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Abstract Crustal xenoliths from basanitic dikes and
necks that intruded into continental sediments of the
Cretaceous Salta Rift at Quebrada de Las Conchas,
Provincia Salta, Argentina were investigated to get in-
formation about the age and the chemical composition of
the lower crust. Most of the xenoliths have a granitoid
composition with quartz-plagioclase-garnet-rutile £ K-
feldspar as major minerals. The exceedingly rare mafic
xenoliths consist of plagioclase-clinopyroxene-garnet
+ hornblende. All xenoliths show a well equilibrated
granoblastic fabric and the minerals are compositionally
unzoned. Thermobarometric calculations indicate equil-
ibration of the mafic xenoliths in the granulite facies at
temperatures of ca. 900 °C and pressures of ca. 10 kbar.
The Sm-Nd mineral isochron ages are 95.1 £ 10.4 Ma,
91.5 + 13.0 Ma, 89.0 + 4.2 Ma (granitoid xenoliths),
and 110.7 £ 23.6 Ma (mafic xenolith). These ages are in
agreement with the age of basanitic volcanism (ca. 130—
100 and 80—75 Ma) and are interpreted as minimum ages
of metamorphism. Lower crustal temperature at the time
given by the isochrons was above the closure temperature
of the Sm-Nd system (>600-700 °C). The Sm-Nd and
Rb-Sr isotopic signatures ('*’Sm/'**Nd = 0.1225-
0.1608; '*Nd/'**Nd,, = 0.512000-0.512324; ¥’Rb/*¢Sr
= 0.099-0.172; ¥'Sr/*®Sr,, = 0.708188-0.7143161) and
common lead isotopic signatures (*°°Pb/>**Pb = 18.43—
18.48; 2°7Pb/?**Pb = 15.62-15.70; ***Pb/***Pb = 38.22
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—38.97) of the granitoid xenoliths are indistinguishable
from the isotopic composition of the Early Paleozoic
metamorphic basement from NW Argentina, apart from
the lower 2**Pb/>**Pb ratio of the basement. The Sm-Nd
depleted mantle model ages of ca. 1.8 Ga from granitoid
xenoliths and Early Paleozoic basement point to a similar
Proterozoic protolith. Time constraints, the well equili-
brated granulite fabric, P-T conditions and lack of
chemical zoning of minerals point to a high temperature in
a crust of nearly normal thickness at ca. 90 Ma and to a
prominent thermal anomaly in the lithosphere. The
composition of the xenoliths is similar to the composition
of the Early Paleozoic basement in the Andes of NW
Argentina and northern Chile. A thick mafic lower crust
seems unlikely considering low abundance of mafic xe-
noliths and the predominance of granitoid xenoliths.

Introduction

Complete crustal sections that expose the basement to
deep levels are unknown from the Central Andes of
northern Chile and NW Argentina. The last prominent
orogenic cycle with high temperature (600750 °C) low
pressure (47 kbar) metamorphism terminated in the
Devonian and caused the final exhumation of a mid-
crustal section of the Early Paleozoic orogen in northern
Chile and NW Argentina (Fig. 1a; Damm et al. 1990,
1994; Lucassen et al. 1996a; Becchio et al. 1997). Ex-
posures of lower crustal rocks occur only in a small area
of Sierra Limoéon Verde in Northern Chile (Fig. 1b).
These rocks show metamorphism (7' ca.700 °C, P
ca. 13 kbar) of Permian age (ca. 270 Ma) with exhu-
mation in Early Triassic. Their isotopic composition is
very similar to the composition of the Early Paleozoic
metamorphic rocks that may have been their protoliths
(Franz and Lucassen 1997; Lucassen et al. in press).
Equivalents of these Permian lower crustal rocks are
unknown.



326

+ o+ ; )
+ o+ 4+ 4+ 4+ 4+ 4+ o+ A

+ 4+ + 4+ + + o+ + o+

+

+ 4+ o+ 4+ o+ + 4+ 4+

+ + + + 4+ + o+ o+ +
+ 4+ + 4+ + + + 4+ o+ o+ 4+ o+ o+ 4+ o+ o+ 4+ o+ o+

+

oJe Aleiys) Ajje3 - snosoeyel) - aisseunp, *

+ 4+ + + 4+ + 4+ 4+ 4+ o+ o+ o+ o+ o+ o+ o+ o+ o+

+ 4+ + o+ o+
+ o+ o+ o+ o+ o+

R S A S

% Chilean Early Pz
+ _metamorphic rocks

Calama

S erra de
Limon Verde A
N :

+ i

Ch|Ie Lt

\\\\

\.\. d{tnbutloni
!"/ of
AN

A Early Pz high grade

+
+
+

,." \\ \Cafayate

. ~basement

N

ke
i )
& 'l'
+ ..

| 660:

N

Salta ®

outline of the
Salta Group

/ basin

Salta - Jujuy
High

Bolivia

100km

200
|

Quaternary

With volcanic blocks

Volcanic breccia/basalt

Fault
Geological boundary

Strike-dip

Las Curtiembres formation




<

Fig. 1a— Location of the Salta Rift in South America (a) and outline
of the Salta Group basin (b), showing the distribution of depocenters
and morphological highs at the end of the synrift stage (modified from
Fig. 5 of Salfity and Marquillas 1994). The important Cretaceous
depocenters are given (4 Alemania, ER El Rey, LO Lomas de
Olmedo, S Sey), volcanism is restricted to the Alemania depocenter.
The distribution of the Mesozoic magmatic arcs and the Early
Paleozoic and Late Paleozoic (Sierra de Limon Verde) metamorphic
basement is also shown. Geological sketch map of the sample area (c)
redrawn from Koch and Lang (personal communication)

Granulite and peridotitic xenoliths (Galliski et al.
1989; Risso 1990; Risso and Viramonte 1992; Viramonte
et al. in press) from the Salta Rift System (Fig. 1b;
Galliski and Viramonte 1988; Salfity and Marquillas
1994) give insight into the composition and thermal
structure of the lower crust in Late Cretaceous time close
to the end of the active rifting. They were brought to
surface by Late Cretaceous basanite volcanism in the
Alemania depocentre of the Salta Group basin (Fig. 1b).
These xenoliths are the only directly available samples
from the deep crust of the Central Andes. Other xeno-
liths from volcanic rocks of the present magmatic arc are
from shallow depths and comprise only sediments, vol-
canic rocks and metamorphic basement that are also
found in outcrops.

The Central Andes are well known as the archetype
of an active continental margin with a magmatic arc on
a thick continental crust. The development of this
magmatic arc commenced during the Late Tertiary and
still continues to this day. The mechanism of crustal
thickening is governed by tectonic thickening of the pre-
existing continental crust. Tectonic shortening at the
surface explains 70-80% of observed crustal thickening
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and the contributions of other processes, e.g. magmatic
additions from a mantle source to the crustal thickness,
seem of minor importance (review of this topic: All-
mendinger et al. 1997). A cross-section through the re-
cent Central Andes shows the overthrust of the western
part onto the presumed Brazilian shield in the east in-
terpreted from geophysical data (Fig. 2). Lithospheric
delamination of old, dense continental mantle litho-
sphere together with dense eclogite from mafic lower
crust during thickening was invoked as a process that
operated in the Central Andes (Fig. 2; Kay and Kay
1993; Kay et al. 1994). Therefore, the knowledge of the
pre-Tertiary compositional and thermal structure of
the crust could be a valuable source of information for
the interpretation of geochemical characteristics of the
young volcanic rocks, large scale tectonic models and
geophysical data. We present new data on the granulite
xenoliths including pressure-temperature conditions

Fig. 2 Interpretation of the present lithospheric structure of the
Central Andes in an E-W cross-section at ca 25°S (simplified after
E. Scheuber, FU Berlin, personal communication, horizontal distance
not to scale; the distance trench—sample location is ca. 500 km). The
thickened crust of the Andes is thrust onto the Brazilian Shield in the
east. The crustal pile of the Central Andes comprises mainly Early
Paleozoic metamorphic rocks and related magmatic rocks. Mesozoic
and Cenozoic additions to the crust were probably minor apart from
the Jurassic—Cretaceous magmatic arc from the Coast Range to the
Precordillera. The continuation of the Early Paleozoic metamorphic
belt to the east is unknown. The distinction between upper and lower
crust is not well constrained. Within the Brazilian Shield, stabilised
during the Proterozoic, an upper and a lower (mafic?) crust are
distinguished. The lithospheric delamination of the old sub-continen-
tal mantle from the east is taken from Kay et al. (1994). The heavy
dashed line indicates a possible upper boundary of the Cretaceous
upwelling of the asthenosphere
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from thermobarometry, isotopic dating of minerals with
the Sm-Nd system, whole rock geochemistry and isoto-
pic systematics (Sr, Nd and Pb). A comparison of the
xenoliths with the Early and Late Paleozoic metamor-
phic basement allows an interpretation of our findings
on a more regional scale.

