¥y ¥ ¥y

Anais da Academia Brasileira de Ciéncias
ISSN: 0001-3765

aabc@abc.org.br

Academia Brasileira de Ciéncias

Brasil

PINTO, VITER M.; HARTMANN, LEO A.
Flow-by-flow chemical stratigraphy and evolution of thirteen Serra Geral Group basalt flows from Vista
Alegre, southernmost Brazil
Anais da Academia Brasileira de Ciéncias, vol. 83, nim. 2, enero-junio, 2011, pp. 425-440
Academia Brasileira de Ciéncias
Rio de Janeiro, Brasil

Available in: http://www.redalyc.org/articulo.oa?id=32719267005

How to cite e

Complete issue - .
P Scientific Information System

Network of Scientific Journals from Latin America, the Caribbean, Spain and Portugal
Journal's homepage in redalyc.org Non-profit academic project, developed under the open access initiative

More information about this article


http://www.redalyc.org/revista.oa?id=327
http://www.redalyc.org/articulo.oa?id=32719267005
http://www.redalyc.org/comocitar.oa?id=32719267005
http://www.redalyc.org/fasciculo.oa?id=327&numero=19267
http://www.redalyc.org/articulo.oa?id=32719267005
http://www.redalyc.org/revista.oa?id=327
http://www.redalyc.org

Flow-by-flow chemical stratigraphy and evolution of thirteen

Serra Geral Group basalt flows from Vista Alegre, southernmost Brazil

VITER M. PINTO! and LEO A. HARTMANN?

Unstituto de Geociéncias, Universidade Federal de Roraima, Campus Paricarana,
Av. Capitdo Ene Garcez, 2413, 69304-000, Boa Vista, RR, Brasil
2nstituto de Geociéncias, Universidade Federal do Rio Grande do Sul,

Av. Bento Gongalves, 9500, 91501-970 Porto Alegre, RS, Brasil

Manuscript received on October 9, 2009, accepted for publication on October 27, 2010

ABSTRACT
The geochemical characterization of thirteen Serra Geral Group flows in the Vista Alegre region (RS-SC), southern

Brazil, displays the homogeneous basaltic composition near 50 wt.% SiO,. Each of the five basal flows (Pitanga-type,
high-Ti/Y ~600, TiO; > 3 wt.%) and eight upper flows (Paranapanema-type, medium Ti/Y ~400, TiOy > 2 wt.%)
can be identified from their chemical composition; sets of flows have parallel variation in chemical composition. The

flow-by-flow correlation in four sections shows the horizontal position of the flows in three profiles and an approximately

200-m downdrop of the Itapiranga block with respect to the Frederico Westphalen block. The world-class amethyst

geode mineralization and the systematic presence of native copper in the basalts make the correlation of great geological

and economic significance.

Key words: Geochemical correlation, basalt, stratigraphy, Serra Geral Group, Vista Alegre.

INTRODUCTION

The Parana volcanic province is one of the largest con-
tinental flood basalt associations in the world. The
province is of major significance for the understanding
of many aspects of mantle evolution, and its large extent
requires careful examination of the lava flow stratigra-
phy to evaluate the metallogenic potential for amethyst
geodes and copper. The Vista Alegre copper district is
at the center of this investigation and has many occur-
rences of this metal, and the Ametista do Sul mining
district nearby is the largest world producer of amethyst
geodes (400 tons/month). The two districts straddle the
border of the southernmost states of Santa Catarina and
Rio Grande do Sul in Brazil. In order to clarify the geo-
logical relationships in the Serra Geral Group (Wildner
et al. in press) of this region, and particularly the flow-
by-flow stratigraphy, we conducted an integrated field
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and geochemical investigation of the basalts in four dif-
ferent sections. We also tested the presence of the of-
ten purported Rio Uruguay fault and its impact on flow
stratigraphy.

GEOLOGICAL BACKGROUND

The Serra Geral Group includes all Parana volcanic
province lava flows (Wildner et al. in press). This large
igneous province covers an extensive area in southeast-
ern South America, with minor Etendeka remnants in
Namibia on the African plate, originally a single mag-
matic province (Bellieni et al. 1984). This mantle-de-
rived magmatism was closely associated with the open-
ing of the South Atlantic Ocean under the thermal influ-
ence of the Tristan plume in the Lower Cretaceous (Peate
etal. 1992, Turner et al. 1999).

The lava pile of Parana-Etendeka magmatism
is strongly bimodal, dominated by tholeiitic basalts
(> 90%), but significant quantities of rhyodacites are
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found along the Brazilian continental margin and in
the Etendeka (Peate 1997). Our usage of rhyodacite in-
cludes several other siliceous volcanic rocks, such as
quartz-latites and dacites.

Six magma types were identified by Peate et al.
(1992) from geochemistry of surface and borehole sam-
ples, distributed between low-Ti (Gramado, Esmeralda,
Ribeira) and high-Ti (Urubici, Pitanga, Paranapanema)
types. They proposed that both low-Ti and high-Ti va-
rieties have a plume-related origin, with an extensive
crustal contamination in the low-Ti basalts.

