildly-alkaline basalts and intrusion of dikes of similar compositions. 3) Intrusion of the
stages of the magmatic system and extrusion of small volumes of alkaline olivine basalts
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a dense net of mafic intrusions was likely deeply emplaced during this
stage and was the source of the shallow dike and sills.

Lastly, after ~127Ma, the Arrayán olivine basalts erupted peripheral
to Lascano East, andflooded the low topography areas formedby down-
dropped blocks along east–west striking normal faults outside of the
ring structure.
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