Geological situation

Crustal extension during the Cretaceous led to the formation of a
chain of basins from NW Argentina to SW Bolivia in the Late
Precambrian to Late Paleozoic basement (Fig. la; Galliski and
Viramonte 1988; Salfity and Marquillas 1994). In NW Argentina
the sediments of the Salta Group are interpreted as a rift sequence
with pre-Maastrichtian (ca. 120-75 Ma) continental deposits of the
synrift stage and with Maastrichtian to Eocene post-rift deposits
partly of a shallow marine (?) lacustrine (?) depositional environ-
ment (Galliski and Viramonte 1988; Viramonte et al. in press).
Faunal constraints on the age of the stratigraphic column are poor
and age classifications of the various formations are uncertain
(Salfity and Marquillas 1994). Cretaceous magmatism is of minor
volume in NW Argentina and the rift could be classified as a rift of
low magmatic activity (Barberi et al. 1982). However, magmatism
might have been locally more important as seen in the outcrops:
Modeling of the gravity field in the Lomas de Olmedo subbasin
indicates mafic compositions within the strata (Fraga and Int-
rocaso 1990). The volcanic rocks are mainly basanite to basalt.
They comprise less than 5 vol.% of the Salta Group and three
distinct phases of magmatism have been distinguished based on K-
Ar dating, one from ca. 130-100 Ma, a second from ca. 80-75 Ma,
and a third from ca. 65-60 Ma (Galliski and Viramonte 1988 and
references therein). The occurrence of xenoliths seems restricted to
the second volcanic pulse in the Qda. Las Conchas of the Alemania
sub basin northeast of Cafayate (Fig. 1b; Galliski et al. 1989; Risso
1990; Risso and Viramonte 1992). The volcanic centres are small (a
few hundred metres) and the vents are filled with breccias and
intruded by small basanite dikes (m—10 m). These dikes also in-
truded into the sediments. Vents and dikes cut the lower parts of
the late synrift Curtiembres Formation with a presumed age of
<90 Ma as the youngest sedimentary unit affected by the second
volcanic pulse (Salfity and Marquillas 1994).

Xenoliths

Three main groups of xenoliths can be distinguished: peridotites
with spinel lherzolite, harzburgite and dunite, pyroxenite, and
granulites comprising granitoid and rare mafic compositions
(Galliski et al. 1989; Risso 1990; Viramonte et al. in press).
Granulite xenoliths are found together with pyroxenite and car-
bonatized peridotite in the breccia of Quebrada de Don Javier
(Fig. 1c). The rounded granulite xenoliths of granitoid composition
are <30 cm in diameter and comprise >95% of the population of
crustal xenoliths, the mafic xenoliths are <10 c¢cm in diameter. The
rocks are fresh and weathering effects are superficial.

Petrography and mineral chemistry

Contacts between the xenoliths and their host rocks are sharp and
neither melting nor assimilation has been observed at the micro-
scopic scale. Peak metamorphic mineral associations are quartz-
plagioclase-garnet-rutile = K-feldspar and kyanite in the granitoid
xenoliths (samples #4-302, #4-303e, #4-304a, #A-55) and clinopy-
roxene-plagioclase-garnet + hornblende in the mafic xenoliths
(#4-244, #4-300, #4-301b, #A-112a). Sample #A-112b differs from
both other sample types by bearing abundant garnet (ca. 50 vol.%),
plagioclase and apatite (ca. 5 vol.%) and lacking quartz. Inclusions
are rare to absent in all minerals. Clinopyroxene is free of exsolution

lamellaec. Some of the granitoid xenoliths have a compositional
layering with quartz-feldspar rich and garnet rich layers. All
granulites are coarse grained (ca. 1-3 mm) with a granoblastic
texture and garnet porphyroblasts (<5 mm) in some of the gran-
itoid granulites. Pyroxene, plagioclase and quartz with curved to
straight grain boundaries often form polygonal aggregates (Fig. 3).
The fabric shows no preferred orientation of the minerals or for-
mation of porphyroclasts. The grains including quartz are optically
strain free. Features of dynamic recrystallization are absent and the
fabric is well annealed.

Greenish to brownish kelyphitic rims occur around garnets in
all samples. The width of these rims ranges from thin rinds
(<50 um) to complete kelyphitization of the garnet. Most minerals
in the kelyphitic rims are too small for microprobe analyses and it
is impossible to identify any minerals except for some chlorite.
Contacts between garnet and kelyphite are sharp (Fig. 3). Along
grain boundaries a small greenish to clear (plain light) layer (< 10—
50 um) developed in both types of xenoliths. This layer is isotropic
to microcrystalline and interpreted as former melt. Its modal pro-
portion is below 1-2 vol.% and its major element composition is
SiO; (~48 wt%) — ALLO3 (~27 wt%) — Na,O (~10 wt%) — H,O
(ca. 12 wt% = undetermined elements) with minor CaO, K,O,
FeO and MgO (all below 2 wt%) based on microprobe analyses

Fig. 3a,b Photomicrographs: a Mafic xenolith #A-112a shows
kelyphitic (k) rim around garnet (grf) and kelyphitization along
fractures in the garnet. Former melt (m) occurs along grain
boundaries of plagioclase (p/) and clinopyroxene (cpx). Clinopyroxene
has a rim (r) of secondary clinopyroxene. Plain polarised light; the
long side of the photograph is 3.6 mm. b Garnet in a granitoid
xenolith #4-304a shows kelyphitization. Other minerals are plagio-
clase and quartz (/ight) and rutile(rt). Former melt occurs along the
grain boundaries. Plain polarised light; the long side of the photograph
is 7.2 mm



(sample #A-112a; personal communication Andrea Lang). Reac-
tion between the melt layer and plagioclase or quartz is restricted to
small zones (<10-30 pm) with the size of newly formed minerals
being below the resolution of the optical microscope as well as the
electron microprobe. Clinopyroxene shows a corona of secondary
clinopyroxene (<10-30 um) with fine crystals or devitrified glass
inclusions with a sharp contact to the host grain (Fig. 3). All
minerals are optically unzoned apart from the reaction coronas.

Minerals of the mafic granulites were analysed to perform
thermobarometric calculations (for analytical methods: see Ap-
pendix), and those of some granitoid granulites used for isotopic
dating and #A-112b were checked for compositional homogeneity.
All minerals were checked for zonation by analysing core and rim
and were found to be unzoned. Small differences in compositions
(see below) are not related to the position of the sample point in the
grain but can be accounted for by the analytical uncertainty of the
microprobe analysis. Grains of the same mineral species in one
sample have identical compositions. Averaged compositions (Ta-
ble 1) were used for each sample.

