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ABSTRACT

Potassic magmas, emplaced in the Asuncién-Sapucai graben (ASU) between 132 and 118 Ma ago, are
represented by two main suites, i.e. basanite-tephrite-phonotephrite-phonolite and alkali basalt-trachybasalt-
trachyandesite-trachyphonolite/trachyte. The compositional variations indicate fractional crystallization pro-
cesses, along with mainly olivine+clinopyroxene accumulation and mixing between magmas of varying de-
grees of evolution. The primary magmas are inferred to have 12-13% MgO and to have been generated from
about 3% melting of a garnet peridotite which suffered variable enrichment in incompatible elements with
respect to the primordial mantle. In the Asuncién-Sapucai graben are present tholeiitic stratoid volcanics (137~
130 Ma) and sodic rock-types (61-39 Ma), also referred to garnet mantle sources. The geochemical systemat-
ics and constraints for the whole magmatism from the Eastern Paraguay show a generalized lithospheric source,
variously metasomatized, which suffered various degrees of partial melting and where compositional hetero-
geneities were preserved up to Oligocene times. The generalized situation severely constraints any interpreta-
tion of the Dupal anomaly inside the continent (Hawkesworth et al., 1986) and current Interpretation relative
to the Tristan da Cunha plume.

INTRODUCTION

Volcanic/subvolcanic potassic suites are
widespread in central-eastern Paraguay, mainly
in the Asuncién-Sapucai graben (ASU), an exten-
sional structure that experienced intense mag-
matic activity since Early Cretaceous. The
magmatic events started with the emission of
flood tholetites of the Alto Parana Formation (i.e.
Serra Geral Formation in Brazil) at 137-130 Ma
(Bitschene, 1987; Turner et al., 1994; Ernesto et

al., this volume), followed by potassic complexes
and dykes at about 128 Ma (Gomes et al., this
volume); the late stages (6i-39 Ma: Comin-
Chiaramonti et al., 1991) display a distinctive
sodic character.

The ASU potassic magmatism forms shal-
low-level intrusive complexes overlain by lava-
flows crosscut by a large number of dykes
(Comin-Chiaramonti et al., this volume, Ap-
pendix I). Notably, the intrusive facies and lava
flows have compositions similar to those of the
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Figure 1 - Distribution of {Si0, «< 52.5 wt %; mg# MgO/
(MgO+FeQ) > 0.50} in the normative basalt tetrahedron
(Yoder & Tilley, 1962). Inset: B-P and AB-T variation fields
compared with the field of the stratoid tholeiitic volcanics
{TH} from central-castern Paraguay (data socurce: Bellieni
et ai., 1980; Comin-Chiaramonti et al., this volume, Appen-
dix 11). CPSU and CPSS: critical planes of silica-
undersaturation and saluration, respectively.

dykes, so that the latter can be considered the
potential feeder of the ASU potassic magmatism.

The geochemical variations are quite irregu-
lar, showing the scatter typical of open-system
processes {Comin-Chiaramonti et al., this vol-
ume, Petrochemistry). On the whole, the ASU
potassic rock-types display characteristics typi-
cal of the RPT group of Barton {1979), i.e.
“plagioleucitite” group of Foley (1992).

Two main suiftes are apparent: basanite to
phonolite (B-P) and alkali basalt to trachypho-
nolite/trachyte (AB-T), both characterized by
variable K,0/Na,O ratios. The latter allows to
distinguish highly potassic (HK), potassic (K)
and fransitional potassic (1K) groups within each
suite (cf. Comin-Chiaramonti et al., this volume,
Magmatism).

Notably, the AB-T suite is less silica-under-
saturated than the B-P one and the former dis-
plays lower TiO,, K,O, Zr, Nb, Y and REE
contents (Comin-Chiaramonti et al., this volume,
Petrochemistry).

Yoder & Tilley (1962) tetrahedron (Fig. 1)
highlights the distinction between the silica-un-
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dersaturated compositions of the B-P sujte and
those of the AB-T sujte, which are both silica-
undersaturated and silica-saturated, and some-
times straddle the critical plane of
silica-undersaturation . The normative domains
of the two suites are not a simple function of the
K,O/Na,Q ratio, as HK, K and tK compositions
lie at both ends of the trends. Moreover, the AB-
T suite does not satisfy a simple fractionation
process as compositions with relatively high mg#
plot at both ends of the field. The latter may im-
ply mixing between silica-undersaturated and
silica-saturated magmas, or may represent mag-
mas produced by variable degrees of partial melt-
ing, or both.

PROCESSES POSSIBLY INVOLVED IN
THE EVOLUTION OF ASU MAGMAS

Crystal fractionation

Modelling of crystal fractionation involving
ten major oxide components was performed on
each complex and on selected samples (cf.
Comin-Chiaramonti et al., 1990; Marzoli, 1991;
Comin-Chiaramonti et al., 1992; De Min, 1993),
using the least squares program XLFRAC
(Stormer & Nichols, 1978).

Models with low sums of the square re-
siduals (XR? < 0.5) relative fo the AB-T suite (i.e.
alkali basalt-trachybasalt-trachyandesite-
trachyphonolite/trachyte) indicate that the most
evolved alkali basalts, trachybasalts and
trachyphonelites could be the products of crystal
fractionation of olivine+clinopyroxene+
magnetitexplagioclasexbiotite. The trace ele-
ment modeiling (Rayleigh’s equation) show that
incompatible elements have observed/calculated
ratios mainly in the range 0.70-1.30.

The same approach for the B-P suite (i.e.
basanite-tephrite-phonotephrite-phonolite)
shows thaf the dominant fractionating assem-
blages are olivine+clinopyroxene+magnetites
biotitexplagioclasetieucite (XR?= (.10-1.95),
with variable SiQ, depletions and enrichments
in the tesidual liquids which evolved in the
Mg,5i0, - KAISIO, - §i0, - H,0 volume (cf.
Hamilton & MacKenzie, 1965; Luth, 1967), as
also indicated by mineralogical features (cf.
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Table 1 - Major (wt %) and trace (ppm) {:'Iement average contents, relative standard deviations (s.d.)
of ASU magmas. B-P suite: B, basanite; T, tephrite; PT, phonotephrite; P, phonolite. AB-T suite: AB,
alkali basalt; TB, trachybasalt; TA, trachyandesite; TE, trachyphonolite; TR, trachyte. N = number of
samples, mgh = atomic Mg/(Mg+Fe®), assuming Fe**[Fe** ratio = 0.18.

