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Resumo  Diques méficos paleoproterozéicos que intrudem os terrenos do bloco arqueano Goids-Crixds compreedem dois grupos
de toleitos: os de alto Ti (HTi — TiO,>1,5%) e os de baixo Ti (Ti0,<1,5%). Os valores de mg# de HTi e LTi variam respectivamente
de0,49a0,31ede0,33a0,18. HTi & enriquecido em LILE (Rb, Ba, Sr) e LREE (La, Ce) em relagio a LTi. Os padroes e as razdes de
elementos incompativeis (IE) de HTI séio aproximadamente intermedidrias entre E-MORB ¢ OIB, enquanto LTi aproxima-se de E-
MORB, mas tem também caracteristicas de N-MORB, Entretanto as anomalias de Nb sio sempre negativas. O estudo da origem de
HTi e LTi mostrou que a tinica explicagio possivel é a heterogeneidade mantélica, Tendo-se e conta ambos os £rupos, arazao inicial
¥1Sr/*Sr (Sr) varia de 0,700 a 0,705 correspondendo a eSr -21,89 a + 46,52, enquanto que a variagio da razdo inicial"*Nd/"*Nd (Nd
Jéde 0,5092 a 0,5120, relativa a eANd — 4,84 a + 0,53, considerando-se a idade de 2.49 Ga. Esses valores e os dados geoquimicos
sugerem fonte constituida pela mistura de manto empobrecico e componente EMI. Sugere-se que a assinatura isotdpica EMI deva-
se a crosta ocedinica, contendo eclogitos e sedimentos, subductada durante o Arqueano ou o Paleoproterozéico. Fluidos e/ou fusdes
metassomdticos provenientes dos eclogitos provocaram diferentes graus de enriquecimento em elementos incompativeis na fonte
mantélica, originando HTi e LTi. A anomalia negativa de Nbem relagio a LILE e LREE deve-se 2 sua retengdo em rutilo dos eclogitos.
As anomalias positivas de Ba podem ser atribuidas a sedimentos peldgicos da crosta ocednica. A similaridade entre os dados
geoquimicos ¢ isotépicos dos diques de Goids e outros dos Cratons Amazdnico e Sio Francisco sugerem ambiente continental.

Palavras-chave: diques méficos, Goids, manto, metassomatismo

Abstract  Paleoproterozoic mafic dyke swarm that intruded the Goids-Crix4s Archean Block comprises two groups of dykes: the
high Ti (HTi - TiO, >1.5%) and the low Ti (TiO, < 1.5%) tholeiites. HTi and LTi have mg# values ranging from 0.49 10 0.31 and from
0.33 to 0.18 respectively. HTi is enriched in li]LE (Rb, Ba, K) and LREE (La, Ce) with respect to LTi, HTi incompatible trace
elements (IE) patterns and ratios are broadly intermediate between E-MORB and OIB, whereas LTi is closer to E-MORB, but
exhibits some N-MORB features. However Nb anomalies are always negative, The studies on the origin of HTi and BT reveled that
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mantle heterogeneity is the only possible explanation. The initial ¥’St/*Sr (St ) ranges from 0.700 to 0.705 (3Sr—21.89 to + 46.52) and
the initial "*Nd/"*Nd (Nd ) varies from 0.5092 to 0.5120 (&Nd — 4.84 to + (.53) at 2.49 Ga. Isotopic and geochemical data suggest
a mixed parental source constituted by DMM and EMI components. It is suggested that the EMI signature originates from an
oceanic slab containing eclogites and sediments, subducted during Paleoproterozoic or Archean times. Metasomatic fluids and/or
melts from the eclogites account for greater and lesser IE mantle enrichment, giving rise to HTi and LTi respectively. The Nb depletion
relative to LILE and LREE is due to retention by rutile of eclogites, and characterizes continental and IAB tholeiites, The positive
spikes of Ba in HTi can be attributed to pelagic sediments of the slab. The similarity between geochemical and isotopic data of the
Goids dykes and others from the Siio Francisco and Amazonic cratons suggest a similar continental environment.

Keywords: mafic dykes, Goids, mantle, metasomatism.

INTRODUCTION  Many articles have stressed the importance
of geochemical and isotopic studies of mafic dykes as guides to
petrogenetic processes and geochemical characteristics of the
parental source mantle. These data can also indicate the
geotectonic setting of the basic bodies. In the South-American
Platform the researches have been carried out on Mesozoic and
mainly on Proterozoic dykes swarms, in the Amazonic (Rivalenti
etal. 1998, Menezes Leal et al, 2000), Sdo Francisco (Bellieni et al,
1991, 1995, 1998, Menezes Leal et al. 1995, Pinese 1997, Mazzucchelli
et al. 2001) and in the Rio da Plata Cratons (Bossi ef al. 1993,
Rivalenti et al. 1995, Mazzucchelli et al. 1995, Girardi et al. 1996,
lacumin et al. 2001). Tacumin er al. (2003) compare several
Precambrian and Mesozoic dykes in order to discuss mantle
processes and heterogeneity.

The mafic dykes intrude country rocks of the Goids-Crixds
Archean Block (Pimentel ef al. 2003, 2004). The Archean Block is
in contact with Proterozoic units (fig. 1), which comprise folded
metamorphic rocks of the Araxa and Serra da Mesa Groups to the
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east, and Neoproterozoic rocks of the Goids Magmatic Arc to the
north, east and south. The Archean Block is made up of granite-
gneiss complexes and greenstone belts sequences. According to
several authors the age range of the granite-gneiss complexes is
2.6- 3.0 Ga (Hasui & Almeida 1970, Tassinari & Montalvio 1980,
Vargas 1992, Tomazzoli 1992 and Pimentel et al. 2003). Based on
SHRIMP U-Pb analyses in zircons and Sm-Nd data Queiroz (2000)
and Pimentel et al. (2003, 2004) proposed an evolutionary model
for the region. According to these authors the sialic crust (3.15-
3.30 Ga) is older than the basal sequence of the greenstone belts
(ca. 3.0 Ga). However, the age of their top metasedimentary
sequences is not known, and probably it is not Archean. The
older granitic body yields age of 2.94 Ga. The age of the other
granites varies from 2.85 10 2.71 Ga. The oldest bodies underwent
a main metamorphic event at 2.79-2.71 Ga. Further metamorphic
imprints were registered at 2.0 and 0.59 Ga (Queiroz 2000). According
to the data by Queiroz (2000) and Pimentel et al. (2003,2004) the
dyke swarm crosscuted granite-gneiss complexes yielding ages
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0f2.71-2.94 Ga.

This swarm has been studied by several authors (e.g. Kuyumjian
1991, 1998, Girardi et al. 1992, Tomazzoli 1997, Corréa da Costa et
al. 2002, 2003). Based on geochemical and the Sr-Nd isotopic data,
this paper discusses the processes responsible for the origin of
the mafic magmas, the geochemical and isotopic characteristics of
the source mantle, and the geotectonic setting of the dykes. These
data will allow the comparison between the mafic dykes of Goids
with those of other cratonic areas of the South-American Platform.