Clinopyroxenes

In the mafic granulites these are aluminous diopsides (nomencla-
ture of Morimoto 1989) with similar compositions in the four
samples. They are unzoned and no change in composition has been
detected towards the reaction corona. The widest reaction rims (ca.
30 um) developed in #A-112a. The newly formed clinopyroxene in
the corona is still an aluminous diopside but has a distinct com-
position with higher Si, Ti, Fe, Mg and lower Al and Na (see
Table 1). The Mg# [Mg/(Mg + Fe)] remains unchanged at 0.80.
Similar compositional trends between clinopyroxenes from coronas
and primary clinopyroxene have been described from mantle xe-
noliths that probably underwent partial melting and melt infiltra-
tion from the host magma during ascent (Shaw and Edgar 1997).

Hornblende

This is pargasitic (nomenclature of Leake 1978) and occurs in
sample #4-244 and #4-300 of the mafic granulites.

Garnet

Garnet from the different mafic xenoliths is similar in composition
and has higher pyrope and grossular and lower almandine contents
than garnet from the granitoid xenoliths and the pyroxene-free
mafic xenolith #A-112b (Table 1).

Plagioclase

This is rather uniform in the different mafic granulites and more
variable in the granitoid xenoliths and sample #A-112b (Table 1).

Thermobarometry of the mafic granulites

Stoichiometric coefficients, activities and endmembers
were calculated as required by the thermometers and
barometers used. The granitoid xenoliths and #A-112b
have no mineral parageneses suitable for thermobaro-
metry. Results of thermobarometry are summarised in
Table 2.

Garnet-clinopyroxene thermometry is considered to
be one of the more reliable ion-exchange thermometers
indicating near peak conditions due to slow diffusion in
both minerals (Frost and Chacko 1989). Textural equi-
librium between garnet and clinopyroxene seems well
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established by the granoblastic fabric and the homoge-
neous composition of the inclusion-free minerals.
Therefore, calibration of the microprobe and precision
of the measurements and their effect on Fe?"-Fe®™"
calculation remains as the major source of external un-
certainties in the thermometry. Averaged mineral com-
positions were used for each sample in order to minimize
accidental influence of the microprobe. The calibration
of the garnet-clinopyroxene thermometer by Ai (1994) is
the most recent among many others and it is based on a
large experimental data set from different authors cov-
ering a range of P and T between 10 to 60 kbar and 600—
1500 °C. Calculated mean temperatures from the four
mafic xenoliths range from 830 to 920 °C. A similar
temperature range from 840 to 950 °C is calculated from
the hornblende-plagioclase thermometer (Holland and
Blundy 1994) and garnet-hornblende thermometer (Ta-
ble 2; calibrations by Graham and Powell 1984; Perchuk
et al. 1985).

Garnet-clinopyroxene-plagioclase-quartz barometry
(Eckert et al. 1991) and garnet-hornblende-plagioclase-
quartz barometry (Kohn and Spear 1990) are based on
multi-variant equilibria between the Ca and Mg end-
members of the phases. For quartz-free rocks only
maximum pressures can be obtained. At a given tem-
perature of 900 °C the calculated pressures range be-
tween 9.5 and 10.5 kbar (Table 2).

The results from the different thermometers and
samples are in reasonable agreement and point to a
temperature of equilibration between ca. 850 and
900 °C. The maximum pressures are also in good
agreement and range from ca. 9.5-10.5 kbar for the two
barometers. The occurrence of kyanite in the granitoid
granulites indicates pressures > 10 kbar using the
Al,SiOs phase diagram of Holdaway (1971) if their
temperature for equilibration was the same as for the
mafic granulites. No direct proof for high temperature
from thermometry was obtained but the following ob-
servations point to a high temperature equilibration
of the granitoid xenoliths: fabrics including the pyrope-
almandine garnet are granoblastic and the absence of
zoning in the minerals records only one metamorphic
stage, micas are completely absent, and the Sm-Nd
isotope system in minerals of the dry rocks re-equili-
brated until the time of ascent (see next section).

Sm-Nd isotopic dating, Rb-Sr and Pb isotopic
composition and geochemistry

Sample selection

The Sm-Nd method was chosen for dating because of
the slow diffusion of Sm-Nd and the resulting high
closure temperature. This should exclude largely the ef-
fect of heating during the transport in the basanite (7 ca.
1200 °C; ¢ < some days). Two samples from the grani-
toid xenoliths (#A-55, #4-304a), #A-112b, and the only
mafic xenolith (#A-112a) with sufficient material for



330

65766 00°66 08°66 02001 697001 [eI0L
ev'o 611 LE'T ee’] el O%eN
00°cc SN 9L°61 0v°0C 89°0C oed $S7001 ¥6°66 8€°001 ST001 90°66 L7001 02001 LL001 [eIo0L
- - 10°0 L00 90°0 OIN (4! 6v'e 9I'C [41x3 299 86°C 809 £8°C OED
ISv1 ceel 0C°¢l Seel L9El OSIN LETI oy 11 8S11 el 2991 6611 L6'91 L8SI OSIN
01°0 00 LO0 90°0 L0°0 OUN LY'0 90 90 60 €0 LEO 970 €0 OUN
el'9 €S L9 (Y S09 024 68°¢C £8°CC 90°¢C e1'ee ol LSV 8911 89°¢l 0°d
- - 010 €10 60°0 f0tD - - S0°0 $0°0 - L00 I1°0 1°0 04D
£9°¢ 6 €8'L 96'8 S9°L fofv ¥9°CC 10cc 69°CC 86°CC (414 yec LEEC S0'eC fOav
crl 810 ¥8°0 90 Sv'o ‘oLL 0ro L1°0 cro cro S00 cro LO0 L00 ‘oLL
14% 8’8y 68°6Y y1°0S $8°0S KON 66t IS°6¢ sTopy 0L 6¢ Sy 1€y €91y Ly ROIN
wix
eIV BCII-V q10¢-¥ 00¢-¥ 2% SS-v qQclI-v By0E- 2e0e-P eIV q10€-¥ 00¢-v v
Anueld dyeA ordureg anueld joures-zyrenb-osepooided nuerd oyeN ojdweg
(e8e10a®) Quoxoikdour) (a8e10AR) JoUIRD)
90L°ST 0L ST [el0L
cL00 9LT0 A
160 £69°0 BN ! 143 9¢ [43 [49 9 0s 9 Ayouny
(430! 9IL’1 €D L6 9 L9 €9 o 139 6v 0¢ AqlvY
S10°0 L00°0 N [4 % L S 4 I I 4 SSE[O01IO
VLT 9¢C’¢ SN 10y 86'¢ 00'v 10y 86'¢ 66'¢ 00y 66'¢ IV+IS
€00°0 S00°0 UN 810°0 Se00 €L0°0 870°0 810°0 §00°0 900°0 9¢0°0 .|
€80 980 8103 94 0160 0290 6¥9°0 009°0 wro 0€$°0 98¥°0 90570 BN
120°0 L10°0 D €100 6£€°0 1ST°0 00€°0 6150 09%°0 96v°0 6Sv°0 D
10 681°0 L 9000 110°0 000 800°0 [0 0100 S00°0 S00°0 [e101 o4
09L¢ 165°C [e10) 1V 90°1 6T’ | (474! 10€°1 ves'l 8l Sevl SSvl [Be101 IV
1209 SIT9 IS 8¥6°C 989°C SSLC soLC 09%°¢C 6£S°C 0S¢ Pesc IS
SuaSAX0 ¢z JO sIseq oy} Uo suone) SUagAX0 § JO SIseq 9y} Uo suone)
97’86 00°86 [e10],
0¥°0 [438! o™
£e'e 154 0N
6L°01 €1l oeD
€10 90°0 OIN
9¢°C1 (149! O3 (4 15786 ol 167001 29001 9%°001 92001 e’ 101 [e101,
00 $0°0 OUN 0 09°0 [43! ¢80 (40 010 010 ¥9°0 ol
LOL YTL 04 69°01 90°L 69°L 869 (439 179 86°¢ 88°C O%N
61°0 SI'o t04D LTO 869 6¢°S £€9 18°01 196 1€°01 $9'6 (010)
8591 or'Sl fOflV LT°0 0€°0 c0°0 0C°0 (430 9T°0 SI'o 14N0 024
[ 9L'1 ‘OLL ¢S oc e 61'vC £6'vC 98°8¢ 6v'LC LT8C 08°LC foav
99ty L8CY o1 y1I°L9 8C°6S 9C°¢9 0119 16'vS 18°9¢ LL*SS 0r'LS ‘o1
00¢-+ 2% sS-v qQcII-v ep0E-1 2€0¢-P BCII-V q10¢€-¥ 00¢-+ 4%
Anuers dSYeN Jrdwreg nuels jouresd-zyrenb-oseporde|qd InueIs dYeN ordwreg