B-P suite
B s.d. T s.d. PY s.d. P s.d.
{N=3) (N=74) (N=101) (N=23)
SiC, 48.86 {0.34) 49,36 {1.21) 50.85 (L.47) 54.28 (2.49)
TiO, 1.55 0.12) 1.79 (0.25) 1.65 £0.25) 1.64 (640
ALO, 13.30 {0.25) 1517 (1.69) 16.68 {1.49) 10.48 (1.07)
FeQ, 233 (0.95) 9.60 (0.82} 8.67 {1.03) 541 (1.65)
MnO 0.17 (0.01) 0.i7 (0.02} 0.17 {0.02) 0.15 (0.03)
MgO 8.54 (1.50) 6.25 (.19 4.44 {0.08) 1.56 (1.07)
CaQ 10.86 (0.93) 9.26 (0.89} 7.54 (0.97} 4.63 (151
Na, 0 3.40 (¢.21) 3.33 (0.61) 4,02 {0.60} 6.05 (1.39)
K,é 3.53 (0,60} 4.48 (0.88) 5.37 1.12) 7.00 (1.14}
PO, 0.46 (0.08) 0.59 0.17) 0.61 (G.16) 0.40 (0.26
mg# 0.65 6.57 0.51 0.37
Cr 388 (15) 161 (111) 70 {63) 16 (16)
Ni 140 (40 51 @n 34 (20) 6 &)
Ba 1214 (4 1470 (336) 1563 357 022 (1104)
Rb 61 (20) 90 (28) 167 [€Y)) 129 (39
Sr 1383 {150) 1703 (323) 1731 (441) 2443 (719)
La 73 (i3) 8s ) 47 (23) 126 (36)
Ce 136 27) 153 {36) 171 (39 205 47
Nd 58 ) 67 {14) 76 (28) 84 (18)
Zr 162 (36) 258 {74} 299 (72) 531 (150)
Y i8 (4) 20 (5} 21 (5) 25 (9
Nb 38 €] 40 {12y 48 (i5) 77 {21)
AB-T suite
AB s.d. TB s.d. TA s.d. TP s.d, TR s.d.
(N=8) (N=52) (N=63} {(N=20} (N=15)
Si0, 50.72 (1.74) 51.43 (L7 §3.53 (1.97) 58.58 (2.39) 60.91 {2.45}
TiO, 1.53 (0.27) 1.51 (0.22) 1.5G {0.23) 0.83 {0.43) 0.54 (0.443
ALD, 12.99 (1.73) 15.62 (1.62) 17.26 (1.36) 19.04 {0.90} 18.24 (0.84)
FeQ, 911 (1.38) 8.75 (0.6 7.88 (1.24) 4.22 (1.74} ) 4.26 (1.70)
MnO 0.17 (6.03) 0.16 (0.02) 0.15 (0.02) 0.14 (6.04) 0.12 (0.10)
MgO 8.63 (1.44) 6.04 (1.45) 3.84 (1.27) 1.14 {6.81) 1.34 0.73)
Ca0 9.86 (0.79) 3.6 (0.74) 6.34 (1.22) 3.47 (1.3 2.28 (1.54)
Na,0 2.60 (1.1%) 3.31 (0.67) 3.76 (6.90) 5.60 (1.21) 4.21 (1.02)
K0 393 (1.05) 4.24 (.07 5.27 (1.44) 6.71 (0.93) 7.43 (1.86)
PO, 0.46 (0.09) 0.49 0.11) 0.55 .11 0.27 (0.19) 0.31 (0.18)
mg# 0.66 0.59 0.50 0.30 0.39
Cr 316 (806) 165 {143} 64 (48) 8 {10) i0 (13
Ni 91 (33) 50 (36) 24 {21} 6 [5))] . 8 (5)
Ba 1444 {344) 1310 (263) 1417 376) 1334 (811) 1140 (482)
Rb 77 (35} 89 (28) 104 (32) 131 (34) 136 (32)
Sr 1251 (185) 1496 (283) 1440 (353) 1358 (692) 815 (329)
La 65 (38) 72 {18) 87 (22) 114 (36) 93 (39
Ce 124 (58) 126 {32) 153 (34) 185 (53] 159 {62)
Nd 52 i9) 53 {12) 66 (15) 64 (253 64 {28)
Zr 216 (90) 224 (52) 293 (54) 541 (167} 440 (330)
Y 18 (5) 19 (® 2% 4 22 (103 22 {16

Nb 29 (14) 31 (8) 40 ) 66 (26) 50 (23)
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Table 3 - Fractionation models. Least,square mass balance calculations based on major elements
(Stormer & Nicholls, 1978). Abbreviations as in Tables 1 and 2. F: weight fraction of daughter liquid
at each stuge. The numbers are the amounts (wt %) of minerals subtracted from the parent to obtain
the daughter magma. ZR*: sum of the square residuals,

B-P suite AB-T suite

Parent magma B B B T PY PT AB AB TB TB TA TA TA TA TA

1 2 3 1 2 2 2 1 2 1 2 3 1 2
Derived liquid T T T PT P P ™8 TB TA TA TP TP T TR TR
¥ 82.69 84.42 78.92 7256 42.49 38.19 80.86 81.48 77.46 7520 66.80 70.03 7301 35234 35318
(o} 14.86 16.31 1.80 871 14.17 1597 1215 486 11.38 4.46
Cpx 74.00 80.94 7386 49.62 3032 46.49 7856 7992 53770 5730 3395 2718 3727 750 11.96
Biot 1891 13.06 20,14 3.58 17.17 1556 20.78 6.09
Amph 13.31 31.88 31.85
Mt 1.58 274 178 848 929 8.90 369 411 835 639 1154 12,68 1113 743 730
Pl 2.56 5.45 2246 34.66 21.57 25.80 1893 3236 3249 2996 20.66 28.61
Af 16,18 1212
Le 3.81 1608 2.50¢
Ap 0.76 093 .73 295 087 288 208
IR 0.545 0.725 0970 0.155 0.007 L.776 0.649  0.635 (.153 0428 0.645 0974 0730 G430 0544

Table 4 - Mineralfliquid partition coefficients (source data in Caroff et al., 1993 and therein refer-
ences; Marzoli, 1991 and therein references). Abbreviations as in Table 2.