Chemical stratigraphy has an important role in
the understanding of large igneous provinces, e.g. Co-
lumbia River (Swanson et al. 1979), Deccan (Cox and
Hawkesworth 1985, Beane et al. 1986) and Emeishan
(Xu et al. 2001), particularly of magmatic sources and
evolutionary processes (Peate et al. 1992). In the Para-
na volcanic province (usage as in Hartmann et al. 2010),
Turner et al. (1999) studied basaltic and rhyolitic lavas
in drill holes from western Uruguay showing a reverse
magma-type stratigraphy in which magma types are not
chronostratigraphic. On the other hand, Peate et al.
(1999) recognized 19 flows (Urubici type) in the Sdo
Joaquim area and suggested that lavas near the coast
underwent 1 km post-magmatic uplift relative to inland
areas. Each of these 19 flows has a characteristic chem-
ical composition.

The Vista Alegre region has high-Ti magma types:
Pitanga at the base and Paranapanema at the top, in the
general sequence recognized by Mantovani et al. (1988)
in outcrops and boreholes. These two magma types have
a close spatial association, comprising approximately
~50% of the total preserved lava field in the Parana
province. The two types are distinguished (Peate et al.
1992) only from the content of incompatible elements
(e.g. Ti/Y ~410 and TiOy ~2.5 wt.% in Paranapanema
type, ~530 and 3.5 wt.% in Pitanga type). They have
a restricted range in Sr, Nd and Pb isotopic composi-
tion (37Sr/%Sr; = 0.7055-0.7063; eNd; = —1.6 to —3.6;
206pp/204pp = 17.81-18.12) and were grouped together
with Ribeira magma type as the “Northern” basalts by
Peate (1997).

METHODOLOGY AND SAMPLING

The massive central portion of basalt flows is chemic-
ally homogeneous both in horizontal and vertical sec-
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tions, so we collected one rock sample from the core
of every flow present in four sections of the Vista Ale-
gre region to establish the flow-by-flow stratigraphy. An
additional flow (possibly two, not investigated) may be
present in the Rio Uruguay bed.

The studied region (Fig. 1) covers ~2,000 km?
and has a total lava section of ~1,200 m in Vista Ale-
gre, as observed in a drill hole by the Geological Survey
of Brazil for water in the nearby Irai. Thus, the Botu-
catu Formation sandstones are buried by 800-1100 m of
basalts and rhyodacites in the region. The top of the
hills are near 600 m high and the Rio Uruguay valley
is at 250 m; the entire region was covered by the Atlantic
forest, but now has mostly crops.
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Fig. 1 — Geologic map of southeastern South America, showing
the Serra Geral Group basalts and rhyodacites (light gray) in the
Parand basin, the underlying sedimentary rocks, Precambrian base-
ment (white), sedimentary cover rocks (dark gray), modified from

Peate et al. (1992). Studied Vista Alegre region indicated.
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Fig. 2 —Location map of the Vista Alegre region. Four studied sections

indicated.

The Vista Alegre region basalts (Fig. 2) were stud-
ied by Szubert et al. (1979), who recognized the pres-
ence of thirteen basalt flows in the region, later studied
by Gomes (1996). Our field work in 2006-2007 led to
the understanding of geological relationships and the
collection of samples for petrography and chemical ana-
lyses. Backscattered electron (BSE) images were ob-
tained with an electron microprobe (EPMA) using a
JEOL JSM-6400 (WDS/EDS) at the University of West-
ern Australia, operated at 15 kV accelerating potential
and 15 nA beam current. Chemical analyses (Table I)
of bulk rocks were performed by ACME Analytical
Laboratories, Vancouver, Canada. Major elements were
determined by X-ray fluorescence spectrometry and
trace elements, metals and REE by inductively coupled
plasma mass spectrometry (ICP-MS). Total Fe is indi-
cated as Fe,O3.

The four selected sections (Fig. 3) are Irai-Frede-
rico Westphalen (IF), Itapiranga (It), Vista Alegre (VA)
and Sao Paulo (SP). The thirteen flows identified are
nearly horizontal, as seen on aerial photos and in the
field.

FLOW CHARACTERISTICS

The morphological and structural characteristics, in the
Vista Alegre region typically comprise inflated pahoehoe
sheets associated with massive flows 10-70 m thick. A
single flow can display variable internal structure, thick-
ness, morphology and petrographic textures over a few

kilometers because of lateral variations in the local cool-
ing conditions, paleotopography, and distance from the
vent source (Peate et al. 1999). Lava flows in the Vista
Alegre region have two main structural types (Gomes
1996): a) type I, with thickness between 15-30 m, thin
amygdaloidal upper and lower crusts and a massive in-
ternal portion that may contain giant amethyst-bearing
geodes; b) type II, thickness 30-70 m, thick upper and
thin lower amygdaloidal crusts and an internal portion
characterized by collonnade and entablature vertical
joints. Each flow is often separated from another by a
thin layer (<50 cm) of silicified sandstone that indi-
cates the persistence of the arid desert climate that typ-
ifies the sedimentary rocks of the underlying Botucatu
Formation (Peate et al. 1999). Flow contacts are also
marked by the presence of hydrothermal breccias at the
top of the underlying flow.