(aSe10AR) SpUSIqUIOH

(a8er10A®) asepooIdelq

Jnuess joured-zyrenb-ose(ooiderd pue dlnueIs dOYyRW JO S[RIAUIW Y} JO sasAeur aqoidoronu uordo[g | d[qel



A-112a
1.829
0.245
0.031
0.193
0.003
0.793
0.870
0.031

rim

A-112a
1.795
0.405
0.013
0.161
0.002
0.714
0.809
0.085

4-301b
1.830
0.339
0.023
0.003
0.206
0.002
0.722
0.000
0.777
0.097

4-300
1.823
0.384
0.013
0.004
0.161
0.002
0.723
0.002
0.795
0.094

1.846
0.327
0.012
0.003
0.184
0.002
0.740
0.002
0.805
0.080

Mafic granulite

4-244
Cations on the basis of 4 cations

Clinopyroxene (average)
Si

Fe total

Mn

Al total

Sample
Ti

Mg

Ni

Ca

Na

A-55
2.989
1.998
0.006
1.496
0.030
1.380
0.090

47

1.959
0.009
1.442
0.029
1.282
0.283

2.983
48

A-112b

3.016
2.005
0.007
0.003
1.445
0.029
1.293
0.173
44
1

4-304a

Plagioclase-quartz-garnet granulite
2.993
2.007
0.007
0.003
1.458
0.031
1.251
0.244
42

4-303¢

A-112a
3.010
2.010
0.003
0.632
0.014
1.795
0.514

61

17

21

4-301b

3.000
1.990
0.007
0.004
0.885
0.022
1.623
0.465

54

15

30

4-300
2.998
1.984
0.004
0.006
0.704
0.016
1.821
0.470

61
<l
16
23

1.963
0.004
0.008
0.826
0.021
1.709
0.451
57

3.014
<1

15
28

Mafic granulite

4-244

Cations on the basis of 12 oxygens

Table 1 continued
Si

Garnet (average)

Sample

Al total

Ti

Cr

Fe total
Mg

Ca

Pyrope
Spessartine
Grossular
Almandine
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Table 2 Results of thermobarometry [(/) cpx-grt-pl-qtz barometer
(Eckert et al. 1991), (2) grt-hbl-pl barometer (Kohn and Spear
1990),(3) cpx-grt thermometer (Ai 1994), (4) pl-hbl-(qtz) thermo-
metry (Holland and Blundy 1994), (5) grt-hbl thermometer (Gra-
ham and Powell 1984)]. Abbrevations for mineral names: Kretz

(1983)

Sample [Kbar] [°C] Paragenesis

4/244 9.5 880 840@ Grt-cpx-pl-hbl
10.0® 840

4/300 9.6 920 8704 Grt-cpx-pl-hbl
10.2® 930©

4/301b 9.7 860 Grt-cpx-pl

A/l112a 10.54 830 Grt-cpx-pl

mineral separation were selected. An additional grani-
toid xenolith (#4-302) was analysed for whole rock iso-
topic compositions. The Sr isotope ratios on whole rocks
and Pb isotope ratios on feldspars and whole rocks were
analysed on the same samples (for sample preparation
and analytical methods see Appendix).

Results of Sm-Nd dating

The Sm and Nd concentrations, Nd isotope ratios and
isochron ages are listed in Table 3. Regression lines for
isochrons (Fig. 4) were determined according to the
method of York (1969). For MSWD >1 errors were
multiplied by the square root of the MSWD (mean
squared weighted deviates). A decay constant of
6.54*107'% a™! for Sm was used. The granitoid xenoliths
define isochrons with ages of 89.0 £ 4.2 Ma (#A-55)
and 91.5 + 13.0 Ma (#4-304a) including all minerals
and the whole rock (Fig. 4a). The garnet-whole rock age
for sample #4-304a is 94.1 £ 4.6 Ma. Sample #A-112b
yields 95.1 £ 10.4 Ma using whole rock, the nonmag-
netic fraction from mineral separation with REE (rare
earth element) content dominated by apatite, the leached
nonmagnetic fraction containing mainly plagioclase,
and the garnet for isochron calculation (Fig. 4b). The
garnet-whole rock age for sample #A-112b is
91.6 £ 8.3 Ma. The Sm-Nd composition of the kelyp-
hite does not plot on the isochron and kelyphite is ex-
cluded from the regression. The mafic xenolith #A-112a
has an age of 110.7 £ 23.6 Ma using kelyphitic rims,
plagioclase and whole rock (Fig 4b). The three points
define an isochron with MSWD = 0.0, however, the
errors on the Nd ratios of whole rock and plagioclase
are rather large. Clinopyroxene in sample #A-112a plots
above the isochron and is not used in calculations.

The position of the clinopyroxene is probably due to
the high closure temperatures for the REE diffusion in
the large (diameter ca. 3 mm) clinopyroxene (Cherniak
et al. 1997), and incomplete resetting during the Creta-
ceous heating of the rocks. An “isochron” with whole
rock and clinopyroxene indicates ca. 420 + 110 Ma.
This “age” is in agreement with Sm-Nd ages of ca. 420—
440 Ma from the nearby Early Paleozoic basement
(Becchio et al. 1997; our unpublished data). An impor-
tant part of the whole rock’s Sm and Nd content is
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0.5130
4/304a wr-pl-kel-grt
05128 L 91.5£13.0 Ma
Nd; 0.512050+34
MSWD=9.8
0.5126 | 1“3Nd
144Nd
0.5124 |
wr A-55 wr-pl-grt
0.5122 89.0+4.2 Ma
Nd; 0.511930+10
MSWD=0.7
0.5120 Salta Rift
A 147Sm/144Nd granitoid xenoliths
0.5118 L 1 1 1 |
a 0 0.2 04 0.6 0.8 1.0 1.2
A-112a wr-pl-kel
0.5130 - o X 110.7+23.6 Ma
kel Nd; 0.512690+50
MSWD=0.0
wr
p!
143Nd kel |
a A-112b wr-pl(1)-pl(2)-grt
0.5125 - 95.1+10.4 Ma
Nd;0.512208+16
MSWD=2.3
pI(1)
0.5120 | Salta Rift
147Sm/144Nd  mafic xenoliths
1 I 1 | L .
b 0 0.2 0.4 0.6 0.8 1.0 1.2
mﬂ A basanite at 110 Ma
0.5130 | 144Nd % av. Pz gneiss at 90 Ma
cpx
A * kel A-112 a (110 Ma)
0.5125 -
m kel
L A-112 b (95 Ma)
- =
Y Y kel 4/304a (91.5 Ma)
0.5120 X M
147Sm/144Nd
1 1 L 1 1 . 1
c 0 0.2 0.4 0.6 0.8 1.0 1.2