Ql Cpx Biot Amph ivit P Af Le Ap
Cr 0.72 5.69 1.00 8.00 7.70 0.03 0.01 0.06 0.01
Ni 36.71 2.00 8.00 6.40 6.54 0.03 0.01 0.06 0.01
Ba (.04 0.07 10.00 .61 0.14 0.24 3.02 0.18 095
Rb 6.08 0.10 3.00 0.15 023 .03 0.42 0.44 .56
Sr G.01 0.33 0.20 1.01 0.23 2.12 4.11 Q.02 1.67
La .01 0.22 0.02 Q.56 0.53 0.12 0.46 0.02 5.16
Ce 0.01 0.34 0.02 0.87 0.56 c.14 0.36 0.02 6.34
Nd .01 0.68 0.03 1.82 0.55 G.07 0.31 0.02 6.60
Zr .05 0.10 0.08 0.80 033 G.01 0.13 0.01 0.0
Y (.01 0.77 0.80 2.88 0.55 (.03 0.24 0.01 508
Nb 6.01 0.14 0.30 0.89 3.86 ¢.01 0.12 0.02 0.09

Table 5 - Trace elements: observed/ calculated ratios (Rayleigh fractionation, C', = C', FP*) where
C' = concentration of trace element i in the liquid; C' = concentration of trace element i in the paren-
tal magma,; F = weight proportion of residual liquid; Di = bulk partition coefficient for element i for
the crystal settling out of the melty. Abbreviations as in Table 3.

B-P suite AB-T suite

T T T PT P P ™ 1B TA TA TP TP TP TR TR

M &3] (3 ny @ @ M 4 (n @ & n
Cr 0.80 0.81 0.96 1.02 673 070 .20 118 0.79 0.80 (.29 032 .25 0.84 095
Ni 0.97 0.98 0.55 1.21 1.20  0.50 1.34 1.39 1.87 1.07 0.90 1.35 .50 241 1.38
Ba 1.02 0.97 1.52 1.21 0.69 218 0.80 075 086 1.36 124 072 1.37 0.7 1.56
Rb 1.24 1.27 1.36 1.01 0.64 1.02 098 096 093 1.04 1.05 092 1.33 076 0.91
Sr {11 1.09 .07 0.93 1.29 1.20 1.03 1.03  0.90 0.86 0.9G 0.93 .90 0.80 06.79
La 1.00 1.02 0.96 0.91 0.72 (.84 093 094 099 0.96 0.98 1.08 1.03 077 G.75
Ce 0.98 1.00 0.95 0.93 0.69 084 0.87 088 1.01 0.98 0.93 1.0} 0.97 0.82 079
Nd 1.G63 107 .12 0.98 0.68 (.81 093 093 1.08 1.06 0.77 0.88 0.80 093 091
Zr 1.34 1.37 1.29 0.87 0.89  1.i4 0.88 089 1.04 1.02 1.27 1.37 1.38 0.96 0.97
Y 1.03 1.05 1.05 0.94 0.74 (.82 .00 1.00 097 1.00 0.88 099 0.92 £20 1.22

Nb 0.90 0.92 0.88 1.00 .03 135 091 692 L1t 108 1.37 1.46 1.43 0.97 0.98
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Cundari & Comin-Chiaramonti, this volume).
This is also consistent with different fO, and
H,O regimes, expanding the biotite volume and
suppressing leucite at relatively low pressure.

Considering the ASU sampling as statis-
tically representative of the erupted magmas, an
attempt fo simplify the question relative to the
crystal fractionation in terms of averages of the
main petrographical/petrochemical types is pre-
sented (i.e. considering on the whole the intru-
sive facies + lava flows + dykes as a roughly
closed system; cf. Schiano et al., 1993). Aver-
age compositions of the magma types and rep-
resentative compositions of their phenocrysts
are presented in Tables 1 and 2, respectively,
and the modellization results (major elements)
are shown in Table 3.

B-P suite. The starting composition
(basanite) displays various possible solutions to
obtain tephrite (sums of square residues lower
than unity) with fractionating assemblages rang-
ing from 21.0 to 15.6 wt % {(clinopyroxene +
magnetite * olivine + biotite * plagioclase).
Phonotephrite is obtained from {ephritic
liquid fractionating 27.5 wt % of olivine +
clinopyroxene + magnetite + biotite +
plagioclase-+leucite+apatite. The best solution to
obtain phonolite is represented by 57.5 wt %
solid fractionate in phonotephritic liquid (olivine
+clinopyroxene + magnetite + plagioclase +leu-
cite + apatite}.

The observed/calculated ratios of trace ele-
ments (mineral/liquid partition coefficients in
Table 4) display ranges between (1.8 and 1.4, Ni
and Ba of phonolite excepted (1.2 to 0.5 and 0.7
to 2.3, respectively; cf. Table 5). Notably, the
scatters are in the range of standard deviations of
the average rock-types.

AB-T suite. The fractionating assemblages
are around 20 wt % for trachybasalt from alkali
basalt  (olivine+clinopyroxene+magnetitex
‘biotite); 22-25 wt % for trachyandesite
from trachybasalt (olivine+clinopyroxene+
magnetite+plagioclasexbiotite); 27-33 wt % for
trachyphonolite from trachyandesite (clinopy-
roxene+plagioclase+magnetite+apatites
biotitezamphibole).