GEOLOGICAL DATA, PETROGRAPHY AND
CLASSIFICATION OF THEDYKES The dykes occur within
the Crixés-Goids area (Fig. 1). They trend mainly NE and also NW,
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Figure 1- Geological map of the Goids — Crixds region
(modified after Lacerda Filho et al. 2000).
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and the widths generally vary from 10-15 to 50 m, but sometimes
reach 100m. They were classified into three petrographlc groups:
diabase, metabasite and amphibolite. Diabases are composed of
plagioclase, clinopyroxene and minor amounts of orthopyroxenc
and amphibole in equilibrium with the other minerals. Textures are
ophitic and sub-ophitic. These textures characterize also the
metabasites, but in these the pyroxene is largely replaced by
secondary amphibole. Quartz-K-feldspar intergrowths occur in
both groups. Amphibolites are made up of hornblende, plagioclase,
quartz and display granoblastic and nematoblastic textures. Biotite,
apatite, zoizite, zircon, titanite and opaques are accessory phases
of the three groups.

The texture varies in some of the widest dikes (~100 m) from
ophitic to subophitic at the center, to granoblastic and
nematoblastic at the borders, thus indicating that diabases,
metabasites, and at least part of the amphibolites are cogenetic.

Table 1 shows the whole-rock analyses. The dyke suites have
tholeiitic affinity and the majority of the rocks are classified as
basalts, but some of the samples, mainly diabases, are basaltic
andesites. Corréa da Costa & Girardi (2004) report detailed
descriptions on the mineral chemistry, petrography, classification
and crystallization temperatures of diabases and metabasites, which
have averages values of 1100-1200°C.

WArAr and Rb/Sr data indicate an age of approximately -2,49
Ga for the crystallization of the diabases (Corréa da Costa et al.
2003).

ANALYTICALPROCEDURES Major and trace elements were
determined by X-ray fluorescence in the Dipartimento di Scienze
Della Terra, Universiti di Modena e Reggio Emilia, Itdlia, by using
the analytical procedure of Franzini etal. (1975) and Leoni & Saitta
(1976). Analyses are accurate within 2-5% for major elements and
better than 10% for trace elements. Rare earth elements (REE)
analyses were carried out using neutron activation analyses in the
Actlab Laboratories, Ontario, Canada. Fe was determined as Fe,0.t,
and FeO was calculated assuming the ratio Fe O /Fe(0 =0.15.

The Rb-Sr and Sm-Nd analysis were performed using the
methods described by Kawashita (1972) modified by Sato et al.
(1995), involving HE-HNO, dissolution plus HCl cation exchange
separation. No visible solid residues were observed after
dissolution. The Sr isotopic ratios were normalized to *Sr/**Sr =
0.1194; replicate analyses of *’Sr/*Sr for the NBS987 standard
gave amean value of 0.71028 £ 0.00006 (2s), the blanks for Srwere
5 ng. Nd ratios were normalized to "“*Nd/'"*Nd = 0.72190. The
averages of ""Nd/"Nd for La Jolla and BCR-1 standards were
0.511847:+0.00005 (2s) and 0.512662:+0.00005 (2s), respectively. Sr
and Nd isotopic analysis were carried out on a multicollector VG
354 Micromass and Finnigan-MAT 262 mass spectrometers
respectively. The isotopic data were regressed using the Isoplot
program by Ludwig (1999).

GEOCHEMISTRY Whole-rock Geochemistry Molecular
proportion ratio (MPR) diagrams (Pearce | 968, Beswick 1982) were
used in order to check possible post-magmatic effects on the ori-
ginal igneous geochemistry of the dykes. In closed systems,
elements fractionated during crystallization, normalized to elements
that are not contained in the fractionated phases, define regression
lines having slopes equal to the ratio of the fractionated elements
in the removed phases. Straight lines that do not pass through the
origin of the diagrams characterize igneous trends. Figure 2
displays some examples of these plots, which indicate the
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maintenance of the igneous trends. Therefore post-magmatic
events did not affect significantly the igneous geochemistry.

The highest mg# value [mg # = atomic Mg*/ (Mg? + Fe?),
assuming Fe O,/FeO =0.15] of the suite is 0.49, which means that
the magmas are evolved. Primary mantle derived basaltic magmas,
would have mg# values 0.74-0.80 (Jaques & Green 1979, Takahashi
& Kushiro 1983). The dykes were divided into two groups: [- high
Ti(HTi-TiO,> 1.5%) 2 ~low Ti (LTi- TiO, < 1.5 %). In general, HTi
prevails in the southern part of the investigated area, while LTi
occurs both in northern and southern portions. L'Ti has mg# from
0.491t00.31, while in HTi mg# values vary between 0.33 and 0.18. In
both groups, Fe,O.t, P,O,, K,O, Na,O, Zr, Y, La, Nb, Ba, Zn, Ce
increase with dcmeasmg mg# whlle AlLO,, CaO, Cr and Ni
decrease. Sr is often constant (Figs. 3 and 4) These trends are
compatible with gabbro fractionation. HTi dykes are richer than
LTiinFe,0,t, P,0,, K,0, Na,0, Zr, Y, Nb, Zn, Nd and Ce.

Flg,me 5 displays the dn‘fetencc in incompatible element
contents of both types of dykes normalized to the primordial mantle
values (McDonough & Sun 1995). Diabases and metabasites are
more fractionated than amphibolites. The HTi group is enriched in
LILE (Rb, Ba, K) and LREE (La, Ce) with respect to L'Ti. Incompatible
element patterns (IE) normalized to the primordial mantle are
compared with MORB concentrations and patterns (Sun &
McDonough 1989). Several average ratios of the LTi group display
patterns and average ratios similar to E-MORB (e. g. La/Y, Z1/Y, Ce/
Y, Ti/Y, Ce/Zr). However some IE ratios (e.g. P/Nb, Ti/Zr, Ti/P, P/Y)
are intermediate between N-MORB and E-MORB ( Fig, 5 and Table
2). Negative spikes of Nb are always present in LTi. HTi dykes
display IE concentrations and patterns broadly intermediate
between E-MORB and OIB, as shown by Fig. 5 and by several
average ratios (e.g. La/Y, Ce/Y, Zt/Y, Ti/Zr, Ti/Y, Ti/P, P/Y in Table
2). Nb in all rocks and Sr, except for one sample, have negative
anomalies. Ba exhibits positive spikes. The depletion of HSFE,

particularly Nb, relative to the enrichment in LILE is a geochemical
characteristic that distinguishes basalts from island arcs (IAB)
and continental areas from those produced at MORB and OIB;
whereas positive Ba anomalies are attributed to pelagic sediments
(Weaver 1991) or to some eclogites (Philippot & Selverstone 1991),
The REE patterns show that the HTi suite is enriched with respect
to LTi. HTi Ce/Yb (5.63 -24.63) and Sm/Yb (1.14 - 3.13) ratios are
intermediate between OIB (Ce/Yb =37.0, Sm/Yb =4.62) and E-
MORB (Ce/Yb=6.94, Sm/Yb=1.09). LTi ratios (Ce/Yb=3.12 -
10.80 and Sm/Yb=0.86—1.35) and patterns are broadly similar to
E-MORB (Corréa da Costa 2003).