Most basalts are subaphyric, but a few have por-
phyritic or glomeroporphyritic portions with plagio-
clase and minor clinopyroxene phenocrysts (flows 1, 4,
5 and 11). Samples of the flows have similar miner-
alogy, with labradorite (55-70 vol.%), augite-pigeonite
(25-35%) and Ti-magnetite + ilmenite (5-10%), plus
rare, highly altered olivine; apatite is the principal ac-
cessory mineral. Interstitial material in the groundmass
consists of variable proportions of plagioclase, clino-
pyroxene, quartz, K-feldspar and Ti-Fe oxides. It is
significant that the Pitanga basalts have higher modal
contents of altered olivine and needle-like grains of il-
menite coexisting with Ti-magnetite (Fig. 4a). In the
Paranapanema-type flows 6 to 13, ilmenite occurs pref-
erentially as oriented exsolution lamellae in magnetite
grains (Fig. 4b). Ilmenite shows trellis or sandwich
texture in both Pitanga and Paranapanema magma
types. This is a consequence of the higher TiO; con-
tent (~3.5%) and possibly lower oxygen fugacity of the
bottom five Pitanga flows compared to the upper Para-
napanema flows (~2.5 % TiO3).

GEOCHEMICAL RESULTS

All thirteen flows plot in the tholeiitic basalt field on
the total alkalis-silica (TAS) diagram with approxim-
ately 50 wt.% SiO, (Fig. 5). Flows 1 to 5 have Ti/Y ra-
tios ~600, while the upper 6-13 flows have Ti/Y ~400.
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TABLE I
Major (wt.%), minor (wt.%) and trace (ppm) elements of basalts from the Vista Alegre region.
Samples VIF12 VIF11 VIF10 VIF09 VIF08 VIF07
Northing? 0263100 0264817 0264270 0264720 0265750 0267347
Easting?® 6969500 6971960 6974033 6977212 6978030 6979713
Elevation (m) 540 4?0 , 460 - 425 410 390
Section Irai-Frederico Westphalen (IF)
Major oxides (Wt%)
SiOy 50.17 50.54 50.12 49.86 50.53 50.4
TiOy 2.44 2.45 2.55 2.46 2.45 241
Al O3 12.77 12.66 12.82 12.42 12.53 12.52
FeyO3 (t) 15.61 16.02 16.14 15.5 15.82 14.91
MgO 4.8 4.89 4.6 4.84 4.74 5.1
CaO 8.6 8.7 8.5 8.4 8.8 8.59
Nap;O 2.43 2.47 2.66 2.39 2.44 2.45
K,0 1.26 1.29 1.27 1.59 1.22 1.36
P>O5 0.27 0.26 0.28 0.27 0.27 0.27
MnO 0.2 0.23 0.19 0.21 0.22 0.22
CryO3 0.01 0.01 0.01 0.01 0.01 0.01
LOI 1.2 0.4 1 2 0.9 1.7
Total 99.96 99.93 99.96 99.96 99.95 99.95
Trace elements (ppm)
Cu 185.3 324.4 115.4 150 385 265.1
Ni 36 33 38 37 39 39
Ba 328 302.1 312.8 321.2 307.4 289.1
Be 1 1 1 1 1 1
Co 44.6 44.8 40.6 41.5 42.8 44.8
Cs 0.5 0.4 0.1 0.5 0.2 0.2
Ga 19.5 18.8 19.7 18.9 19 18.7
Hf 4.8 5 4.6 4.6 44 4.4
Nb 14.8 15.1 15.1 14.5 14.6 14.5
Rb 32.8 29.4 18.5 47 24.9 30.3
Sn 1 1 1 1 1 2
Sr 263.5 271.1 259.6 258.6 269.6 256.6
Ta 0.9 0.8 0.8 0.8 0.8 0.8
Th 2.3 2.2 23 2.1 1.9 2.7
8] 0.4 0.5 0.5 0.5 0.5 0.5
v 456 467 478 459 451 455
w 0.3 0.2 1 0.3 0.4 0.4
Zr 173.1 169.8 169.3 165.1 167.1 162.4
Y 45.4 37.7 36.2 36.4 37.5 35.6
La 24 20.3 20.6 20.4 20.8 20
Ce 47.3 45.7 45.1 449 45.5 44.1
Pr 6.76 6.14 597 5.88 6.04 5.82
Nd 29.7 26.2 25.9 25.2 26.9 249
Sm 6.5 6.02 5.99 5.76 6.08 5.78
Eu 2.08 1.75 1.76 1.73 1.8 1.75
Gd 7.38 6.53 6.25 6.35 6.43 6.13
Tb 1.35 1.23 1.18 1.12 1.16 1.11
Dy 8.23 7.11 6.88 6.34 7.01 6.34
Ho 1.55 1.27 1.23 1.23 1.25 1.23
Er 4.88 3.79 3.81 3.83 3.73 3.73
Tm 0.78 0.61 0.57 0.61 0.59 0.57
Yb 4.35 3.66 3.44 3.49 3.55 3.36
Lu 0.76 0.57 0.57 0.56 0.55 0.51
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TABLE I (continuation)