Trachyte is derived from trachyandesite by
fractionating 57-58 wt % of clinopyroxene+
magnetite+amphibole+plagioclase+alkali feld-
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spar+apatitexolivinetbiotite. Notably, signifi-
cant amphibole fractionation (up to 17%) may
explain the transition from ol-normative to Q-
normative liquids (i.e. trachyandesite-trachyte
transition).

The observed/calculated ratios relative to the
trace eclements (Table 5) are mainly in the range
0.8-1.2, excepting the scatters of Ni, Ba, Zr and
Nb, above all in the more evolved rock-types.

On the whole, it is apparent that the frac-
tional crystallization is an important process in
the evolution of ASU magmas. However, al-
though the scattering of observed/calculated
ratios of the trace elements may reflect also
variations on mineral/liquid distribution coef-
ficients, other processes can be inferred from
the petrographical and mineralogical evi-
dences.

Previous studies of ASU alkaline rocks
have stressed that the complexity of petro-
graphical, mineralogical and geochemical
changes in both B-P and AB-T suites is indica-
tive of a complex genetic typology, other than
fractional crystallization, e.g. olivine+
clinopyroxene+foids+feldspars+phlogopite
accumulation, crystal/ liquid mixing from dis-
tinct magma batches, variations of O, and H,0
activities, leucite breakdown into
pseudoleucite and/or analcimitization at low
pressure regimes, exsolving CO,-rich liquids
(Comin-Chiaramonti et al., 1992; Cundari &
Comin-Chiaramonti, this volume; Castorina et
al., this volume, Carb'onatites). However, the
evolution history of ASU magmas remained
largely within the stability fields of ferromag-
nesian phases, notably olivine+clinopyroxene,
in the system Mg,SiO -KAISiO,-5i0, (cf.
Edgar, 1980), suggesting that a relatively high
temperature subvolcanic regime prevailed in
the evolution of the ASU magmas. The extreme
differentiates from both B-P and AB-T suites
approach the composition of peralkaline re-
sidua, suggesting an extended subvolcanic
crystallization of K-rich, aluminous phases
like biotite and/or leucite. The widespread oc-
currence of megacryst, probably xenocryst
phases, boints to crystal/liquid mixing from
chemically distinct magma batches during
their ascent to the surface (cf. Cundari &
Comin-Chiaramonti, this volume}.



Alkaline Magmatism in Central-Eastern Paraguay

Crystal accumulation and crystal/liquid mix-
ing

Petrographical evidences show that the ASU
magmas were subjected to varying degrees of
crystal accumulation and to variable degrees of
mixing between magmas containing higher- and
lower-temperature assemblages (cf. Cundari &
Comin-Chiaramonti, this volume). This complex
situation is summarized in Figure 2, in terms of
olivine-bulk rock relationships. The liquid prod-
ucts of crystal fractionation lie along a trend par-
allel to, but below, the Roeder-Emslie equilibrium
curve. The xenocryst vector represents the situa-
tion where high-temperature olivine is preserved
in fower-temperature magma by non-equilibra-
tion with the host liquid.

Olivine accumulation produces MgO-rich
magmas in which olivine is less magnesian than
the equilibrium olivine for that bulk composition.
Magma mixing resuits in a range of phenocryst/
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Figure 2 - Compositions of olivine phenocryst and
microphenocryst cores plotied against bulk-rock composi-
tions to show the effects of crystal fractionation, xenocrystat
retention, magma mixing and olivine accumulation on the
range of phenocrysts in individual specimens (cf. Cundari
& Comin-Chiaramonti, this volume, Fig. 3). Arrows indi-
cate direction: of spread of clivine compositions resulting
from the varicus processes. Circles and triangles: B-P and
AB-T suites, respectively. RE, Roeder & Emslie (1970)
equilibrium curve.
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Figure 3 - Relationships between mg# and alkali index (A.L) and K,O/Na,O ratio (wt %) for ASU essexitic gabbros and
essexites. HK, K, tK: high potassic, potassic and transitional potassic rock-types, respectively. (E) and (W): eastern and
western region, respectively. Insect: vectors (proportional intensities) representative of fractionation and cumulus processes
(whotle-rocks and minerals from Comin-Chiaramonti ¢t al., Appendices II and II1). Ol, Olivine; Cpx, clinopyroxene; Biot,
biotite; Af, alkali feldspar; Lc, leucite.
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microphenocryst core compositions, which can
be either more or less magnesian than the equi-
librium olivine composition.

Regarding the intrusive facies, e.g., essexitic
gabbros and essexifes, there are positive relation-
ships between mg# and alkall index and between
mg# and K,0/Na,O ratios, displaying large over-
lap for the two clans and internal evolution driven
by fractionation and cumulus of potassic phases
as biotite, leucite and/or alkali feldspar, other
than olivine and clinopyrexene (Fig. 3).

In the AB-T suites two distinct megacryst

generations were observed, i.e. diopside and -

salite with (Si+Al) < 2.00 and > 2.00 a.f.u., cor-
responding to Ti/Al = 4.0 and 0.11, respectively.
The former megacrysis probably crystaliized
from liquid compositions with (Na+K)/Al > 1
(Comin-Chiaramonti et al., 1990). Notably, close
chemical correlations apply only to the olivine-
clinopyrexene pairs from B-P suite, reflecting
their cognate refationships, whereas there is
poor correlation for Fe/(Fe+Mg) values be-
tween coexisting olivine and clinopyroxene com-
positions in AB-T suites {(Comin-Chiaramonti et
al., 1990, 1992).

Variations of Oxygen fugacity

The evidences of fO, variations are inferred
from the mineralogical characteristics (Comin~
Chiaramonti et al., 1990, 1992; Cundari &
Comin-Chiaramonti, this velume), e.g.:

1) Magnetite-ilmenite pairs generally in-
dicate temperatures and {O, conditions between
MW and NNO buffers, both in B-P and AB-T
suites, up to phonolitic/trachyphonolitic rock-
types where the conditions shift towards the H-
M buffer. Moreover, ilmenite exsolutions in
magnetite hosts of some intrusive facies testify
equilibration down to very low temperatures and
{0, (i.e. < 400°C and < -30, respectively).