Isotope Geochemistry  The initial *’Si/**Sr (Sr.), "*Nd/"!Nd (Nd)
ratios, 4(Sr) and 4(Nd) of each sample were calculated at 2.4 Ga. (
Corréa da Costa etal. 2003). Sr, varies from 0.70055 t0 0.704 13 and
from0.70374 to 0.70541 in L'Ti and Hti, respectively. The Sr range
is-15.9t0+34.9in LTiand +29.4 to+53.2 in HTi (Table 2). The
variation of Nd, (0.509322 - 0.509552) and 4 Nd (4.1 to +0.49) is
smaller in LTi. In HTi Nd, and 4Nd values are 0.509260 and —
respectively (Table 3).

ESr versus ENd diagram (Fig. 6 ) reveals that most of the
samples plot near to the *“ Bulk Earth”, varying from fairly depleted
to enriched with respect to €Sr. In terms of ENd, except for one
sample (CR-107), they are slightly depleted. Samples from the
basement gneisses, calculated at 2.7 Ga plot close to those of the
dykes. The Sr, and Nd, values range from 0.70418 to 0.70815 and
0.510942 t0 0.510995 respectively.

Isotope Geochemistry The initial *’Sr/*Sr (Sr), "*Nd/"“Nd (Nd
Jratios, &(Sr) and 3(Nd) of each sample were calculated at 2.49 Ga
. Sr, varies from 0.70003 to 0.70405 and from 0.70314 10 0.70483 in
LTiand HTi, respectively. The aSr range is —21.89 to +35.39 in LTj
and + 22.55 to + 46.52 in HTi (Table 3). The variation of Nd. is
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Figure 2- MPR plots of Si0 /TiO, and CaO/TiO, vs. FM/TiO, and SiO/ K20 and CaO/ K,0 vs. FM/K 0.
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Table 1 - Bulk rock composition of the Goids samples. < elements below the detection limit. — elements not analyzed.

Diabase Metabasite

Sample CRO1 __CRO5 CRIOl CRI02 CRI03 CRI07 CRI09 CRII0 GO05 GO06 GO07 GOI104 GOI109 GOl13] CR0O2 CRO7 CRO8 CRO9 CRI00 CRI104 CRI06 CRI0O8 GOll GOI2 GOI13

S102(%) 53.55 5230 54.00 5430 49.80 50.00 5040 4510 49.70 4930 49.50 50.10 49.80 4820 4990 5040 50.00 50.00 50.00 5000 51.10 50.10 51.90 5110 5170

TiO: 0.88 0.91 0.95 0.90 1.39 1.17 3.79 2.40 1.63 1.29 0.76 0.81 0.61 3.43 1.16 1.18 1.32 1.30 1.10 1.35 1.01 131 2.01 2.08 1.11

ALO; 1415 1446 1395 1446 1354 1436 12.76 1549 1401 13.81 1096 16.07 16.18 12.64 12.45 12.19 1251 12.00 12.94 13.88 1259 1242 1046 11.80 1392

FeO 10.11  10.14 1035 999 11.86 11.19 12.82 1322 13.18 11.87 10.95 8.78 9.56 15.40 11.54 11.79 11.96 12.55 11.59 1148 1172 1219 1618 1574 1226

FeOT 10.33 1036 10.57 1020 1211 1143 13.09 1350 1346 1212 1118 8.97 9.76 15.73 11.79 12.04 12.21 12.81 11.83 11.72 1197 1245 1652 16.07 1253

Fe.O; 1.37 1.37 1.40 1.35 1.60 1.51 1.73 1.78 1.78 1.60 1.48 1.19 1.29 2.08 1.56 1.59 1.61 1.69 1.56 1.55 1.58 1.65 2.18 2.12 1.66

Fe 05T 1148 1151 1L.75 11.34 1346 1270 1455 1500 1496 1347 1243 997 1085 17.48 13.10 13.38 13.57 14.24 13.15 13.03  13.30 1384 1836 17.86 13.92

MnO 0.17 0.17 0.17 0.17 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.16 0.17 0.20 0.18 0.18 0.18 0.19 0.18 0.18 0.18 0.19 0.20 0.19 0.19

MgO 6.73 7.87 6.71 6.43 8.45 8.24 6.01 8.61 6.78 8.65 13.58 8.82 8.77 5.74 9.52 9.38 9.00 9.26 9.15 8.29 8.89 8.98 5.27 4.52 7.08

Ca0 9.88 9.91 9.74 9.56 1L.21 11.17 7.76  10.31 921 11.06 8.66 1191 1043 9.44 11.66 11.45 11.53 11.29 11.43 111 11.14 1115 8.89 8.85 8.88

Na,0 2.41 231 2.33 2.41 1.91 2:12 2.50 2.48 2.69 1.93 1.25 1.84 2.41 232 1.70 1.57 1.72 1.46 1.84 2.07 1.70 1.82 2.52 2.84 233

K0 0.91 0.89 1.01 1.00 0.19 0.15 1.83 0.61 1.20 0.32 0.73 0.14 0.54 0.48 0.24 0.25 021 0.33 0.20 0.18 0.21 0.26 1.20 1.30 1.43

P05 0.14 0.14 0.17 0.17 0.16 0.15 0.61 0.48 0.26 0.13 0.07 0.08 0.12 0.43 0.11 0.12 0.12 0.14 0.14 0.18 0.14 0.15 0.37 0.39 0.20
LOI 0.20 0.15 0.39 0.13 0.17 0.10 1.98 0.13 0.88 0.21 1.08 0.19 1.14 0.75 0.91 0.75 0.97 0.65 0.62 0.01 0.61 0.66 0.85 0.58 1.04

Total 100.82 100.50 100.84 100.83 100.32 100.30 101.01 100.71 100.70 100.22 98.12 99.93 9993 100.85] 100.03 100.17 100.24 100.23 100.14 100.35 100.34 100.29 101.26 101.02 100.77