Fig. 4 Sm-Nd isochrons of granitoid (a #A-55 and #4-304a) and
mafic (b #A-112a and A-112b) xenoliths (Table 2). P/ (1) and P/ (2)
indicate the leached and unleached (plagioclase + apatite) fractions.
All errors quoted are on the 95% confidence level (2¢). The base lines
of the Sm-Nd system at the respective isochron ages for the samples
containing kelyphite are shown (c¢). Sm-Nd isotopic compositions of
three basanites (Table 3) at 110 Ma and of the Argentine Early
Paleozoic gneisses [weighted mean (n = 21), Table 3; Becchio et al. in
press; our unpublished data] at 90 Ma are shown as the two possible
contaminants. The basanite magma is the possible contaminant of the
kelyphite in samples 4-304a and A-112b, both with an isotopic
composition of the whole rock similar to the average gneiss. The
basanites’ isotopic compositions plot close to the baseline of sample
A-112a; therefore the isotopic composition of kelyphite in A-112a
does not deviate from the baseline

hosted in the clinopyroxene (Table 3) that comprises ca.
50% of the mineral mode; plagioclase and kelyphite
have low REE abundances. Therefore a minor mineral
phase with high REE and relatively low Sm/Nd and Nd
isotope ratios is needed to explain the compositional
relations between clinopyroxene and whole rock. This
could be a new phase that formed during Cretaceous
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granulite facies metamorphism with a Sm-Nd isotopic
composition similar to the granitoid xenoliths or gneis-
ses (Fig. 4¢) or an old refractory phase with high closure
temperature for REE and low Sm/Nd and Nd isotope
ratios of possible Paleozoic age.

The Nd isotope ratios of kelyphite plot above the
baseline recalculated to the respective isochron ages of
samples #4-304a and #A-112b (Fig. 4c). The kelyphite is
not isochemical to the garnet and contains the hydrous
phase chlorite. Therefore a fluid phase must have en-
tered from an external source. Two possible sources are
the host basanites and the Paleozoic metamorphic
basement (Table 3; Fig. 4c). The deviation of the
kelyphite from the baseline of samples #4-304a and #A-
112b could be explained by contamination with a fluid
with isotopic characteristics of the basanite. The isotopic
composition of kelyphite in sample #A-112a is the same
as the whole rock, plagioclase and the basanites (Fig. 4c)
and thus contamination by the fluid would not have
changed "Nd/"**Nd of the kelyphite or the precursory
garnet. If this interpretation is valid, the isochron of
sample #A-112a could be real (despite the deviation of
the clinopyroxene), because the garnet precursor of the
kelyphite must have plotted close to the line. Therefore
the garnet was in isotopic equilibrium with the plagio-
clase rather than the clinopyroxene. Contamination by
the Paleozoic metamorphic basement seems unlikely
considering its low '**Nd/'**Nd ratio (Fig. 4c).

The combined Sm-Nd ages indicate that the closure of
the Sm-Nd system in these rocks occurred in the Creta-
ceous. The three most precise isochrons (samples #4-304a,
#A-55 and #A-112b) define upper Cretaceous Sm-Nd
ages of ca. 90 Ma, and the poorly defined age of the mafic
xenolith #A-112a is consistent with such an age, too.

Chemical and isotopic composition of the xenoliths

Granitoid samples #4-302, #4-304a and #A-55 are of
similar composition (Table 4) and show similar Sr and
Nd isotope ratios. The low ¥’Rb/*Sr ratios in all sam-
ples including the mafic rocks are common in high
temperature granulite facies rocks and are interpreted to
be the conse(iuence of Rb loss (e.g. Rudnick and Presper
1990). The '*’Sm/"**Nd ratio of 0.24 in #4-304a is very
high comgared with the other granitoid samples, how-
ever its '**Nd/"**Nd ratio of 0.512192 is similar.

The two mafic xenoliths are distinct from each other
in their major element contents. Mineral mode in #A-
112a is dominated by clinopyroxene and minor calcic
plagioclase. Sample #A-112b contains sodic plagioclase
and pyrope—almandine garnet in similar modal propor-
tions; it has 0.54 wt% P,0s5 and abundant apatite. The
87Sr/¥Sr ratios in both samples are very similar with ca.
0.7081 and distinctly lower than those from the grani-
toid xenoliths (ca. 0.713-0.714). The '*’Sm/'**Nd ratios
are identical with ca. 0.161 in the mafic xenoliths, but
the "*Nd/'**Nd ratios differ considerably with 0.512807
(#A-112a) and 0.512324 (#A-112b).
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Table 4 Whole rock chemistry and isotope ratios

Sample 4-302 4-304a A-55 A-112a A-112b A-112b A-112b
Leached Solution
Si0, 61.75 60.80 65.99 47.87 45.90
AlLO; 15.66 15.29 15.08 17.63 21.20
Fe,05 7.68 9.89 7.22 6.14 13.66
MnO 0.13 0.10 0.14 0.09 0.25
MgO 4.50 5.45 3.97 9.68 6.07
CaO 2.19 2.25 0.96 12.03 4.00
Na,O 3.58 1.91 4.01 3.03 3.77
K,0 1.47 0.74 0.79 0.50 0.69
TiO, 0.99 1.18 0.87 0.83 1.73
P,Os 0.05 0.04 0.07 0.07 0.54
L.OL 1.81 2.20 0.58 2.35 0.83
Total 100.00 100.02 100.11 100.04 99.05
Ba 320 162 526 307 170
Ga 18 12 21 14 17
Hf 7 10 6 3 4
Nb 16 19 21 9 24
Rb 21 13 16 21 15
Sc 16 13 20 56 29
Sr 353 327 463 307 359
\% 144 139 135 137 189
Y 32 55 65 14 60
Zr 273 405 233 26 92
REE?
La 45 14 34 5.7 18 9.9 221
Ce 83 25 59 12 39 18 522
Pr 9.6 2.3 7.1 1.6 5.1 2.2 65
Nd 38 11 27 6.7 23 8.6 294
Sm 8.1 4.4 5.2 1.7 5.9 2.5 59
Eu 1.6 12 1.2 0.52 1.7 1.2 9.7
Gd 8.2 7.6 49 2.1 8.5 4.2 43
Tb 1.1 1.4 0.94 0.38 1.6 0.88 5.4
Dy 6 9.4 6.6 2.6 11 6.2 22
Ho 1 1.9 1.7 0.52 2.2 1.3 2.9
Er 28 5.6 5.9 1.6 6 3.8 5.2
Tm 0.41 0.78 0.99 0.27 0.87 0.53 0.7
Yb 2.7 5.3 6.9 1.6 5.5 3.5 28
Lu 0.44 0.82 1.1 0.24 0.84 0.53 0.35
La/Yb® 11.2 1.8 3.3 2.4 2.2 2.0 53
Nd© 40.370 11.140 28.700 6.685 23.748
Sm°® 8.790 4.557 5.833 1.781 6.317
87Rb/*0Sr 0.1716 0.1147 0.0997 0.1972 0.1205
87Sr/36Sr 1 = 0 0.714316 0.713142 0.713996 0.708113 0.708188
2 sigma 0.000025 0.000025 0.000020 0.000018 0.000021
7S m/ 4 Nd 0.1316 0.2472 0.1225 0.1611 0.1608
BSNA/"™Nd 1 = 0 0.512094 0.512192 0.512000 0.512807 0.512324
2 sigma 0.000033 0.000008 0.000009 0.000033 0.000025
tom [Ga]® 1.88 [-4.51] 1.85 0.94 [2.39]
PDb isotope ratios whole rock
206pp/204ph 18.4360 18.4920 18.5992 18.5645
2 sigma 0.0017 0.0024 0.0054 0.0024
207pp,204pp 15.6597 15.6642 15.6493 15.6480
2 sigma 0.0000 0.0001 0.0002 0.0001
208pp 204p1, 39.6359 39.3407 38.5423 38.9916
2 sigma 0.0002 0.0003 0.0006 0.0003
PDb isotope ratios plagioclase
206pp /204ph 18.4483 18.4797 18.4332 18.4297 18.4277
2 sigma 0.0069 0.0026 0.0036 0.0055 0.0055
207pp 204pp 15.7042 15.6559 15.6611 15.6236 15.6554
2 sigma 0.0003 0.0001 0.0002 0.0003 0.0003
208pp 204p, 39.5575 39.2039 39.1288 38.4413 39.0237
2 sigma 0.0008 0.0003 0.0004 0.0006 0.0006
? Analysed by ICP; sample A-112b leached, solution: ¢ Analysed by isotope dilution
ppm of the dry residue 9Model of Goldstein et al. 1984

® Calculated with normalized values



REE distribution patterns of the granitoid samples
compared with the Early Paleozoic Argentine high grade
basement (Fig. 5) are similar (#4-302; La/Yb ~ 11.2),
have similar L(light)REE, but higher H(heavy)REE
(#A-55; La/Yb ~ 3.3) or are completely different with
lower LREE and Sm enriched over Nd and higher
HREE (#4-304a; La/Yb ~ 1.8).