Samples VIF06 VIF05 VIF04 VIF03 VIF02 VIFO1
Northing? 0267855 0268174 0268563 0273553 0274602 0276930
Easting? 6981646 6984390 6984670 6989620 6990150 6991150
Elevation (m) 360 3?0 ' 290 : 260 240 210
Section Irai-Frederico Westphalen (IF)
Major oxides (wt%)
SiOy 49.31 49.06 47.23 49.47 49.02 49.75
TiOy 242 3.69 3.88 3.35 3.78 3.95
AlLO3 13.00 12.36 12.59 12.46 12.51 12.78
Fep O3 (b) 14.92 15.81 15.98 15.25 15.39 14.78
MgO 5.64 433 4.53 4.14 3.96 4.34
CaO 9.82 8.36 8.68 8.33 8.3 8.19
NayO 225 247 242 2.76 2.51 2.59
K>O 0.77 1.48 1.17 0.88 1.59 1.56
P,05 0.27 0.53 0.59 0.47 0.6 0.48
MnO 0.2 0.22 0.21 0.21 0.21 0.19
Cry O3 0.02 0 0.01 0.01 0 0
LOI 1.6 1.6 2.6 2.4 1.9 1.3
Total 99.93 99.92 99.89 99.73 99.78 99.93
Trace elements (ppm)
Cu 229.4 112.2 172.4 231.6 174.5 36.8
Ni 50 21 19 34 23 61
Ba 340.8 438.6 510.4 497.9 484 431.1
Be 1 1 1 1 1 1
Co 458 42.7 389 38.3 39.9 40.6
Cs 0.1 0.3 0.4 0.4 0.3 0.3
Ga 19.2 21.5 21.8 21.6 214 23.2
Hf 39 6.1 6.8 6.5 6.5 7.3
Nb 14 24.6 273 26 26.6 23.8
Rb 10.9 30.5 16.4 25.8 31.5 29.6
Sn 1 2 2 2 2 2
Sr 364.2 417.1 466.6 444.1 428.2 516
Ta 0.7 1.4 1.6 1.5 1.5 1.4
Th 2.4 3.8 4.5 3.9 3.6 2.8
U 0.5 0.8 0.8 0.7 0.8 0.7
v 494 511 454 434 437 455
w 0.2 0.3 1.1 0.4 0.3 0.5
Zr 140.5 227.1 248.7 249.9 243.4 267.7
Y 29.2 382 39.7 38 40.2 36.9
La 19.5 314 345 34.1 359 325
Ce 44 69.1 76.2 73.8 76 71.5
Pr 5.76 9.26 10.28 9.76 10.23 9.99
Nd 252 39.2 44.2 40.7 43.9 435
Sm 5.39 8.21 9.14 8.65 8.9 9.42
Eu 1.71 245 2.75 2.54 2.67 2.93
Gd 5.6 8.02 8.78 8.15 8.6 8.79
Tb 0.99 1.51 1.46 1.38 1.46 1.48
Dy 5.57 7.36 7.84 7.64 8.03 7.78
Ho 1.05 1.3 1.38 1.32 1.41 1.33
Er 3.04 3.66 3.93 3.76 4.07 3.58
Tm 0.49 0.56 0.56 0.57 0.61 0.53
Yb 2.72 3.39 3.46 3.42 3.41 3.01
Lu 0.44 0.5 0.51 0.5 0.51 0.46
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TABLE I (continuation)