Ba(ppm) 269 261 327 273 47 39 573 408 496 51 59 47 320 131 57 103 53 66 58 48 54 64 303 360 484
Rb 29 28 33 22 4 4 28 11 29 15 17 4 8 8 17 16 11 16 15 7 13 8 41 49 44
Sr 198 195 203 197 116 108 713 318 311 122 105 116 335 209 128 125 126 121 121 116 120 118 174 183 398
iCs - - - 0.80 0.07 0.30 0.40 0.40 - - - 0.20 0.20 0.10 - - - - - 0.30 - 0.40 - - -
Ga - - - 17.00 2000 18.00 26.00 22.00 - - 13 14.00 13.00 24.00 - - - - - 20.00 - 18.00 - - -
Tl - - - 0.13 0.07 <0.05 0.13 0.10 - - - <0.05 0.05 <0.05 - - - - - 0.10 - 0.08 - - -
Nb 4.00 4.00 4.00 4.30 3.50 240 25.00 16.00 10.00 <2 2 2.10 3.50 14.70 3.00 4.00 2.00 2.00 <2 3.40 4.00 3.50  16.00 17.00 7.00
Zr 107 112 112 91 79 62 256 166 182 83 45 42 45 196 T 77 89 93 77 77 73 76 320 312 139
Ti 5276 5455 5695 5396 8333 7014 22721 14388 9772 7734 4556 4856 3657 20563 6954 7074 7913 7794 6595 8093 6055 7853 12050 12470 6654
Y 2400 21.00 32.00 2330 2830 23.10 39.10 3420 34.00 27.00 13 1450 1440 4760 2600 2500 27.00 32.00 2500 27.80 2500 2600 6200 61.00 28.00
Ta - - - 0.37 0.25 0.17 1.85 0.97 - - - 0.12 0.17 0.97 - - - - - 0.26 - 0.24 - - -
Th - - - 4.11 0.70 0.45 4.54 1.54 - - <3 0.25 1.17 1.63 - - - - - 0.64 - 0.68 - - =
U - - - 0.86 0.25 0.17 1.01 0.43 - - - 0.49 0.66 0.47 - - - - - 0.23 - 0.27 - - -
Cr 176 245 145 172 149 157 176 141 77 223 1100 439 109 50 244 251 208 185 220 173 228 167 51 51 50
Ni 79 137 72 87 157 202 57 88 143 151 406 323 215 27 148 187 137 129 131 149 175 147 58 55 107
Sc 37 34 34 34 47 44 23 29 35 48 37 42 36 34 49 46 50 53 47 43 42 47 33 33 39
v 228 212 226 194 299 266 361 152 289 347 280 215 146 537 336 331 359 372 331 299 311 276 269 266 217
Co = = - 43 50 53 37 54 - - 63 42 47 43 - - - - - 49 - 47 - - -
Cu - - - 111 90 77 118 40 - - 100 120 107 398 - - - - - 86 - 77 - - -
Pb - - - 6 5 6 11 5 - - 10 <3 <5 6 - - - - - 8 - <5 - - -
Zn - - - 67 113 104 147 147 - - 77 55 65 143 - - - - - 93 - 87 - - =
La 17.00 1500 19.00 15.30 4.52 375 37.10 1970 18.00 <3 3.86 249 8.81 16.30 <3 <3 <3 <3 3.00 4.60 4.00 504 29.00 28.00 16.00
Ce 33.00 3500 3300 25.60 10.90 9.00 76.60 4190 46.00 14.00 8.22 593 1550 3820 14.00 13.00 13.00 12.00 15.00 1090 12,00 11.70 68.00 64.00 42.00
Pr - - - 3.59 1.78 1.46  10.50 5.93 - - - 0.95 1.94 5.87 - - - - - 1.75 - 1.82 - - -
Nd 18.00 1500 19.00 14.70 8.91 740 4550 2750 2200 11.00 5.26 4.84 7.66  27.90 9.00 9.00 11.00 10.00 10.00 9.04 10.00 9.07 31.00 3400 17.00
Sm - - - 321 2.99 238 9.74 6.38 - - 1.45 1.53 1.63 7.72 - - - - - 2.81 - 2.94 - - -
Eu - - - 115 1.15 1.03 3.35 2.26 - - 0.56 0.73 0.80 2.75 - - - - - 1.16 - 1.13 - - x
Gd - - - 383 3.89 333 9.68 7.22 - - 1.86 2.09 1.96 9.26 - - - - - 391 - 3.76 - - -
Tb - - - 0.61 0.76 0.63 1.40 LI1 - - - 0.40 0.35 1.57 - = = - - 0.76 - 0.71 & - -
Dy - - - 3.84 4.87 4.04 1.52 6.45 - - 2.67 2.59 231 9.18 - - - - - 4.71 - 4.55 - - -
Ho - - - 0.79 1.03 0.86 1.39 1.25 - - - 0.54 0.53 1.79 - - - - - 0.99 - 0.95 - - -
Er - - - 2.30 311 2.58 307 3.56 - - 1.34 1.62 B 5.08 - - - - - 3.00 - 2.85 - - -
Tm - - - 0.36 0.48 0.39 0.49 0.50 - - - 0.25 0.28 0.72 - - - - - 0.46 - 0.42 - - -
Yb = - - 237 3.06 2.53 3.11 3.24 - - 1.20 1.59 1.89 4.46 = - - - - 3.04 - 272 - - =
Lu - - - 0.33 0.47 0.37 0.37 0.47 - - 0.18 0.24 0.30 0.61 - - - - - 0.42 - 0.41 - = =
mg# 0.34 0.38 0.34 033 0.36 0.36 0.27 0.34 0.29 0.36 0.49 0.44 0.42 0.22 0.39 0.38 0.37 0.36 0.38 0.36 0.37 0.36 0.20 0.18 0.31
™M 0.24 0.27 0.24 0.23 0.3 0.29 0.24 0.31 0.27 0.30 0.42 0.29 0.29 0.26 0.32 0.32 0.31 0.32 0.31 0.29 0.31 0.31 0.25 023 0.27
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Brazil

4 | | | 0.70 T | |
®
r ® iy 0.60 |- * -
ar ] 0.50 |- . X
& r L] ® g [fe} " e
O 0.40 A —
F—Q 2 ‘I . ] Q_N :ﬁ
A oh 0.30 |- = A s
- o A m ®
20 " s E
g ks A & A N 0.20 &
an © 10 5 oA
i § 0. b 4
O
| | : d | |
. A
4 A - oA
2.5 Ad [ ] -
1.5 |- " = N A & 5 °
5]
A
- i n A i
Q, ‘A .A ” < - o D%A o]
1.0 - A .
= © o l.ZU D_\%D a
i t » - 1.5 A A =
| ® (o}
0.5 ° Q g
1.0 - _
' O B ] .
| | | | | |
1 I 1 1 | |
I . oo | | |
15 |- - I L ’
5 - LYV 8)§O dl r D%@D b
O i ® ® 0 A A b O 10 l L ] o w i
= ., s ] 3 £, | & ° ]
L o - A
10 | ’. il a o . o
- [ . -
| | | | | | | |
I I | i | I | i
i 1 20 |- g " :
i 8, | _ i “| ]
~ i LW A o (w ® " ATh ]
O ‘f ® & o8 ON i A i
D 50 + ’ " e, (] e Q 53 ® 15 :‘ ® ® i q:] -
. ® ] HL L A |
_ _ : & o b
® 10 - o] =
40 | ! ! 5L ! ! | ]
0.1 0.2 0.4 0.4 0.5 0.1 0.2 0.3 0.4 0.5
mag# mg#

Figure3 - Selected major elements (wt%) vs. mg [molar Mg/ (Mg +Fe,) ratio: Fe,0 /FeO = 0.15]. Symbols as in Fig. 2.
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0.509240-0.509436 (iNd —3.44 to+0.53) in L'Ti. In HTi Nd and dNd
values vary from (.509166 to 0.509340 and from — 4.84 to — 1.7
respectively (Table 3).

a(Sr) versus ANd diagram (Fig. 6 ) reveals that most of the
samples plot near to the “ Bulk Earth”, varying from fairly depleted
to enriched with respect to aSr. In terms of aNd, except for one
sample (CR-107), they are slightly depleted. Samples from the

basement gneisses, calculated at 2.7 Ga plot close to those of the
dykes. The Sr, and Nd, values range from 0.70418 to 0.70815 and
0.510942 to 0.510995 respectively.