The two mafic samples #A-112a and #A112b show
distinct REE abundances, however the REE patterns are
similar with La/Yb = 2.4 and 2.2. Sample #A-112b has
abundant apatite and the REE patterns of the leached
sample and the leach solution (Fig. 5) show the influence
of the apatite on the whole rock REE abundance.

The interpretation of the deviating REE patterns and
isotopic ratios of samples #4-304a and A-112b is highly
speculative and no conclusions for a regional process
can be drawn. The REE pattern of #4-304a could be
explained in combination with its isotope ratios (Ta-
ble 4; Fig. 6a). Assuming that this sample originally had
a LREE pattern similar to that of the two other grani-
toid xenoliths, the low LREE contents could be due to a
metasomatic process: garnet kept the HREE and raised
the Sm/Nd ratio of sample #4-304a, whereas the LREE
were preferentially removed. Accepting a metasomatic
process, the similarity of the '**Nd/"**Nd at 90 Ma with
0.512046 (#4-304a), 0.512016 3#4-302) and 0.511928
(#A-55) and the high "Sm/'**Nd ratio of granitoid
sample #4-304a point to a Mesozoic age of this meta-
somatism during the granulite metamorphism. A Pa-
leozoic or even earlier change in the '*’Sm/'**Nd ratio of

1000 p——
o F - A-112b apatite
efs [
Ble T
.
O |
100 |
10 |
- 4302 - A-112b
L —e— 4/304a -¥- A-112b leached
—— A-55 --- gneisses (av., n=34)
- A-112a
1T 7T T T T T T T T T T T 1

Ce Nd Eu Tb Ho m Lu

Fig. 5 REE distribution pattern of whole rock samples normalized
to chondrite (Evensen et al. 1978) and comparison of the unleached
and leached mafic sample #A-112b with the leach solution
(Table 4). The average REE pattern of the Early Paleozoic gneisses
is also shown (average of 34 samples; our unpublished data)
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Fig. 6a—c Nd and Pb isotope ratios (Table 4): a Present day
3N/ MNd-"Sm/"**Nd of xenoliths whole rock samples, compared
with the field of gneisses from NW Argentina and northern Chile
(n = 35; Becchio et al. in press; our unpublished data) and the field of
low tpy amphibolite from northern Chile (» = 12, Damm et al.
1990; Lucassen et al. in press). b The 2*’Pb/***Pb-2"Pb/***Pb of
xenoliths whole rock samples (wr) and plagioclase (p/) separates. The
granitoid xenoliths plot into the field of the Early Palezoic—Late
Paleozoic metamorphic and magmatic basement from NW Argentina
and northern Chile (our unpublished data). The Paleozoic rocks and
Cretaceous xenoliths plot above the average crustal lead evolution line
and are in line with the development of other Proterozoic—Paleozoic
basement rocks from the Central Andes (crosses; Tosdal 1996).
Crustal lead evolution and geochron from Stacey and Kramers (1975).
¢ The 2%Pb/?**Pb ratios of xenoliths show a broad spread compared
to the Paleozoic basement rocks. Symbols as in b, solid line is the lead
evolution from Stacey and Kramers (1975)
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sample #4-304a would have affected the Nd isotope ratio
by radiogenic growth of "*Nd.

The high P,Os and LREE contents of the mafic
sample #A-112b could stem from an external reservoir.
This reservoir had a Sm/Nd isotopic composition similar
to the granitoids (Fig. 6a). The original "**Nd/"**Nd
isotopic ratio of #A-112b is masked by the high REE
content of the apatite formed during Mesozoic metaso-
matism. The Sr; isotope ratios at 90 Ma of both mafic
xenoliths are very similar 0.7079 (#A-112a) and 0.7080
(#A-112b) and point to a similar source.

The Nd isotopic ratios of the unaltered xenoliths are
similar to those of related rock types from NW Argen-
tina and northern Chile (Fig. 6a). They point to a Pro-
terozoic protolith because their depleted mantle model
age (tpm) of ~1.9 Ga is close to the mean value of
~1.8 Ga for the nearby Early Paleozoic low to high
grade metamorphic basement of Sierras Pampeanas and
Argentine Puna (Becchio et al. in press; our unpublished
data). Sample #4-304a might be included in this group,
but its Sm/Nd ratio has been changed probably during
Cretaceous granulite metamorphism and no meaningful
topm age (Table 4) could be calculated. The same argu-
ment is made for the mafic rocks: the 1.03 Ga rpy; of
#A-112a (Table 4) is in the range of tpy (ca. 0.7-1.0 Ga)
from the younger group of amphibolites in northern
Chile (Lucassen et al. in press), but the rpy age of the
metasomatically altered sample #A-112b is 2.4 Ga.

The 2°°Pb/?**Pb and 2°"Pb/***Pb ratios are similar in
plagioclase separates and whole rock of all xenoliths.
They plot above the growth curve of average crustal Pb
(Fig. 6b; Stacey and Kramers 1975), but are in the same
range of values known from the gneisses and Late Pa-
leozoic granites from northern Chile and NW Argentina
(Fig. 6b; Lucassen and Franz 1997; Becchio et al. in
press). The isotope ratios are in line with the growth of
crustal Pb as proposed on the basis of numerous data
including rocks with Grenville metamorphism by Tosdal
(1996) for Bolivia and N-Chile (Fig. 6b). The ***Pb/>**Pb
ratios are high compared with the average growth curve
and larger than in Early Paleozoic high grade metamor-
phic rocks in NW Argentina (Fig. 6¢). The Pb isotopic
composition is thus consistent with uranium depletion
and an increase of the Th/U ratio as one possible process
during granulite facies metamorphism (e.g. Rudnick and
Presper 1990). This could have been the result of
Grenvillian age metamorphism (Tosdal 1996) or Early
Paleozoic ca. 500 Ma metamorphism in the Central
Andes (Lucassen et al. 1996a). The scatter of *°*Pb/***Pb
and 2°’Pb/***Pb is similar to that known from the Bo-
livian and Peruvian Proterozoic rocks (Fig. 6b,c).

Discussion and conclusions
Metamorphic conditions

Granulite facies temperatures of 850-900 °C are well
constrained for the mafic xenoliths and are in accor-

dance with the annealed fabric. The estimated pressure
of ca. 10 kbar is a maximum value because quartz is
lacking in the paragenesis. The garnet-in reaction at ca.
850 °C is in the range of 7-10 kbar for SiO, undersat-
urated to saturated tholeiitic basalts (Green and Ring-
wood 1967; Ito and Kennedy 1971). The mineral
paragenesis of granitoid xenoliths is not suitable for
thermobarometry. However, granoblastic fabrics in-
cluding those of the pyrope-almandine garnet, the
complete absence of micas and the re-equilibration of
the Sm-Nd isotope system in the dry rocks point to
similar high temperatures as in the mafic xenoliths. As-
suming 7" of ca 850 °C in the granitoid xenoliths the
presence of kyanite points to a pressure of ca. 10 kbar.
The fabric and the absence of zoning in the minerals
record only the granulite stage and retrograde cation
exchange between the minerals was not observed. The
only observed reaction textures (formation of melt along
grain boundaries and the formation of kelyphite) do not
affect the composition of the minerals.