VITER M. PINTO and LEO A. HARTMANN

Samples VVA-12 | VVA-11 | VVA-10 | VVA-09 | VVA-08 | ITAP-13 | ITAP-12 | ITAP-11 | ITAP-10
Northing? 0253121 | 0252820 | 0252361 | 0252122 | 0251504 | 0229806 | 0231655 | 0225250 | 0224890
Easting? 6971015 | 6971116 | 6971314 | 6971390 | 6971412 | 6996181 | 6996800 | 6994995 | 6994470
Elevation (m) 520 .470 . 460 420 400 375 . 350 . 300 260
Section Vista Alegre (VA) Section Itapiranga (It)
Major oxides (wt%)
SiOy 49.86 50.18 50.44 51.03 50.63 50.79 50.83 50.66 50.16
TiOy 2.44 247 2.38 2.5 2.52 2.42 2.45 2.49 2.58
AlLO3 12.92 12.63 12.78 12.62 12.45 12.75 12.53 12.66 12.66
Fep O3 (t) 15.65 16.22 15.59 15.53 16.04 14.97 15.58 15.98 16.24
MgO 4.82 4.99 4.49 4.78 4.74 4.39 4.78 4.9 4.42
CaO 8.94 8.6 8.93 8.6 8.69 8.38 8.79 8.82 8.79
NayO 2.35 2.32 2.45 2.6 2.44 243 2.48 2.38 2.48
K0 1.24 1.37 1.21 1.27 1.23 1.88 1.21 1.35 1.09
P,05 0.27 0.27 0.25 0.27 0.27 0.26 0.28 0.26 0.27
MnO 0.23 0.25 0.22 0.22 0.24 0.18 0.2 0.2 0.2
Crp03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
LOI 0.9 0.8 1.2 0.7 0.7 0.8 0.9 1.2 1.0
Total 99.81 99.96 99.96 99.93 99.97 99.97 99.94 99.96 99.95
Trace elements (ppm)
Cu 244.9 205.2 133.1 418.9 127.9 270.6 255.9 267.4 272.2
Ni 41 44 31 33 33 39 34 37 31
Ba 3184 306 315.1 296.9 311.2 321.6 358.8 310.1 310.7
Be 1 1 1 1 1 <1 1 1 1
Co 43.1 422 45.7 43.8 44.6 43.6 43 443 43.8
Cs 0.6 0.3 0.1 0.2 0.4 0.7 0.3 0.3 0.2
Ga 19 18.7 19.7 18.2 19.1 20.2 19.2 19.2 20.4
Hf 49 5 4.7 4.7 4.8 4.9 4.4 43 4.7
Nb 14.6 15.9 14.1 15.4 14.9 14.8 15.2 14.7 15.7
Rb 36.3 27.9 214 25.5 31.2 54.6 27.7 329 22.4
Sn 1 2 1 1 1 1 1 1 1
Sr 260.1 257 269.6 249.8 261.4 274.2 278 2743 283.1
Ta 0.9 0.9 0.8 0.9 0.8 0.9 0.8 0.9 0.8
Th 3.1 22 2.4 3.2 2.8 22 33 2.3 2.8
U 0.5 0.5 0.9 0.5 0.5 0.5 0.5 0.5 0.5
v 463 459 488 476 475 482 462 457 481
Y 0.5 0.3 0.7 0.7 0.4 0.1 0.2 0.5 0.4
Zr 168.4 174.4 160.1 170.1 171 172.9 166.8 158 166.5
Y 41.8 382 36.3 36.2 38.7 36.7 36.2 342 372
La 24 21.1 20.2 19.8 21.1 20.5 214 222 21.7
Ce 46.3 46.7 424 44.9 46.7 46.5 46.6 44.8 46.2
Pr 7.09 6.28 5.87 5.75 6.21 6.15 6.26 5.87 6.14
Nd 314 28 26.1 25 27.5 27.5 27 25.4 25.8
Sm 6.87 6.2 5.63 5.59 6.05 6.19 5.92 5.66 6.1
Eu 2.06 1.85 1.7 1.66 1.76 1.85 1.77 1.64 1.85
Gd 7.59 6.73 6.28 6.27 6.66 6.52 6.35 6.26 6.53
Tb 1.34 1.19 1.14 1.13 1.2 1.18 1.18 1.13 1.15
Dy 8.07 7.08 6.73 6.37 7.08 7.09 6.49 6.43 6.73
Ho 1.45 1.31 1.25 1.22 1.3 1.22 1.22 1.18 1.29
Er 431 3.81 3.86 3.73 4.04 3.84 3.78 3.59 3.73
Tm 0.69 0.62 0.58 0.58 0.61 0.62 0.55 0.54 0.6
Yb 4.03 3.61 3.45 3.41 3.58 3.67 3.57 3.25 3.52
Lu 0.66 0.58 0.54 0.52 0.58 0.59 0.53 0.5 0.53
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TABLE I (continuation)

Samples VSP-12 VSP-11 VSP-10 VSP-09 VSP-08 VSP-07 VSP-06
Northing? 0250950 0251071 0249537 0249290 0249188 0249080 0248570
Easting? 6974435 6975514 6974542 6974800 6974775 6974981 6975128
Elevation (m) 520 480 465 . ] 420 400 385 345
Section Sdo Paulo (SP)

Major oxides (wt%)
Si0y 49.58 50.83 51.18 49.79 50.83 50.55 49.71
TiO, 2.44 2.54 2.41 2.51 2.47 2.30 2.11
Al O3 12.68 12.46 12.7 12.35 12.65 12.95 13.45
FeyO3 (t) 15.22 15.52 17.13 15.52 15.77 14.96 13.62
MgO 4.74 4.74 4.66 4.64 4.59 5.35 5.94
CaO 8.87 8.57 8.62 8.28 8.64 9.42 9.79
Nay,O 2.26 2.37 2.51 2.47 2.39 2.37 2.36
K,O 1.17 1.29 1.29 1.35 1.37 0.75 1.11
P,05 0.25 0.25 0.26 0.27 0.29 0.26 0.23
MnO 0.2 0.22 0.21 0.22 0.23 0.23 0.21
CryO3 0.01 0.01 0.01 0.01 0.01 0.01 0.02
LOI 1.8 1.1 0.6 0.7 0.7 0.8 1.4
Total 99.79 99.92 99.98 99.83 99.95 99.96 99.96