PETROGENESIS  Four petrogenetic processes can theoretically
account for the origin of HTi and LTi dykes, i.e. fractional
crystallization, crustal contamination, variable degrees of a common

SO T T T T T T T T T 1T T T 1T ] 80— 777 T T T
- Diabase - L Metabasite
(HTi- A
100 100 LTi- A |3
10 | 10 | -
1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 L 1 1 1 1 | 1 1 1 1 1 1 1 1 | L 1 I
RbBa K NbLaCeNd Sr ZrSmEuGdDy Ti ¥ Yb Rb Ba K NbLaCeNd Sr ZrSmEuGdDy Ti ¥ Yb
500 T T Ty 200 e T T T e
+ Amphibolite-
. RO o5 N
HTi- W E 3
100 |k Lti- OJ F ]
I i 10 E =
10 | = c ]
1 A N N T N TN T Y SN SN ST MO M N = L fofife % L1

RbBa K NblLaCeNd Sr ZrSmEuGdDy Ti ¥ Yb

RbBa K NbLaCeNd Sr ZrSmEuGdDy Ti Y Yb

Figure 5 - Multi-elemental plots of diabases, metabasites and amphibolites normalized to primordial mantle of Sun & McDonough
(1989). OIB, N-MORB and E-MORB patterns are reported for comparison

Table 2 - Averages and ranges of incompatible trace element ratios of Goids dykes, compared with N-MORB, E-MORB, OIB and

others dyke swarms

Goids Goids NMORB  EMORB 0IB Carajds Carajds Salvador  Salvador Uaud
LTi HTi LTi HTi LTi HTi
Rb/Sr 0.08 0.12 0.01 0.03 0.05 0.08 0.12 0.03 0.08 0.10
min-max  0.01-0.16  0.03-0.26
K/Nb 998.47 727.40 258 253 250 773 451 381 316 402
min-max  415-3030  271-1052
La/Nb 2,00 1.65 1.10 0.80 0.80 2.15 1.40 1.13 1.07 1.93
min-max  0.91-4,75 1-2.81
P/Nb 183,70 136.05 219 75 56 143 135 95.82 118 101
min-max 109-305 100-172
TilZr 90.43 67.08 103 82 61 91 71 102 84 135.3
min-max  47.8-149  35.9-104.9
TP 1172 9.05 14.90 9.70 6.40 12.80 9.96 10.70 7.96 12.11
min-max 6.9-16.3 5.9-12.8
La/y 0.30 0.43 0.09 0.29 1.28 0.63 0.33 0.36 0.44 0.19
min-max  0.11-0.71  0.16-0,95
Y 3.16 4,53 2.60 3.30 9.70 3.9 4,16 341 4.45 2.00
min-max  0.83-5.33  3.44-6.55
CelY 0.63 0.95 0.26 0.68 2.75 1.10 0.85 0.83 1.01 0.50
min-max  0.35-1.67  0.57-1.96
P/Y 23.82 34.12 18.21 28.18 93.10 . . 30.59 48.03 19.37
min-max  10,9-36.3  21.8-68.0
TitY 270 299 271 273 593 246 331 290 340 234
min-max 125-350 187-581
CetZr 0.18 0.21 0.10 0.21 0.29 0.30 0.18 0.23 0.24 0.25
min-max  0.13-0.34  0.12-0.30
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Table 3 - Rb/Sy, Sm/Nd ratios, ( YSr/Sr), (" Nd/'""Nd), €Sr and eNd of the Goids dykes (assumed age 2.49 Ga) and of basement
gneisses (assumed age 2.7 Ga). Isotopic data of gneisses after Pimentel et al. (1996, 2003).

Diabase

Sample RDL/St Sm/Nd F7se%sni (P NP NG £(Sr) e(Nd)
CR-01/LTi 0.4419 0.1373 0.70049 0.509300 -15.24 -2.28
CR-102/LTi 0.3771 0.1370 0.70306 0.509240 21.39 -3.44
CR_I03/LTi 0.1252 0.1986 0.70134 0.509347 -3.17 ~h.z21
CRo107/Lti 0.1015 0.1945 0.70116 0.509436 -5.78 0.53
GO-06/LtI 0.2235 0.1985 0.70047 0.509377 -15.50 -0.66
GO-07/LTi 0.4165 0.1799 0.70003 0.509244 -21.89 -3.25
GO-104/1.T1 0.094 1 0.1988 0.70065 0.509389 -12.96 -0.38
Metabasite
Sample RbL/Sr Sm/Nd G808 ni (YN Nd) £(Sr) g(Nd)
CR-104/1ti 0.1156 0.1956 0.70132 0.50p402 -3.50 -0.14
CR-108/LTi 0.2159 0.1898 0.70179 0.509372 3.28 -0.73
GO0S/HTi 0.4379 0.1573 0.70483" 0.509166 46.52 ~4.84
GO107/LTT 0.0601 0.1960 0.70405 0.509357 3539 -1.01
Amphibolite
Sample RbL/Sr Sm/Nd A’sesni (YNNG C(SH) £(Nd)
CR-04/LTi 0.1969 0.1913 0.70029 0.500357 -18.17 102
CR-1O/LTi 0.1797 0.2082 0.70283 0.509180 18.05 -4z
CR-105/1ti 0.1098 0.1929 0.702506 0.509371 L4.24 -0.75
GO.OI/HTI 0.4472 0.1840 0.70314 0.509340 22.55 -1.37
Basement Gneiss
Sample Rb/Sr Sm/Nd FTseAtsyi (NG M NG e(S1) £(Nd)
MPSBII 0.1580 0.1148 0.70815 0.510942 10.75 -5.93
MPS8IF 0.0814 0.1101 0.70467 0.510963 2.54 -3.97
MPS5S811B 0.0393 0.1237 0.704 18 0.510995 18.11 -7.84
15 (Corréa da Costa & Girardi 2004) were used in order to perform
TR fractional calculations. Olivine composition was calculated after
Diabase o Bellieni et al. (1995). A Rayleigh fractionation model was tested
10 - Metabaglle 4 & to compare calculated and observed trace elements contents.
@HE g:;g.srgne " E'( The crystal fractionation is modelled by:
C =C_ FP-b
L [0}
5 | where C, is the concentration of a trace element in the residual
e (\s\ liquid., C,, is the concentration of the trace element in the initial
Z0 o b\ Salvador Bulk Earth liquid,. D is the bulk distribution coefficient of the element and F
o ; the liquid fraction remaining after the fractionation.
Figure 7 displays several calculated crystal fractionation
-5 trends, either testing the derivation of HTi from the LTi suite, or
checking the relationship between samples of the same group.
X EM II iis ;
10 | Florida The transition from the less evolved basaltic melt (sample GO 07,
i ‘o mgi# 0.49) to dykes which average mg# values is 0.36 (AV-2:
samples CR 107, CR 103 and GO 06) is compatible with 32%
-15 : ; removal of olivine (8%), orthopyroxene (14%), augite (5%} and
-50 0 50 100 150
T
eSr il :
; 4 272 [ HILL Goo7
Figure 6 - ESr vs.ENd diagram for 2.49 Ga Goids dykes. 2.7 Ga Diabase @ © ; 2
: y ' M it
basement gneisses (Pimentel et al. 1996, 2003), fields from the A;ﬁ:iz’;'"?e: ° " e
Sao Francisco (Uaud 2.2-2.0 Ga, Bastos Leal et al. 1994, 12.0- lmpo:;sTﬁie (ractionation e A0
Salvador 1.2-1.0 Ga, Bellieni et al. 1998, Lavras 1.9 Ga, Pinese L / _
1997) and Rio da Plata Cratons (Florida 1.7 Ga, Mazzucchelli Poasibieiresianation &
et al. 1995, Tandil 1.6 Ga, lacumin et al. 2001) are reported for L5 B et i =
comparison. MORB, EMI, EMII after Zindler & Hart (1986). = | o |
; ; : g il Ak’ ’
source material and mantle heterogeneity. These mechanisms will be 7.0 ° @B\ 7
discussed on the basis of geochemical and isotopic data. - ! P A
Fractional crystallization ~ We tested crystal fractionation by 4.51a 4 ' '
using mass balance calculations using the Genesis softwar (Teixeira 0.18 0.6 0'3;' Dk .50
mg