2} Biotite microlites from the AB-T suite fall
close to H-M buffer in the Mg-Fe**-Fe** system
of Wopnes & Eugster (1965). In comparison bi-
otite from the B-P suite is removed from the re-
gion of buffered compositions, suggesting that the
mica <rystallization in the corresponding liquids
occurred under unbuffered oxigen conditions.

3) Olivine and magnetite may disappear at
phonotephrite/phonolite transition, and they are re-
placed by andradite and haematite in the B-P suite.
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Test of open-system model

The fact that the evelution of ASU suites can
be modelled by the Rayleigh’s equation means
that they have evolved either by roughily closed-
system fractional crystailization, or following
open-system fractionation. In the latter model,
fractional crystallization occurs in the magmatic
chambers together with cyclic replenishment and
only partial extraction of the differentiated liquid
during each cycle (open-system fractionation in
a periodically replenished magma chamber: PRE,
cf. O’Hara & Mathews, 1981). The chambers are
filled up by batches of fresh magma which mixes
with residual liquids from previous cycles. This
mixed liquid evolves according to the Rayleigh’s
law and part of the residual liquid is expelled
through eruption at the end of the cycle. This
model is described by equation (O'Hara &
Mathews, 1981): Y = {(1-X)®9 (X (1-E)+E)-E}/
{(1-X)®0 (E-1)}, where E is C'/C}, ratio (C'_
concentration of trace element “i” in the erupted
liquid; Cio, concentration of in the fresh
magma), X and Y are the fraction of liquid crys-
tallized and erupted at cach cycle, respectively.

The above equation has been used to model
the behaviour of incompatible (Th and Zr) and
compatible (Cr and Ni} elements in the B-P and
AB-T suites, basanite to tephrite and alkali ba-
salt to trachybasalt, respectively.

The results are shown as curves on the Y vs.
X diagram, relative to basanite-tephrite and alkali
basalt-trachybasalt (Fig. 4). Theoretically the
curves should intersect for the right Y and X val-
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0.8+

B-P suite
0.6

0.4 4

0.2+

Cc.o M
0.0 02 0.4

Figure 4 - X vs.Y diagram (O’Hara & Mathews, 1981). B-
P suite (b‘asaniie-tephrite): C /T, Cr = 0.415; Ni = 0.364;
Zr=1.592; Th=1511; B, Cr=3.030; Ni=3.108; Zr
= (1.096; Th = 0.1G2. AB-T suite (alkali basalt-trachybasali):
C/C Cr = 0.522; Ni = 0.429; Zr = 1.067; Th = 1.150;
D :Cr=4905, Ni=6451; Zr=0.101; Th = 0.184.

butk
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ues. However, because of the uncertaintigs on the
utilized chemical parameters, we consider a good
fitting the case of B-P suite, where all the curves
intersect within the box defined at X = 0.3520.05
and Y = 0.5720.13. Although the corresponding
intersects relative to AB-T suite are more scat-
tered, the curves relative to the compatible and
incompatible elements tend to converge near the
X+Y = 1 line (box X = 0.10£0.05 and Y =
0.8520.15). In both cases, the sum of X+Y is
close to unity, which indicates that PRF model is
roughly equivalent to a succession of closed-sys-
tem fractionaticn events. The same approach
relative  to  tephrite-phonotephrite  and
trachybasalt-trachyandesite yields similar results.
On the contrary, calculations performed on the
phonotephrite-phonolite and trachyandesite-
trachyphonolite/trachyte yield negative values for
Cr and Ni. Consequently, the behaviour of trace
elements is controlied by Rayleigh’s law at least
up to phonotephritic/trachyandesitic magmas.
The more evolved rock-types (i.e. phonolites and
trachyphonolites/trachytes), probably reflect the
drastic changes in fO, and in crystal/liquid el-
emental  partition  coefficients, other
than a major chemical reactivity at low tem-
perature/weathering processes (i.e. anaicitiza-
tion, zeolitization and so on).

SOURCE CHARACTERISTICS

On the whole, the chemical signature of pos-
sible parental, i.e. primary magma(s) is difficult
to establish because of the processes involved in
magma differentiation at shallow depth and
subsolidus transformations (see also Comin-
Chiaramonti et al., this volume, Magmatism and
Petrochemistry; Cundari & Comin-Chiaramonti,
this volume).

In general the more magnesian ASU rock-
types do not satisfy the commonly accepted cri-
teria for primary magmas, i.e. mg# Mg/(Mg +
Fe*) > 0.65 and Ni contents > 235 ppm (cf. Sato,
1977, Frey et al., 1978), and even those rock-
types where mg# is in the range of primitive
mantle-derived magmas the Ni contents are in the
range between 66 and 154 ppm.

Assuming that the least evolved compo-
sitions (cf. basanite and alkali basalt rock-types
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of Table 1) represent derivative liquids, we need
to consider compositions with relatively high
mg#, e.g. between 0.74 and 0.76 (Fo around 0.90
for equilibrium olivine). Possible compositions
are obtained by adding ¢.23 wt % clinopyroxene
+ olivine (clinopyroxene 61.4 %; olivine 38.6 %)
and 21.5 wt % (clinepyroxene 68.6 %; olivine
31.4 %} to basanite (mg# 0.65) and to alkali ba-
salt (mg# 0.66) of Table 1, respectively. The re-
sults are summarized in Table 6.

Assuming a garnet peridotite as mantle
source (cf. Comin-Chiaramonti et al., 1991,
1992), for the low yttrium contents of the ob-
served and calculated concenirations, for the
strong fractionation of the HREE (Comin-
Chiaramonti et al., this volume, Petrochemistry)
and because spinel peridotite sources indicate
melting degrees less than 1.5 %, the models show
melting degrees around 3.2 % for both basanite
and alkali basalt parent magmas (Table 6). The
modeis also show residual garnet (4.1-4.5 wt %)
+ amphibole (0.07 and 0.47 wt % B-P and AB-T,
respectively) and important enrichments and
depletions {Table 6 and Fig. 5) in the mantle
source with respect to the primordial mantle of
e.g. Sun & McDonough (1989).