race elements (ppm)
Cu 238.6 274.6 107.7 131.6 139.4 257.8 200.9
Ni 52 44 46 39 41 44 56
Ba 286.1 3143 328.2 337.2 310.6 296 300.9
Be <l <1 1 1 1 1 1
Co 425 433 434 45.1 43 46.4 46.2
Cs 0.2 0.3 0.3 0.3 0.3 0.3 0.2
Ga 18.7 18.6 19.6 19.2 19.8 18.3 18.7
Hf 42 4.7 4.7 4.7 4.8 4.1 3.9
Nb 13.5 14.2 14.8 14.3 14.9 14.3 12.6
Rb 24 28.1 29.2 429 315 13 32
Sn 1 1 1 2 1 1 1
Sr 255.4 254.1 271.7 261.7 262.1 296.4 332.8
Ta 0.8 0.8 0.8 0.9 0.9 1.3 0.7
Th 25 2.6 2.5 24 2.9 2.1 22
18] 0.4 0.6 0.5 0.5 0.5 0.5 0.4
\% 443 459 487 462 479 458 420
W 0.3 0.5 0.4 0.4 0.3 0.3 0.2
Zr 157.4 164.9 171.8 168.5 172.3 149.6 134.6
Y 35.6 36.6 37.9 37.7 37.8 342 30.7
La 19.1 20.5 21.2 212 21.1 18.9 21.1
Ce 422 443 45.4 45.6 46.4 422 41.6
Pr 5.55 5.76 6.08 6.19 6.08 5.51 6.01
Nd 249 26.5 27.1 27.5 26 24.2 25.8
Sm 5.38 6.1 6.09 6.13 6.07 5.37 5.63
Eu 1.67 1.71 1.77 1.8 1.8 1.68 1.74
Gd 5.65 6.01 6.62 6.57 6.56 5.97 5.9
Tb 1.1 1.14 1.16 1.2 1.18 1.06 1.04
Dy 5.69 6.23 6.88 6.88 6.95 6.34 6.18
Ho 1.2 1.3 1.31 1.28 1.29 1.21 1.07
Er 3.59 3.78 3.8 4.03 3.93 3.47 3.09
Tm 0.5 0.55 0.63 0.62 0.6 0.55 0.48
Yb 3.35 3.57 3.65 3.6 3.46 3.33 2.92
Lu 0.48 0.51 0.59 0.57 0.54 0.52 0.45

4Corrego Alegre Datum
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Ti/Zr ratios are similar in all flows, but slightly higher
in flows 1-5 (~85) than in flows 6-13 (~80). Based on
these ratios and the TiO; contents (Fig. 6), the flows
are Pitanga-type at the base of the stratigraphic section
(flows 1-5) and Paranapanema type in the upper portion
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(flows 6-13), based on criteria from Peate et al. (1992).
This stratigraphy of magma types is reflected in varia-
tions in flow composition, including minor oxides (TiO;
and P,0Os), HFSE (e.g. Hf and Zr) and LREE (e.g. La
and Ce), as seen on diagrams against MgO (Fig. 7).
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Flows are identified and correlated from small
variations in TiO, and Zr and from their relative strati-
graphic position in each section. A significant observa-
tion (Fig. 8) is the parallel variation in chemistry (MgO
x TiO; and MgO x Zr) for all four stratigraphic sec-
tions analyzed. Flow 1 has 4.34 wt. % MgO, flow 2 has
~4 wt.%, the two subsequent flows have higher MgO
~4.5 wt.% and then lower MgO ~4.3 wt. % in flow 5.
Flows 6 and 7 in the IF and SP sections have the highest

MgO contents among the thirteen flows, with ~5.8% in
flow 6 and ~5.3% in flow 7. Flows 8 and 9 in IF, VA
and SP sections show the smallest chemical differences,
with MgO contents of ~4.6% in flow 8 and ~4.8% in
flow 9, but are identified as distinct flows because of
the presence of a thin (~0.5 m) layer of silicified sand-
stone between the flows. Also, the structural types of
flows 8 and 9 are markedly different (flow 8 is type I
and flow 9 is type II; Gomes 1996). Flows 10-12 are
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Fig. 7 — Variation diagrams of MgO versus major and trace elements in the flood basalts of the Vista Alegre region.

present in all four stratigraphic sections; MgO content
increases from ~4.5 wt.% in flow 10 to ~5.0 wt.% in
flow 11, and then decreases to ~4.7 wt.% in flow 12.
TiO, and Zr also vary consistently in the three flows.
The uppermost flow 13 is uniquely present at the top
of the Itapiranga section because it was presumably re-
moved from the other sections by erosion.