Age of metamorphism

The Sm-Nd mineral isochrons point to a closure of the
isotope system in the Late Cretaceous at ca. 90 Ma. This
age is close to ca. 130-100 and 80-75 Ma K-Ar ages of
the basanitic volcanism reported from the Alemania
branch of the Cretaceous basin (Galliski et al. 1989 and
reference therein). We interpret the ca. 90 Ma Sm-Nd
age as the age of the entrainment of the xenoliths and
instantaneous closure of the isotope system after ascent
to the surface. The xenoliths were brought to surface at
the end of rifting and the host basanites intruded into
the uppermost synrift sediments. This implies that the
lower crust at this time was still above the high closure
temperatures of the Sm-Nd system (600-700 °C; Mezger
et al. 1992; Thoni and Jagoutz 1992) and probably still
at temperatures of granulite facies metamorphism of ca.
850-900 °C. Therefore, the Sm-Nd ages are minimum
ages of the granulite metamorphism. Temperatures of
850-900 °C at 35 km depth represent a prominent
thermal anomaly in the crust that continues into the
mantle lithosphere. Temperatures between 1000 and
1200 °C and pressures between 13 and 15 kbar are in-
dicated for the upper mantle from the spinel peridotite
xenoliths (our unpublished data from 7 xenoliths; clin-
opyroxene-orthopyroxene thermometry, Brey et al.
1990; Ca in olivine barometer, Koéhler and Brey 1990).
This points to a continuous temperature increase with
depth. We speculate that the granulite metamorphism
was not a local phenomenon, e.g. the effect of contact
metamorphism, but of a regional scale (Fig. 2) due to
the large extent of the rift basins.

Composition of the lower crust

Chemical and isotopic compositions of the granitoid
xenoliths are similar compared to those from the Early



Paleozoic metamorphic rocks and granitoids of NW
Argentina (Becchio et al. in press; our unpublished da-
ta). They could be part of the Braziliano-Panafrican belt
that formed during Late Precambrian—Early Paleozoic
with an age of metamorphism of ca. 500 Ma (Becchio
et al. 1997, in press; Lucassen et al. 1996a). Lead isotopic
compositions confirm the close relation of the xenoliths
to the Early Paleozoic metamorphic rocks, rather than
to an old unradiogenic source such as the Arequipa
Massif or Grenvillian rocks from W Bolivia (Tosdal
1996 and references therein) or the basement type found
in xenoliths from the Argentine Precordillera (Kay et al.
1996). We interpret them as being part of the Early
Paleozoic lower crust that resided in its position at least
from the Devonian, since the Early Paleozoic orogen
was already exhumed in Devonian time and no impor-
tant orogenic process with crustal thickening occurred
until the Tertiary formation of the Andean Plateau. The
lower crust must have been already metamorphosed at
granulite facies conditions before the Cretaceous over-
print as indicated by the high temperature of the Early
Paleozoic metamorphism known from the nearby Sierra
de Quilmes and Argentine Puna (Toselli et al. 1978;
Becchio et al. 1997; Lucassen et al. 1996a).

Mafic compositions comprise <5% of the xenolith
population. Both compositional types of xenoliths in-
dicate similar metamorphic conditions; therefore they
may have been collected from the same lower crustal
depth. If the abundances of mafic and granitoid com-
positions reflect their true abundance in the lower crust
then its gross composition is granitic. Admittedly this is
highly speculative, since this occurrence of xenoliths is
an extremely small sampling area for the lower crust.
However, it is the only direct source of information, and
these speculations may well serve as a guide. The only
area in the Central Andes, where lower crustal rocks are
exposed is at Sierra Limon Verde/northern Chile. The
mafic xenolith has isotope ratios similar to mafic meta-
morphic rocks from this area, which presents a similarly
low proportion of mafic rocks (Franz and Lucassen
1997; Lucassen et al. in press). A dominantly granitoid
lower crust is in line with relatively low seismic velocities
observed in the Chilean Precordillera, Altiplano and
Puna [Omarini and Gotze (eds) 1991; Wigger et al.
1994]. This type of lower crust is unlikely to have been
involved in lithospheric delamination (Fig. 2; Kay and
Kay 1993; Kay et al. 1994) because: (1) density contrasts
between mantle and felsic lower crust would remain
large, even at P-T conditions above plagioclase stability
at the base of a 60 km thick crust; (2) with abundant
quartz (and traces of water) present the rocks would
behave ductilely. Both physical properties do not favour
a mainly gravity driven separation of lower crust and
descent of this lower crust attached to old continental
upper mantle into the asthenosphere. If there is any
major involvement of lower mafic crust in the supposed
delamination process, such a crust must have formed in
post—Late Cretaceous time. Promising candidates would
be underplated or intruded cumulates of the Tertiary
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andesitic volcanism. However, the chemical signatures
of the wedge derived rocks should be markedly different
from those of Early Paleozoic crustal rocks with the
geological history outlined above.

Cretaceous volcanism

The volcanic rocks of the Alemania branch of the Cre-
taceous basin occupy only a minor volume and mag-
matism in NW Argentina is minor during this period.
The basanites (Table 3) are of mantle origin and crustal
melts are unknown (Galliski and Viramonte 1988;
Galliski et al. 1989; Viramonte et al. in press), and
therefore large scale melting in mantle and crust seems
unlikely. Although local variations in the volume of
magmatism in the different basins are observed (Fraga
and Introcaso 1990), large volcanic fields are not known.
This has an important implication for the composition
of the lower crust and mantle lithosphere: both must
have been very poor in water to avoid melting at the
given high temperatures. Therefore, the Cretaceous ge-
otherm is limited by the dry melting of granitoid and
peridotite (Fig. 7). The lower crust probably had formed
at granulite facies conditions already during Early Pa-
leozoic metamorphism and was thermally overprinted
during the Cretaceous.

Basin development, metamorphism and magmatism

The metamorphic—-magmatic history of the Early Paleo-
zoic orogen constrains the starting conditions of the
Cretaceous sedimentation in the Salta rift system. For-
mation of the pre-Cretaceous crust includes deposition of
the Late Proterozoic to Cambrian sediments, reorgani-
zation during Early Paleozoic high grade metamorphism
and thermal and isostatic stabilization of the orogen until

Temperature [°C]

0 500 1000

0 T T T T T T T T T T T T
L gw gd
L bt hbl
r Crust Moho
| Mantle

A
L P-T range po \ pd
of the crustal
xenoliths

pw

g Depth [km] &

N

Fig. 7 Limiting thermal conditions (modified from Fig. 4.11 of
Wyllie 1992) for the Salta Rift xenoliths are set by wet and dry
solidi of granite; granite (gw; gd; Huang and Wyllie 1973); onset of
dehydration melting of biotite (h7) and hornblende (kbl), wet and
dry peridotite (pw, pd) and peridotite under oxidized (po)
conditions
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Devonian time. Subsequent changes were minor and the
Cretaceous basins developed entirely on late Precam-
brian—Paleozoic basement (Salfity and Marquillas 1994).
The basins formed between distinct morphological highs
(areas without deposits) in horst-graben structures dur-
ing the synrift stage (Fig. 1; for the basin development
see: Marquillas and Salfity 1988; Salfity and Marquillas
1994). Sedimentation is continental throughout the syn-
rift stage and shallow marine ingressions (?) or lacustrine
deposits (?), documented in the limestones of the Ya-
coraite formation, are only known from the post-rift
stage. Thickness of the whole Lower to Upper Creta-
ceous synrift succession does not exceed 2-3 km in the
depocentres (age not well constrained, it could be also
continental Upper Jurassic). Post-rift sediments have a
maximum thickness of ca. 2.6 km, but in most parts of
the basins they reach not more than ca. 1-1.5 km (Salfity
and Marquillas 1994). The sedimentary infill comprises
less than 15% of the presumed crustal thickness of ca.
35 km as the average value for continental crust. It is
concluded from the sedimentary evolution that the crust
was not substantially thinned during the Cretaceous ex-
tension and the thinning was largely compensated by
sedimentation. This is in accordance with the interpr-
etation of both the thermobarometric and age data: The
xenoliths were at lower crustal depth of ca. 35 km (ca.
10 kbar) until the time of extrusion or intrusion into the
stratigraphic upper unit of the synrift deposits of their
host basanite at ca 90 Ma.