Notably, garnet peridotite sources are also in-
ferred by melting models for the Mesozoic
tholeiitic basalts of the Alto Parand/Serra Geral
Formation (melting degrees: high-Ti basalts, 5-
9%:; low-Ti basalts, 20%; Piccirillo & Melfi,
1988) and for the Tertiary nephelinites of the
Asuncidn area (melting degrees: 3-6%; Comin-
Chiaramonti et al., 1991).

Incompatible element enrichment may be
broadly associated with metasomatic processes
involving fluids and/or small volume melts (cf.
Menzies & Hawkesworth, 1987; Erlank et al.,
1987). Whatever the origin of these fluids, the
source was probably in the deeper parts of the
lithosphere or upper asthenosphere and such flu-
ids were likely derived from volatile-rich alkaline
melts (cf. Castorina et al., this volume, S1/Nd).

Different metasomatized sources can be en-
visaged by the occurrence in the Asuncidn-
Sapucai graben of Na-(ultra)alkaline magmatism
(61-39 Ma: La/Lu = 32.4) carrying spinel
mantle xenoliths. The latter are not a suitable
source for the associated magmatism (Comin-
Chiaramonti et al., 1991, 1992), but the occur-
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rernice of two main suites, i.e. blebs-bearing (BB:
strongly enriched in K and other incompatible
elements) and bleb-free (BF: moderately en-
riched in K and LE.) would involve mantle en-
richment and heterogeneity on local scale
(Comin-Chiaramonti et al., 1986; Demarchi et
al., 1988} and could indicate a plausible
means of mantle metasomatism on a small
scale. The REE contents of clinopyroxenes
from BB and BF mantle xenoliths from the
same outcrop (Nemby hill; cf. Demarchi et al.,
1988) is in agreement with the above assumption.
In particular, REE profiles show LREE enrich-
ment of BB clinopyroxene in comparison with BF
ones (Fig. 6).

GEODYNAMIC SIGNIFICANCE

The magmatism of the Asuncién-Sapucai
graben is an exampie of potassic volcanism in an
intracontinental rifting. In general, Ba and Sr
contents of the rock-types are high, as might be
expected from the potassic character of the ASU
suites. However, not all incompatible elements
show enrichments: thus Nb is up to 62 ppm in
some phonolites, As a result, the ratio of large ion
lithophile elements patterns normalized to
primordial mantie show strong LILE/HFSE frac-
tionation and negative Ta, Nb, P, Zr, Ti spikes
(Comin-Chiaramonti et al., this volume, Petro-

~—&— BASANITE
—O—  ALKALIBASALT

: “AM

L AUt SRS AR NS SO N S S A N [ N IR S B S B S G
RbBaTh U K TaNbLaCeSr NdP ZrSmTi Tb Y YbLu

CALCULATED SOURCES / PRIMORDIAL MANTLE

Figure 5 - Caleulated concentrations of incompatible ele-
ments normalized to the primordial mantle (Sun &
McDonough, 1989) in the mantle source of ASU potassic
magmas.
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chemistry), interpreted by some (e.g. Edgar,
1980; Pearce, 1983; Thompson et al., 1984;
Beccaluva et al,, 1991) in terms of subduction-
related processes. ‘

Comin-Chiaramonti et al. (1992) stressed the
close similarity of the ASU potassic magmatism
with the generalized patferns of the Roman Re-
gion lavas (RRL), the latter interpreted as the re-
sult of a subduction-driven activity (cf. Civetta et
al.,, 1987; Beccaluva et al., 1991). However, the
K-alkaline magmatism occurs in Paraguay in a
rifted continental setting devoid of any orogenic
and/or subduction-driven activity. It is interest-
ing to note that Nb-Ta-Ti negative anomalies are
likewise shown in the same area by the coeval
tholeiitic magmatism (Alto Parana Formation,
corresponding in Brazil to Serra Geral Forma-
tion; cf. Bellieni et al., 1986; Piccirillo & Melfi,
1988; Comin-Chiaramonti et al., this volume,
Appendix II), both high-Ti and low-Ti, contrast-
ing with the Nb-Ta positive spike of the spatially
associated Na-alkaline magmatism (age 61-39
Ma: Comin-Chiaramonti et al., 1991).

The compositions of K-alkaline rock-types of
the Asuncion-Sapucai graben are distinct from
those occurring in other rift-related settings, e.g.
Ugandan rock-types (cf. Beccaluva et al.,, 1991).
They scatter around the field of RRL also in the
Th/Zr vs. Nb/Zr diagram (Fig. 7), and they also
fall in a distinct field, infermediate between sub-
duction-related and subduction-unrelated basal-

BB CPX

BF CPX
H-Ti Th
L-Ti Th
Na-Alkaline
B-P suite
AB-T suite

1000

100 |
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T T T

T
La Ce Pr Nd

Y

SmEuGE T Dy Ho & Tm Yb Lu
t

Figure 6 - Chondrite-normalized REE for ASU basaltic
compeositions compared with clinopyroxene from Nemby
mantie xenoliths (BB, blebs bearing; BF, bleb free:
Vannucci, unpublished data; see text).



Alkaline Magmatism in Central-Eastern Paraguay - l 217

fuble 6 - A. Calculated primary magmgs and compositions of added minerals. Basanite, B-P suite,
from basanite of Table 1, adding 23.0 % Ol + Cpx (38.6% OI, 61.4% Cpx); alkali basalt, AB-T suite,
from alkali basalt of Table 1, adding 21.5 % of Ol + Cpx (31.4% Ol 68.6% cpx). Trace elements
calculated according to Raileygh’s fractionation and crystaliliquid partition coefficients as in Table
4. B. Equilibrium partial melting models (Shaw equation, according to Hanson, 1978: C,/C, = 1/
{D(1-F)+F}, where C, is the concentration of a given trace element in a derived melt, C, is the com-
position of that element in the parent solid prior to melting, D is the bulk distribution coefficient for
the mineral assemblage left in the residue, and F is the fraction of melting); data source: C, Chen,
1971; M, MacGregor, 1974; W, Wilkinson & Le Maitre, 1987. C. crystalfliquid partition coefficients
(McKenzie & O’Nions, 1991 and therein references). ZR?: sum of the square residuals.