The primitive mantle-normalized trace element
content of the basalts shows similar patterns for both
high-Ti and low-Ti magma types, with notable negative
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Sr anomalies (Fig. 9a). All thirteen basalt flows are
strongly enriched in light REE (LREE) relative to heavy
REE (HREE), and display moderately sloping HREE
on chondrite-normalized patterns (Fig. 9b). The two
magma types share many characteristics in HFSE and
REE pattern, but in detail the Pitanga and Paranapane-
ma magmas show important differences in trace element
abundance as exemplified in Figures 7g-7h and REE
ratios as (Sm/Yb)y ratios of ~3.0 for Pitanga and ~2.0
for Paranapanema magma types.
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DISCUSSION
EFFECTS OF ALTERATION

The Parana basalts were affected by hydrothermal alter-
ation of variable intensity following their eruption and
burial. In the Vista Alegre region, the most intense al-
teration is related to amethyst or copper mineralization
(Duarte et al. 2009, Hartmann 2008, Pinto et al. 2011).
Hydrothermal alteration in basaltic rocks may have sig-
nificantly modified the concentrations of oxides such as
Al O3, FepO3(t) and K»0, and some mobile trace ele-
ments such as Rb, Ba, Sr and Cu (Frantzon et al. 2008).
On the other hand, TiO,, REE and HFSE have high
valencies and electronegativities, small radii and strong
chemical bonds, so they are nearly immobile during hy-
drothermal alteration (e.g. Wang et al. 2007). In Vista
Alegre basalts, good linear correlations among TiO»,
P,0s, LREE (e.g. La and Ce), HFSE (e.g. Hf and Zr)
and MgO contents indicate that these elements remain
immobile during the hydrothermal alteration that af-
fected the rocks (e.g. Figs. 7c-7h). From these observa-
tions, we selected TiO; and Zr to examine the flow-by-
flow stratigraphy of the Vista Alegre basalts.

IMPLICATIONS OF CORRELATION

Flow-by-flow correlation of basalts in the Vista Alegre
region shows that the first five flows with elevations near
200-320 m above sea level occur only in the IF section
starting in Irai town on the left bank of Rio Uruguay.
The uppermost eight flows are Paranapanema type. The
upper flows in the IF stratigraphic section are also pres-
ent in the SP and VA sections, and flow geometric posi-
tion is nearly horizontal in the three sections.

The Itapiranga section has a similar elevation at
the base compared to the IF section (220-320 m a.s.L.).
The town of Itapiranga is on the right bank of Rio Uru-
guay and 40 km away from Irai. It is remarkable that
the lower three flows from Itapiranga (It section) cor-
relate with the three uppermost flows from the IF, VA
and SP sections (elevation 500-600 m a.s.l.). The cor-
relation of flows 10, 11 and 12 indicates that the Itapi-
ranga block was by down-faulted along the Rio Uruguai
fault, so the right bank dropped approximately 200 m
relative to the left bank (Fig. 3). The presence of the
Rio Uruguay fault system affected the establishment of
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drainages patterns in the Vista Alegre region, because the
rivers drain to NW along the left bank of Rio Uruguay
and to SW along the right bank (Fig. 2). The upper-
most flow 13 is only present in the Itapiranga section;
this flow was probably removed in the other sections
by erosion.

In the nearby Ametista do Sul mining district, the
world-class amethyst deposits are in flows 6 and 8. Al-
though additional deposits may be present in other
flows, this identification of flows 6 and 8 in the region
can lead to an expansion of the mining activity.

GEOCHEMISTRY

The stratigraphic distribution of magma types in the
Vista Alegre region is the southern extension of the ob-
servations made on deep drill holes and outcrops by
Mantovani et al. (1988) because Pitanga flows occur
below Paranapanema flows. This overall sequence of
magma eruption is present in most of the Parana vol-
canic province. A supposed inversion of the stratigra-
phy (Turner et al. 1999) in Artigas (Uruguay) is a result
of the presence of Paranapanema-type sills at depth in
a borehole, as described by Hartmann et al. (2010).

This relation is confirmed and better understood
from the observation of geochemical data of Pitanga
and Paranapanema magma types. The differences in
composition are influenced by melting and lead to con-
siderations about the mantle-origin of the magma types.
Pitanga magma type is considered derivative from an
enriched mantle source (e.g. Peate 1997), but the ori-
gin of Paranapanema type may be from a more depleted
mantle (e.g. Garland et al. 1996, Clark et al. 2007). The
intermediate-Ti composition of Paranapanema magmas
may reflect the transition between the high-Ti and
low-Ti flows (Piccirillo et al. 1988).