Contemporaneous extensional basins have a consid-
erable N-S extension from Bolivia to Cordoba in Ar-
gentina. Basanite magmatism is also found at other
locations of the rift system in Argentina (Escayola et al.
in press) and Bolivia, however, its compositional and
time relations are largely unknown. The distribution of
the basins points to a first order process. The regional
extent of the lithospheric thermal anomaly found in the
Salta Rift is a matter of speculation: it could follow the
Cretaceous rift basins, considering that the rift related
magmatism is very minor and not necessarily traceable
in all parts of the rift system. The geodynamic setting
remains unclear and both a “true rift” and rifting in a
possible Cretaceous back arc (Fig. 1a) have to be con-
sidered as potential scenarios.

Heat source and tectonic setting

Transport of heat by magmatic flux to the base of the
crust or into the lower crust is widely accepted as a
process to raise the geotherm (e.g. Wells 1980). How-
ever, there is no evidence for abundant mafic intrusions
into the lower crust from the xenolith population that
comprises >95% granitoids. Generation of consider-
able volumes of magma from a volatile poor peridotitic
mantle source in the continental realm is restricted to
mantle plume settings with extension and decompression
above the dry solidus resulting in the production of
tholeiitic flood basalts (e.g. White and McKenzie 1989)

or at least large volcanic fields. Cretaceous magmatism
produced only minor volumes of essentially basanitic
volcanic rocks from mantle sources without magma
chambers in the uppermost mantle and crust. This
makes magmatic large scale underplating unlikely as the
cause for the elevated geotherm. It seems possible that
fusion and crystallization could have been restricted to
the mantle and are not seen in the crust; the occurrence
of pyroxenite xenoliths and megacrysts, that have how-
ever not yet been investigated in detail, could be an in-
dication of this process.

Alternatively the uprise of the thermal boundary be-
tween lithosphere and asthenosphere (ca. 1300 °C; e.g.
Fowler 1990) without major melting and temperatures
restricted to values below the limiting geotherms in Fig. 7
can be explained by the two endmember (model) pro-
cesses: heat transfer by conduction of heat only and heat
transfer governed by advection of hot material (e.g.
Lachenbruch and Morgan 1990; Lucassen et al. 1996b).
The first transport mechanism is very slow and thermal
equilibration of the lithosphere needs >100 Ma after
increase of the basal heat flow at the base of the litho-
sphere (e.g. Fowler et al. 1988). The duration of the ac-
tivity of the Cretaceous rift is not well constrained and
could be ca. 20-50 Ma, considering the sedimentary re-
cord and isotopic ages of magmatism. This timespan is
relatively short compared to the time needed for raising
the geotherm by conduction only. For the second mech-
anism any tectonically forced active upwelling of hot
asthenospheric material must be due to extension or an-
other tectonic process in the mantle lithosphere only,
because substantial thinning of the crust is absent. A
tectonically enhanced change of the geotherm includes
the uplift of the thermal boundary between lithosphere
and asthenosphere (Fig. 2) by influx of hot asthenosphere
into the lithospheric mantle. The high temperatures in the
lower crust probably were produced by a combination of
both processes, advection of heat, e.g. by the influx of hot
asthenosphere, and conduction of heat that became im-
portant with ageing of the rift. The tectonic removal of
possible ““old sub-continental” mantle and its replace-
ment by hot asthenosphere could also explain the sedi-
mentary basins within horst—graben structures by
thermal updoming of the normal, unthinned crust. Ad-
dition of asthenospheric material would also change the
composition of the previous ‘“old sub-continental”
mantle lithosphere (Fig. 2) with consequences for the
Neogene Andean volcanism. A Late Cretaceous thermal
anomaly in the mantle with a possible regional extension
following the rift basins must influence the thermal
structure and therefore the rheological properties of the
lithosphere throughout the Tertiary, because re-equili-
bration is so slow. The thorough study of mineral phases
and chemistry of rift related volcanic rocks and mantle
xenoliths will be necessary to prove this model.
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Appendix: analytical methods

Mineral compositions were obtained using an auto-
mated CAMEBAX microprobe (at TU Berlin) at 15 kV
acceleration voltage and 20 nA sample current. For
correction the ZAF and PAP programs were used. The
electron beam was focused to <5 pum except for pla-
gioclase which was measured with a 5 pm beam. Stan-
dards used are potassic feldspar for K, albite for Na,
wollastonite for Ca, andalusite for Si and Al, rutile for
Ti, olivine for Mg, pure metals for Fe, Mn, Cr, and Ni.
Minerals were separated using a magnetic separator
followed by handpicking under the binocular micro-
scope. Clinopyroxene, garnet and the non-magnetic
fraction of #A-112b (the latter contained abundant ap-
atite) were leached for 20 minutes in 2n HCI in order to
remove apatite. Separation of a sufficient volume of
garnet from #A-112a was impossible due to the small
sample size and the low abundance of garnet. After
dissolution bulk REE were separated by conventional
cation exchange. For the whole rock samples the Sr
fraction was eluted from the same aliquot and separated
from Rb by standard cation-exchange technique. The
Nd-Sm were separated using quartz glass columns with
Teflon powder coated with HDEHP (Richard et al.
1976). The Nd was eluted using 0.17n HCI, followed by
Sm in 0.4n HCI. Both Sr and Nd isotope ratios and Sm
and Nd concentrations were measured on a VG Sector
54 mass spectrometer at the Zentrallaboratorium fiir
Geochronologie Universitit Miinster. During the time
of measurement the La Jolla Nd standard yielded a
MSNd/"Nd = 0.511835 + 4 20; n = 10). An exter-
nal Precision (reproducibility) of 0.1% is assumed for
the '*’Sm/'"**Nd ratio from the Sm-Nd concentrations
by the isotope dilution techniaue. The Nd isotope ratios
were normalized to '**Nd/'**Nd = 0.72190. The Sr
standard NBS 987 yielded ¥’Sr/*Sr = 0.710261 + 11
(2o; n = 4) during the course of the measurements.
Lead isotope ratios were determined on four feldspar
separates, the corresponding whole rock samples and
whole rock sample # 4-302. Feldspars were leached in
HF and HNOj; before final dissolution in order to re-
move possible radiogenic Pb (DeWolf and Mezger 1994).
Lead was separated by standard ion exchange using HBr
and HCI chemistry. The Pb standard NBS981 yielded
204pp 29ph = 0.05923 + 5, 2°"Pb/?°Pb = 0.91345+ 18,
208pp2%ph = 2.1614 + 4 (20; n = 5) during the course
of the measurements. Lead isotope ratios from all
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samples were corrected for fractionation based on the
values for the NBS standard SRM981.

Major and trace element contents of the five xenoliths
were determined by XRF on fused glass disks at TU
Berlin using Oxiquant and X-40 Philips software. The
REE contents were determined by ICP-AES at the GFZ
Potsdam (Zuleger and Erzinger 1988).
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