1997), which is adapted from the XLFRAC program (Stormer &
Nicholls 1978). Average chemical compositions of clino and
orthopyroxenes, plagioclase, amphibole, magnetite and ilmenite

Revista Brasileira de Geociéncias, Volume 35, 2005

Figure, 7 - Possible and impossible fractional crystallization
trends. See text for sample numbers
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Table 4 - Mass balance calculations for fractional
crystallization transition from less (GO-07) to the mean of mg#
0.36 dykes (AV-2). Ol - olivine, Opx — orthopyroxene, Aug —
augite, Pl - plagioclase, Cale. calculated, Obs. observed, AV
average, ares2 sum of squares of major residual elements, SR
% of removed solid fraction.

GO07 AV-2 Ol Opx Aug Pl

(obs.) (obs.) (calc.) cale./obs.

SiO2(%)  49.50 49.70 49.38 0.99 39,30 55.26 51.83 50.93
TiO, 0.76 128 1.13 0.88 0 0.10 037 0.02
AlLO; 10,96 13.90 13.61 0.98 0 1.36 3.39 3147
Fe,0;T 12,43 1321 13.08 0.99 17.03 11.22 7.88 0.83
MnO 0.18 0.18 0.19 1.06 030 025 0.19 0
MgO 13.58 845 876 1.04 43.00 29.53 17.18 0
CaO 8.66 11.15 10.93 0.98 037 225 1891 13.04
Na,O 1.25 199 1.70 0.85 0 004 025 3.39
K,0 0.73 022 0098 445 0 0 0 032
P,0s 0.07 0.15 0.10 0.67 0 0 0 0
SR 7.8 142 49 5.0
¥res? 0.45

Cr 1100 176 185 1.05

Ni 406 170 137 0.81

Sr 105 115 138 1.20

Nb % 3 286 0.95

Zr 45 75 63.52 0.85

Y - 13 26 17.51 0.67

La 386 4.14 559 1.35

Ce 822 113 11.90 1.05

Nd 526 9.1 755 0.83

Sm 145 2,69 2.03 0.75

Gd 1.86 3.61 254 0.70

Dy 2,67 446 359 0.80

plagioclase (5%). Table 4 shows the difference between observed
and calculated major and trace element contents.

Two other possible differentiation trends were tested by
assuming initial melts with average mg# values varying from 0.42
to 0.44 (AV- 1; GO 104 and GO 109). This melt can produce rocks
with average mg# compositions from 0.33 to 0.34 (AV 3: CR1, CR
101 and CR 102) by a 54% extraction of olivine (6%), orthopyroxene
(4%), augite (17%), plagioclase (32%) and magnetite plus ilmenite
(3%) (Table 5). The other possibility is to produce, from the same
initial melt, rocks with average mg # 0.36, by 51% removal of
orthopyroxene (10%), augite (7%), plagioclase (28%), amphibole
(5%) and magnetite (1%) (Table 6).

These calculations indicate that fractional crystallization can
be an effective mechanism of magma evolution within the domains
of the different studied rock suites (LTi and HTi). Moreover,
differentiation seems to have originated from several parental melts,
which is supported by important differences in incompatible
element contents (e.g. Zr, Y, Ce, La) for similar mg# values (Table
1). Crystal fractionation calculations demonstrate, however, that
the origin of HTi and LTi suites cannot be attributed to the same
parental magmas,

Crustal contamination  Crustal contamination was tested by
using the ACF model (De Paolo 1981), which implies that
contamination and fractional crystallization are simultancous pro-
cesses in the magma chamber, and by diagrams using Sr. and typical
crustal elements. Both plots indicate that crustal contamination
did not play an important role, because there is no positive

144

Table 5 - Mass balance calculations for fractional
crystallization transition from 0.42-0.44 mg# (AV-1) to 0.33-
0.34 mg# dykes (AV-3). Others abbreviations and notations as
in Table 4.

AV-1 AV -3 Ol

< Opx Aug  PI Mt ilm
(obs.) (obs.) (cale.) calc.fobs

SiO(%) 49,95 53.95 53.30 40.9939.3055.2651.83 5093 0.09 0.07
TiO, 0.71 091 0.87 0.96 0 0.10 0.37 0.02 0.7851.37
Al O, 16.13 14.19 14.25 1.00 0 1.36 3.393147 0.42 0.03
Fe,O5T 1042 11.52 11.35 09917.0311.22 7.88 0.8398.6647.24
MnO 0.17 0.17 0.20 1.18 0.30 0.25 0.19 0 0.01 0.71
MgQO 8.80 6.62 0.76 1.0243.0029.53 17.18 0 0.04 043
CaO 11.17 9.73 9.79 101 0.37 2251891 13.04 0 0.15
Na,O 2.13 2.38 2.56 1.08 0 0.04 025 3.39 0 0
K,0 0.34 097 0.70 072 0 0 0 0.32 0 0
P,QOs 0.10 0.16 0.25 1.56 0 0 0 0 0 0
SR 5.5 41 17.0 323 26 05
Yres®  0.029

Cr 274 164 19.08 0.12

Ni 269 79 128 1.62

Sr 226199 234 1.18

Nb 3.0 4 7.63 1.91

Zr 44 103 108 1.05

Y 14 26 27.94 1.07

La 5.65 17.1 13.24 0.77

Ce 10.72 30.53 25.47 0.83

Nd 6,25 17.23 14.48 0.84

Sm 1.58 321 343 1.07

Gd 2.03 3.83 4.08 1.07

Dy 245 384 4.89 127

Table 6 - Mass balance calculations for fractional
crystallization transition from 0.42-0.44 mg# (AV-1) to 0.36
mg# dykes (AV-2). Others abbreviations and notations as in
Table 4.