A

Basanite Alkali basalt  Olivine Clinopyroxene
Sio, 47.76 50.40 40.98 53.78
TiO, 1.40 1.20 0.32
AlLO, 10.45 11.01 3.09
FeQ, 8.25 8.04 0.38 3.27
MnO 0.16 0.15 0.10 0.09
MgO 13.31 12.67 49.46 16.60
CaD 11.98 11.08 *0.02 21.97
Na,0 2.82 2.14 0.87
0.K,0 3.42 2.95 0.01
PO, 0.47 0.36
mg# 0.74 0.76 0.90 0.90
Cr 801 674
Ni 710 323
Rb 45 61
Ba 899 1147
Th 1.5 7.9
3} 1.9 2.5
Ta 2.4 2.6
Nb 29 23
La 56 53
Ce 106 103
Nd 48 46
Sr 1124 1038
Zr 121 168
Sm 12.3 11.3
Tk 0.64 .58
Y 15 16
Yb 1.4 0.9
Lu 6.21 0.16
B

Gt Per Ol Opx Cpx Gt Amph B-P B-P AB-T AB-T

© ™M ™M M M (W) 1 2 1 2

Si0, 4570 41.54 57.43 5342 42.17 4149 F% 311 3.19 318 3.19
TiO, 0.310 002 028 (49 030 479
ALO, 1.60 001 099 249 2061 14.40 Of 6771 67.77 68.20 68.79
FeO, 8.62 928 643 489 1245 11.32 Opx 19.00 18.99 18.46 18.29
MnO 001 010 002 002 030 010 Cpx 870 8.9 871 8.69
MgO 40.97 4900 33.62 16.79 1850 12.49 Gt 452  4.54 4.15 422
Ca0 253 003 094 2086 446 10.67 Amph  1.07 0.47
Na,0 0.36 026 101 079 276 s
K0 0.09 0.01 040 196 TR 0.039 0.040 0.042 0.043
P,0, 0.02 0.01
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C
Parlition Gl Opx Cpx Gt Amph
Coefficients
Rb 0.00018 0.0006 0.011  0.0007 0.3
Ba 0.00G1 0.01 0.007 0.01 04
Th 0.0001 0.0001 0.00026 G.0001  Q.001
U n.oeo1T 0.0003 0.00036 00001 0.001
K (.6002  0.00%1 G.002Z8 0.061 1.0
Ta 0.01 0..01 0.10 0.10 0.9
Nb G.01 0.01 0.05 0.1 0.8
La 0.0004  0.002 0.054 0.01 G.17
Ce 0.0005  0.003 0.098 0.021 0.26
Sr 0.00019  0.007 0.067 0.0011 0.12
Nd 0.0008 0.0048 0.15 0.054 0.35
P 0.043  0.014 0.009 0.19 0.20
Zr 0.01 0.03 0.1 0.155 0.35
Sm 0.6013 0.01 0267 0217 0.76
Ti 0.006  0.024 0.1 0.1 0.69
Tb 0.0015 0.019 0.31 0.75 .83
Y 0.001 0.08 0.367 1.85 0.7
Yhb 0.0015  0.049 0.28 4.03 0.59
Lu 0.0015 0.06 .28 5.5 0.51
100
3 ¢ E-Psuite
] Thizs SUBDUCTION SETTiNGs O AB-T suite
(L
104 /
\B-TA
N
14 Lo Basat arrdy from
non-subduction setlings
(MORE + WPB)
Nb/Zr
0.1 v ety T
1 10 100

Figure 7 - 100Nb/Zr vs. 100Th/Zr ratios (after Beccaluva et
al., 1991: Fig. 8, modified) showing the fitting of the se-
lected analyses {Table 2), the fields of the Reman Region
Lavas (RRE, cf. Beccaluva et al., 1991 and therein refer-
ences), Toro-Ankole type-iavas (B-TA, Mitchell & Bell,
1976), tholeiitic basalts from the Parand Basin (H-Ti and L-
Tt, high- and low-titanium basalts, respectively, with *Sr/
#Sr initial isotopic ratios < 0.706; cf. Piccirillo & Melfi,
1988 and Marques et al., 1989) and the average composi-
tions of H-Ti (1}, E-Ti(2) and Na-ankaratrites (3} from cen-
tral-eastern Paraguay (cf. Comin-Chiaramonti et al,, this
volume, Petrochemistry).

tic compositions, in the Th/Yb vs. Ta/Yb diagram
(Fig. 8). Notably, the K-alkaline rock-types from
Paraguay are on trend with the tholeiitic basalts
of the Serra Geral Formation, both groups being
distinct from subduction-unrelated basaltic com-
positions. This suggests that the chemical char-
acteristics of the K-zlkaline magmatism in
central-eastern Paraguay may due to a
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C0 B-P B-P AB-T AB-T
1 2 1 2
1.46 1.49 2.10 2.02
30.8 313 41.8 39.8
0.23 0.24 0.25 0.25
.06 0.06 0.08 0.08
919 921 905 796
0.13 0.13 0.15 .14
1.41 1.42 1.20 1.12
2.06 2.10 2.02 1.99
4.38 4,44 4.42 431
43.0 438 40.9 41.0
2.29 2.32 228 2.21
i47 146 14 113
7.09 7.16 10.08 9.85
0.81 0.81 0.77 0.74
443 445 4G0 379
0.061 0.061 G.056 0.054
2.38 2.39 248 2.45
0.34 0.34 0.21 0.21
0.065 0.065 0.046 6.047