The chemical data show that the negative Sr anom-
alies of both magma types may be related to extens-
ive fractionation of plagioclase from high-Ti magmas,
which is compatible with the presence of plagioclase
phenocrysts in porphyritic or glomeroporphyritic flows.
The lack of significant negative Eu anomaly in these
lavas probably reflects either a high Eu™3/Eu*? ratio in
the magmas (Frey et al. 1991) or a lower distribution
coefficient of Eu for An-rich plagioclase.
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The rocks have chondrite-normalized REE pat-
terns enriched in LREE and moderately sloping in
HREE patterns, with relatively high (Gd/Yb)py ratios
(1.8 to 3.0) (Fig. 10a) and Tb/Yb (~1.5 to ~2.4). This
indicates the presence of residual garnet during partial
melting (e.g. Green 1994), which is a feature of melt-
ing at greater depths.

Based in Aldanmaz et al. (2000), we plotted Sm
versus Sm/Yb to model the source characteristics in
terms of mineralogy, because Yb is compatible with
garnet, but not with clinopyroxene (Wang et al. 2007).
The basalts of Pitanga magma type (flows 1-5) with

higher Sm/Yb plot between the melting trajectories for
garnet and garnet + spinel-lherzolite, indicating that the
magma was derived from a garnet + spinel-bearing man-
tle with more garnet (80-400 km depth) than spinel (50-
80 km depth), suggest the formation of the Pitanga
magma type at a depth higher than 100 km (after Wyl-
lie 1981) and in agreement with the estimate of Garland
etal. (1996). The Paranapanema basalts (flows 6-13) plot
between garnet + spinel-lherzolite and spinel lherzolite,
indicating that this magma was derived from a source
similar to the Pitanga basalts, but with higher spinel
content and at a shallower depth.
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The relatively low Al,03/TiO; ratios (Pitanga 3.2-
3.7 and Paranapanema 4.9-5.4) and high (Sm/Yb)py; ra-
tios (Pitanga ~3 and Paranapanema ~2) indicate lower
degrees of partial melting of a relatively deeper man-
tle source for Pitanga basalts (Fig. 10b). The degree of
partial melting, following the parameters of Aldanmaz
(2000) and Wang et al. (2007), was probably less than
6% for the Pitanga and ~10% for the Paranapanema
parental magmas on the basis of Sm versus Sm/Yb
ratios (Fig. 10c).

The ratios of (Th/Nb)py and (Sm/Yb)py (Fig. 10d)
indicate that the Paranapanema basalts originated from
magma with less garnet in the residue than the Pitanga
ones. Integrated with (Nb/La)py; ratios (~0.75 for flows
1-5 and 0.70 for upper flows), this suggests that crustal
contamination was not significant.

The values of (Nb/La)py; ratios are lower than in
South Atlantic MORB, asthenospheric and Tristan da
Cunha plume magmas (respectively 0.96 and 1.34; cf.
Garland et al. 1996), which suggests the melting of
an enriched lithospheric mantle source (e.g. Peate et
al. 1999).

CONCLUSIONS

The careful field control of the analyzed samples, re-
inforced by the high quality of the analyses, leads to
some significant conclusions.

* Flow-by-flow stratigraphy is established for thir-
teen basalt flows in the Vista Alegre region.

 The five basal flows are Pitanga type and the eight
upper flows are Paranapanema type, all high-Ti
type.

» The stratigraphy of flows indicates that the Itapi-
ranga block on the right bank of Rio Uruguay was
down-faulted approximately 200 m with respect to
the Frederico Westphalen block.

* The stratigraphy of the region accompanies the re-
sults from boreholes because Pitanga magma type
was erupted prior to the Paranapanema magma
type.

* Geochemistry indicates that the Pitanga basalts
formed at >100 km depth during the initial man-
tle upwelling by low degree (~6%) partial melting
of enriched lithospheric mantle, while the Parana-
panema basalts were formed in shallower depth
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with increased degree of partial melting, without
evidence of crustal contamination.

* The stratigraphic correlation here established is
useful for the identification of flows with amethyst
or copper mineralization, because the Vista Alegre
region constitutes a potential mining district.
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RESUMO

A caracterizagdo geoquimica de treze derrames do Grupo Ser-
ra Geral na regido de Vista Alegre (RS e SC), sul do Brasil,
exibe uma composi¢do basaltica homogénea proxima a 50%
de SiO;. Os cinco derrames basais sdo classificados quimica-
mente como tipo Pitanga (alto Ti/Y ~600 e TiO, > 3 em peso
percentual), os demais oito derrames possuem médio Ti/Y
~400 com TiOy ~2.5 em peso percentual, sendo classifica-
dos como magma tipo Paranapanema. Cada derrame pode
ser identificado através de sua composi¢do quimica e correla-
cionado, com variagdo paralela entre os perfis estudados. A
correlagdo derrame a derrame nos quatro perfis demonstra uma
posicao horizontal em trés perfis e um rejeito vertical de apro-
ximadamente 200 m do bloco Itapiranga em relacdo ao bloco
Frederico Westphalen. A presenga de jazidas de ametista em
geodos e a sistematica ocorréncia de cobre nativo nos basaltos
da regido tornam a correlag@o de grande significado geologico

€ econémico.

Palavras-chave: Correlagdo geoquimica, basalto, estratigra-

fia, Grupo Serra Geral, Vista Alegre.
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