AV-1 AV-2' Opx Aug  PL Al gy
(obs.) (obs.) (cale.) cale./obs.
SiOy(%) 49.95 50.05 49.88 1.00 55.26 51.83 5093 43.39 0.09
TiO, 0.71 133 1.10 0.83 0.10 037 0.02 271 078
AlLO; 16.13 13.15 13.18 1.00 1.36 3.39 31.47 10.55 042
Fe;O\T 1042 13.43 13.21 0.98 11.22 788 0.83 19.47 98.66
MnO 0.17 0.19 0.24 1.26 025 0,19 0 023 001
MgO 8.80 8.64 8.58 0.99 29.53 17.18 0 990 0.04
CaO 1117 1113 11.06 0.99 225 1891 13.04 10.80 0
Na,O 2,13 195 212 1.09 0.04 025 339 2.36 0
K,O 034 022 045 1.86 0 0 032 0.60 0
P05 0.10  0.17 0.20 1.18 0 0 0 0 0
SR 99 72 283 46 1.1
Yres? 0.038
Gr 274 170 20.83 0.12
Ni 269 148 124 0.84
Sr 226 117 222 1.90
Nb 3.0 3 586 1.95
2 44 77 83.32 1.08
Y 14 27 24.06 0.89
La 5,65 4.82 10.65 2.21
Ce 10,72 113 20.43 1.81
Nd 625 9.06 11.71 1.29
Sm 1.58 2.88 285 0.99
Gd 203 384 325 0.85
Dy 245  4.63 3.77 0.81
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correlation between Sr.and crustal elements (Rb, SiO,, K,O, Sr) or
ratios (Rb/Srand Ld/Yb) Moreover, Sr;of the dykes is < 0.705, and
the values of Sr. €Sr and eNd of the p0551blc contaminants (the
basement gncmes) are two low to cause obvious contamination
(Table 3, Fig. 6).

Variable degrees of melting of a common source material
Different degrees of melting from a homogeneous source could
also explain the existence of HTi and LTi suites. However, the large
difference between incompatible elements ratios hampers the
possibility. HTi incompatible ratios are approximately 1.5 times
larger than L1 values (Fig. 8). In order to derivate both suites from
an homogeneous source, it would be necessary to admit 1% to 2%
mantle melting to give rise to HTi (e.g. Bellieni et al. 1984, Correia &
Girardi 1989). Such melting degrees are incompatible with generation
of tholeiitic magmas, which demand [5-25% melting (Kushiro 2001).
The trace elements patterns of the dykes are compared with model
melts that experienced 50% of crystal fractionation, assuming
relative proportions of olivine (20%), clinopyroxene (50%) and of
plagioclase (30%). The melting degrees correspond to 10, 15, 25
and 30% of non-modal batch melt of a primitive source (Mc
Donough & Sun 1995), in garnet and spinel peridotite facies (Fig.
9and 10). Fractional and melting models were carried out according
to partition coefficients reported by Bossi et al. (1993).

The assumed mineralogical compositions of the garnet and
spinel facies peridotites are respectively: olivine (60 and 51%),
orthopyroxene (25 and 20%), clinopyroxene (10 and 23%), garnet
(5%), in garnet facies, and spinel (6%), in spinel facies mantle.
Both models admit the generation of LTi by 15 to 30% of mantle
melting. However the origin of HTi from the same source would
imply in less than 10% melting, which is incompatible with the
composition of tholetitic melts (Kushiro 2001).

Mantle heterogeneity Mantle heterogeneity has been discussed
by many authors (e.g. Faure & Hurley 1963, Weaver 1991, Dickin
1997, Reiners 2002). Studies carried out on the mafic dyke swarms
in South America (e.g. Bellieni et al. 1995, Mazzucchelli et al. 1995,
Menezes Leal et al. 1995, Girardi et al. 1996, Rivalenti et al. 1998)
indicate that these intrusions originated from heterogeneous mantle
sources under the various cratons of the South American Platform.
The mechanism seems to be effective both in large areas, as shown
by the basalts of the Parand Basin (Bellieni et al. 1984), and also in
smaller regions (Correia & Girardi 1989).

The variable chemical composition of original basaltic melts
produced in several environments, such as continental tholeiites,
oceanic islands basalts (OIB) and island arc basalts (IAB) can be
explained by mixtures of several geochemical components (HIMU,
EMI, EMII) and the depleted mantle (DMM). HIMU and EMII are
generally accepted as derived from subducted oceanic crust and
continental sediments respectively (Dickin 1997). The origin of
EMI is debatable, either resultant from mantle metasomatism (Hart
1988), from contamination by pelagic sediments (Weaver 1991), or
from subducted sub-continental lithosphere from craton margins
(Tatsumoto & Nakamura 1991).

The origin of mantle heterogeneity is, however, a controversial

matter. One hypothesis attributes the metasomatic enrichment of

the lithospheric mantle to the interaction with plumes, either with
large up to 2000 km heads, which started in the asthenosphere, or
smaller ones, from shallower sources (e.g. Saunders et al. 1992,
Condie 2001). King & Anderson (1998) and Anderson (2003)
criticize the plume model. According to Anderson (2003),
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Figure 8- Average incompatible element ratios normalized to
average LTi samples.

geophysical measurements, mantle temperatures and other
evidences are against the plume hypothesis. King & Anderson
(1998) propose that convection currents originated at the boundary
between thick and thin lithosphere are responsible for small-scale
flows, which drive the ascent of the melting material (edge-driven
convection). Sheraton & Black (1981) and Ellam & Cox (1989)
advocate non-subduction related metasomatism of the lithospheric
mantle caused by mantle fluids or melts from deeper mantle.

Based on seismologic and geochemical data, Helffrinch &
Wood (2001) propose that the observed mantle heterogeneitics
are remnants of recycled continental and oceanic crust that make
up respectively about 0.3 and 16% of the mantle volume. According
to these authors, fragments of variable ages and sizes of oceanic
and continental crust dispersed in a sterile highly depleted
peridotite constitute the mantle. This simple model is consistent
with variable scale heterogeneity. This article and many others
(c.g. Weaver et al. 1987, Hergt et al. 1991, Zhao & McCulloch
1993) advocate contamination by ancient subducted crustal mate-
rial as the most acceptable mechanism to explain mantle
heterogeneity, which has been proposed for arc and cratonic areas.
The role of eclogites from subducted slabs on the origin of basaltic
rocks has been emphasized in many papers (e.g. Cordery er al,
1997, Takahashi er al. 1998, Ayers 1998, Rivalenti eral. 1998, Leitch
& Davis 2001). The metasomatic effects caused by small melts or/
and fluids derived from trapped eclogites on depleted mantle
peridotites give rise to a mixed source accountable for the basaltic
melts. Several papers (Rapp et al. 1991, Brenan et al. 1994, Ayers
1998) demonstrate that rutile is a residual phase from eclogite melts
or fluids. According to the experiments, rutile/fluid partition
coefficients have high Nb, intermediate REE, and low Rb and Sr
values. Small amounts of rutile (~2%) are enough to prevent HSFE
enrichment in the mantle wedge (Brenan et al. 1994). Consequently,
magmas originated from the proposed mixed source have high
LILE/ HSFE and REEE/HSFE ratios. The retention of Y in eclogite
garnets accounts for high LREE/HREE ratios.

The model proposed by Rivalenti et al. (1998) to justify the
presence of LTi and HTi tholeiites in the Carajés region is based
on the presence of a continental mantle containing veins and lenses
of eclogite. LTi basalts derive from peridotites metasomatised by
acid melts produced by incipient melting of eclogites. HTi basalts
are produced by melting of peridotites containing the
complementary residual eclogites.