Oceanic Arcs | Active continental marging

R “Alkalic" Oceanic Arcs
100
ThiYhb

104

& B-Psuite

O AB-T suite
0.15 Basatt array from
nor-subduction seftings
MOREB + WPB
‘ ) Ta/Yb
0.1 1 10

Figure § - Ta/Yb vs. Th/Yb diagram: Th, tholeiitic, CA,
calc-glkaline, SHQ, shoshonitic boundaries for arc basalts
(Pearce, 1983). Other symbels as in Fig. 7.

metasomatized mantle source with Nb-Ta bearing
residual phases. As matter of fact, Foley &
Wheller (1990} argue that melting with residual
Ti-phases in the continental lithosphere will pro-
duce the same trace element spikes, and that fos-
sil Benioff zones and former subducted slabs are
not necessary for the formation of potassic-
ultrapotassic rocks (cf. also Sheppard & Taylor,
1992). ,

The uneven rock distribution in a relatively
narrow area, as central-eastern Paraguay, indi-
cates that the subcontinental lithosphere plays an
important role. Parts of the lithosphere may be
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more enriched than the others, but thg lithos-
pheric control may aiso be of physical character:
old weakness zones and bumpy lower surface
would channel both migrating melts/fluids and
upwelling asthenosphere repeatedly into the same
region.

1f this is so, we can explain also:

1) the relatively high and constant ¥St/*Sr
initial ratios (R, av. 0.70714+0.00024 at 128 Ma:
Castorina et al., this volume, Sr/Nd) withouth in-
tervention of crustal contamination, as shown by
low 3™0 “foavs. V-SMOW of mica (+ 4.85 to +
5.54), clinopyroxene (+ 5.09 to 5.20) and whole-
rocks (+5.45 to + 6.83), and by 8-C %/uuvs. PDB-
1 (-5.6 to -6.5) of the carbonate phases present in
some magmatic rocks (cf. Castorina et al., this
volume, Carbonatites);

2) the R vs. measured '*Nd/"**Nd variations
(0.70677-0.70754 vs. 0.51159-0.51184, respec-
tively) that show that the Early Cretaceous K-al-
kaline magmatism of the Asuncidén-Sapucaf area
is related to mantie sources isotopically distinct
from those of the adjoining flood basalts (age 130
Ma, R, = 0.70587% 0.00016: Marques et al.,
1689) and from those of the Tertiary Na-
magmatism of the adjoining Asuncién area (age
61-39 Ma, R, = 0.70374+ 0.00010, **Nd/"*'Nd =
0.51274x0.00006}, the latter having pronounced
positive Ta-Nb spikes {cf. Comin-Chiaramont; et
al., this volume, Petrochemistry, Fig. 16);

3) the occurrence in Eastern Paraguay of
carbonatites about 130 Ma aged (both intrusive
and effusive), with the same isotopic imprinting
of the associated K-alkaline magmatism
(Castorina et al., this volume, Carbonatites).

The high R values relative to the Serra Geral
tholeiites (i.e. R =0.706) were interpreted by
Hawkesworth et al. (1986) as the continental ex-
tension of the Dupal anomaly, presumably sub-
duction-refated during a previous collisional
event. On the contrary, Piccirillo et al. (1989,
19903 showed that the tholeiitic basalts at the
central-western Parana Basin (i.e. Eastern Para-
guay) display negligible contents of any crustal
component. Moreover, the emplacement of Tock-
types with low R (=0.704), as those represented
by Na-alkaline magmatism in the Asuncién area,
would imply the existence of a very thin and Hm-
ited subduction slab affecting only the potassic
magma source (R, = 0.707).
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CONCLUSIONS

1) Three main magma types are widespread
in the Assuncidn-Sapucai (ASU} rift, the wide
exiensional structure at central-eastern Paraguay,
i.e. tholeiitic (137-130 Ma), potassic (132-118
Ma} and sodic (61-39 Ma), all referred to vari-
ous meiting degrees of garnet mantle source(s).

2} ASU potassic lavas, shallow level intru-
sions and dykes are thought to have been derived
from primary magmas with about 12-13 % MgO,
generated by ~ 3% partial melting of a garnet
mantle source.

3) Isotopic daia and trace element indicates
an enriched source. Sr-Nd systematics place the
metasomatic enrichment event during the Pre-
Cambrian (cf. Castorina et al., this volume, St/
Nd). Isctopic inhomogeneities developed be-
tween the depleted matrix and enriched compo-
nents, due to the different parent/daughter ratio
and the latter component would predominate dur-
ing the melting episode which generated the ASU
potassic magmatism.

4) The primary magmas are believed to have
evolved by fractionation of olivine+cli-
nopyroxene, to produce a range of daughter
producis with 6-10 % MgO and characterized by
phenocryst assemblage clinopyroxene+mag-
netitexolivinexbiotitexplagioclase (B-P suite)
and clinopyroxene+magnetitexplagioclasex
bio-titexalkali feldspar (AB-T suite) as phe-
nocrysts. Post emplacement loss of K in some
of the B-P products resulted in replacement of
leucite by analcite, imparting a low-K charac-
ter to these rocks. Phenocrystal accumulation
and magma mixing were ubiquitous, resulting
in complex phenccryst/xenocryst assem-
blages.

5) Continued fractional crystallization at low
pressure may generate oversaturated trachytic lig-
uids (AB-T suite) by amphibole removal.

6) The production of different magma-types
(i.e. tholeiitic, potassic and sodic magmas) in a
relatively short temporal range and in a relatively
restricted area, where there are not evidences of
compressional regimes, may simply reflect
metasomatized lithospheric source(s) where com-
positional heterogeneities can be preserved, as
afso shown by O-C and Sr-Nd isotopic systemat-
ics and constraints.
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7) The persistence of magmatism in Eastern
Paraguay up to Oligocene times severely con-
straints the Tristan da Cunha mantle plume as in-
terpreted by Turner et al. (1994); the presence of
rock-types with ¥Sr/*Sr initial ratio < 0.704 does
ot encourage any inierpreiaiion of Dupal
anomaly inside the continent (cf. Hawkesworth
et al,, 1986).
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