According to Ayers (1998) the interaction between [Nuids {rom
eclogites in the subducted slab and depleted peridotites produces
a mixed source. This model emphasizes the amount of wedge
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Figure. 9 - Incompatible trace-element variation patterns
normalized to primordial mantle (Sun and McDonough 1989)
of HTi and LTi dykes. The lines labelled 10, 15, 25 and 30% are
the result of 50% fractionation (ol 20, cpx 50 and pl 30) of a

primitive model melts derived by non-modal batch melting of

primitive garnet peridotite source (McDonough & Sun 1995)
Partition coefficients after Bossi et al. (1993).
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Figure 10 - Incompatible trace-element variation patterns
normalized to primordial mantle (Sun and McDonough 1989)
of HTi and LTi dykes. The primitive source is spinel peridotite.
Other notations and abbreviations as Fig. 9.

peridotite processed by the fluids. The concentration of IE
increases as fluid processes the peridotites in the wedge, due to
their lower compatibility in the wedge with respect to the slab.
Consequently it is possible to originate variable sources in terms
of enrichment, which account for different trace element signature
of the originated melts. The origin of tholeiites with distinct IE
concentrations is compatible with the model.

Mantle heterogeneity is the only possible process to explain
the origin of LTi and HTi dykes of the studied area. A possible
mechanism responsible for the origin of the heterogeneous mantle
source will be discussed on the basis of geochemical, isotopic and
geologic data.
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GEOTECTONIC SETTING AND CONCLUDING REMARKS
To deduce evidences for the possible geotectonic setting of the
Goids swarm, geochemical and isotopic data of the studied dykes
are compared to basaltic rocks of several geological environments.
Figure 11 displays the comparison among IE patterns of the Goids
LTi and HTi tholeiites and other basaltic suites. The compositional
fields of the Goids and Carajis dykes, which intrude the Amazonic
Craton, are very similar. The main differences are due to the larger
Nb anomaly in Goids, and the Srspike in both HTi suites, which is
positive in Goids and negative in Carajds. The ficlds defining the
composition of the Goids, Salvador and Uaud swarms, in the Sdo
Francisco Craton, are also similar, despite some differences in Nb,
Zr and Sr anomalies. When compared to the Mesozoic basalts of
the Parand Basin, the Goids swarm displays less enriched patterns.
Table 2 exhibits incompatible element ratios of HTi and LTi dykes
of Goids and those of the intracratonic Proterozoic dyke swarms of
the Séo Francisco and Amazonic Cratons. Almostall HTiand LTI
ratios of the Goids dykes are similar to those of Carajds, and most
of them similar to the Salvador dykes. The ratios of the Uaud
swarm are closer to those of the LTI Goids bodies. The most
important difference between the incompatible element ratios of
these swarms is the conspicuous Nb negative spike in Goids,
which is responsible for the higher LILE/Nb and LREE/ND ratios
in both LTi and HTi suites (e.g. La/ Nb and K/Nb in Table 2).

Figure 6 displays £Sr and €éNd values of the Goids and other
Proterozoic dyke swarms of the South American Platform. The
isotopic signature of the Goias dykes is similar to those from the
Sdo Francisco Craton (Uaud, Salvador and Lavras). The dykes
from the Rio da Plata Craton are slightly different. The Tandil
tholeiites, Argentina (lacumin et al. 2001), have higher €Sr; and
the Florida swarm, Uruguay (Mazzuchelli et al. 1995), is more
enriched in the EMI component.

The similarities between the geochemical and isotopic
characteristics of the Goids and other Proterozoic intracratonic
tholeiitic swarms, mainly those of the Sdo Francisco (Menezes
Leal eral. 1995, Bellieni et al. 1995, 1998, Pinese 1997) and Amazonic
(Rivalenti et al. 1998) Cratons, suggest a similar geologic setting.

Available geochemical and isotopic data constrain the mantle
source composition of the Goids swarm. The €Sr versus eéNd
diagram shows that the majority of samples plot near “Bulk Earth”.
Sr, values range from 0.700 to 0.705 (eSr = -21.89 to 46.52). Nd,
varies from 0.5092 to 0.5120 (eNd -4.84 to +0.53) (Fig. 6 and Table
3). These values suggest that the parental mantle is composed by
a DMM end-member enriched by another component. The scatter
of €Sr values renders difficult the determination of a clear trend
toward other possible end-members (EMI or EMII). However the
plots are close to EMI and the £Sr- €Nd field of Goids is similar to
those of Uaud, Lavras and Tandil swarms, whose signatures are
considered to have an EMI component (lacumin et al. 2001).
Moreover, according to Iacumin et al. (2003), Precambrian tholeiites
of the South American Platform in general trend towards EMI.
These observations indicate that the EMI component is the other
most probable end-member of the mantle source of the Goids dykes
IE patterns display two distinct levels of enrichment corresponding
to two parental sources. HTi dykes exhibit patterns broadly
intermediate between E-MORB and OIB, whereas LTi patterns
display general characteristics of E-MORB and some of N-MORB,
However these patterns have also characteristic features of [AB
and continental basalts, as shown by the pronounced negative
anomaly of Nbrelative to LREE and LILE, which indicates retention
of HSFE in the source both in LTi and HTi suites. Isotopic data
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Figure 11- Comparison among multi-elemental diagrams, normalized to the primordial mantle (Sun & McDonough 1989) of
dykes of Goids, Carajds (Amazonic Craton), Salvador and Uaud (Sdo Francisco Craton), and the Parand basalts.

suggest an EMI component added to the depleted mantle. These
features are compatible with a source originated from the mixture
of a depleted mantle and oceanic subducted slab. Metasomatic
fluids and/or small volume melts derived from slab eclogites gave
rise to the higher and lower IE concentrations, which characterize
the HTi and LTi dykes respectively, according to models of Ayers
(1998) and Rivalenti et al. (1998). Depletion in Nb accounts on the
retention by rutile of eclogites. Positive Ba anomalies of HTi
originate probably from pelagic sediments associated within the
slab.

The origin of the Archean Block of the Goids Massif is
controversial. It is a cratonic fragment, which was probably either
a microcontinent, or part of the border of the Sio Francisco or the
Amazonic Craton (Brito Neves et al. 1999, Campos Neto 2000,
Correia 2001) untill the Statherian (1.6-1.8 Ga). The Goids dykes
intruded in the Archean 2.71-2.94 Ga gneisses of the Goids Block
at approximately 2.49 Ga. Consequently the subduction of the
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oceanic crust under the cratonic Archean Block of Goids-Crixds
must have occurred during Archean-Paleoproterozoic times.
According to Tacumin et al. (2003) ancient subduction, related
metasomatism, and consequent mantle heterogeneity processes
played an important role on the origin of South American tholeiites.
Several swarms of the South American Platform are
Paleoproterozoic, yielding ages up to 2.49 Ga (e.g. Bastos Leal e/
al. 1994, Menezes Leal et al. 1995, Teixeira 1990, Teixeira et al. 1999,
Bellieni et al. 1995, Tomazzoli 1997, Pinese 1997, Corréa da Costa
2003), which indicates that subduction was an important
geotectonic process in the South American Platform since the
Archean.
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