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Abstract: The Planalto da Serra igneous rocks form plugs, necks and dykes of carbonate-rich ultramafic lamprophyres
(aillikites and glimmerites with kamafugitic affinity) and carbonatites (alvikites and beforsites). Phlogopite and/or
tetraphlogopite, diopside and melanitic garnet are restricted to aillikitic rock-types, whereas pyroclore occurs only
in carbonatites. Aillikites and carbonatites are altered to hydrotermalites, having chlorite and serpentine as dom-
inant minerals. Planalto da Serra igneous rock association has kamafugitic affinity (i.e. effusive, ultrapotassic.
High LREE/HREE fractionation, incompatible elements data and Sr-Nd isotopes, suggest that the K-ultramafic
alkaline and carbonatite rocks originated from a variably metasomatized mantle source enriched in radiogenic Sr.
Crustal contamination is negligible or absent. Age values of 600 Ma rule out the geochronological relationship
between the investigated intrusions and the Mesozoic alkaline bodies from the Azimuth 125° lineament. The TDM
model ages allow to conclude that Planalto da Serra magma is derived from the partial melting of a mantle source
metasomatised by K-rich carbonatated melt during the Early to Late Neoproterozoic. On the basis of alkaline
magmatism repetitions at 600 Ma and 90-80 Ma we question the subsistence of a stationary mantle plume for so
long time.
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1. Introduction imuth 125° lineament [1, 2], along which some important
Brazilian alkaline provinces of the Mesozoic age also oc-

cur (Fig. 1B).

The Paraguay Belt is geographically divided by Neogene
sediments of the Pantanal Basin into two sectors named
the northern and the southern Paraguay Belt. The first
sector was developed during the Brasiliano Cycle [8, 9],

Neoproterozoic rocks are found at the southern margin
of the Amazonian Craton. They belong to the Paraguay
Belt (PB, Fig. 1A), a tectonic feature crossed by the Az-

and the stratigraphy mainly consists of metaepiclastites

*E-mail: exrubet@usp.br and low-grade metasedimentary units of the Cuiaba Group
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(850-630 Ma). The lower unit contains metalimestones
of the Araras Group (approximately 580 Ma); the up-
per unit includes low-grade metasedimentary formations
of the Alto Paraguay Group (590-545 Ma) [10-12].

More recently, the Paraguayan Belt was interpreted as
being linked to the closing of the Goids-Pharusian Ocean
due to successive continental collisions (600-650 Ma),
which sutured the West African Craton against the Saha-
ran Metacraton in the north, and the Amazonian against
the Sao Francisco Craton in the south [13]. Several
Brasiliano-Pan African orogenic belts were created in this
process and are aligned along a very long area of South
America and Africa (more than 6000 km long) dominated
by one of the major tectonic elements of the world, the
Transbrasiliano-Kandi lineament [13].

In particular, at the northeastern side of the northern
Paraguay Belt, i.e., in the Planalto da Serra (PdS) re-
gion, some K-alkaline ultramafic and carbonatitic rocks
occur, intruding low-grade metasedimentary rocks of the
Cuiabé Group along the Rio dos Cavalos Rift (Figs. 2 and
3).

2. Geological outlines

The PdS magmatic rocks are located at the central part of
the South American Plate, lying NE of the city of Cuiab3g,
Mato Grosso State (Fig. 2). They are part of the numerous
outcropping bodies close to the Azimuth 125° lineament
[2], around the margins of the Parana Basin [16]. These
rocks were emplaced during the Late Neoproterozoic and
are aligned along a NE-SW trending extensional zone,
the Rio dos Cavalos Rift (Fig. 3). This rift was developed
between the northeastern part of the Parana Basin and
the southeastern margin of the Amazonian Craton within
the Late-Proterozoic Paraguay mobile belt.

The PdS rock types are represented by dykes, plugs
and breccia pipes (diatremes) of aillikites and glimmerites
(carbonate-rich ultramafic lamprophyres of kamafugitic
affinity) and carbonatites. Although the regional meta-
morphism of greenschist facies, which is estimated to have
occurred near the end of the Brasiliano Orogeny (540-520
Ma) [17] or as late as 490 Ma [18], may have changed their
original mineralogy, the age of the Planalto da Serra rocks
is well constrained at approximately 600 Ma on the basis
of Ar-Ar radiometric determinations performed on phlogo-
pite [19].

3. Petrography

Aillikites and glimmerites

Aillikites are represented by ultramafic alkaline dykes and
plugs in which phlogopite and/or tetraferriphlogopite are
the most abundant minerals (glimmerites if phlogopite >
50 vol. %). They are inequigranular rocks, coarse to fine
in texture, having prevailing phlogopite- tetraferriphlogo-
pite (up to 60 vol%) and subordinate amphibole and/or
clinopyroxene, magnetite and primary calcite. Clinopy-
roxene (and sometimes phlogopite) appears partially or
completely replaced by amphibole. Accessories include
apatite, titanite, perovskite, garnet and pyrite. In some
plugs, garnet is an important phase (up to 15 vol%). Chlo-
rite and serpentine may occur as secondary accessories
(replacing original olivine). Representative modal results
are in Table 1A.

Carbonatites

Carbonatite rock types are represented by calcite-
carbonatite (alvikite in texture) and dolomite-carbonatite
(beforsite). Alvikite dykes (MT-5) are mainly made up
of calcite, and theirs characteristic feature is the granular,
hypidiomorphic, medium to fine-grained texture. The other
carbonatites (Table 1B) are beforsite breccia pipe, coarse
to medium-grained in texture. Beforsites are constituted
by predominant euhedral to subhedral dolomites, associ-
ated with clasts of quartz and glass. Amphibole, phlogo-
pite, apatite, magnetite, pyrite, perovskite, pyrochlore and
titanite are subordinated minerals. In a few samples, chlo-
rite and serpentine pseudomorphs after mafic minerals are
also noted. Phlogopite is euhedral, but also forms irreg-
ular and interstitial aggregates in contact with opaques
and apatite. Perovskite is suhedral and disseminated, but
in some samples it is found as irreqular aggregates in
association with opaques. Chlorite is present as inter-
stitial fibrous aggregates, or as thin (millimetric) veins
together with carbonates. Opaques are magnetite and
pyrite. Pyrochlore is present in some samples; the grains
are brownish, euhedral to subhedral and associated with
apatite and opaques. Some dykes are rich in primary car-
bonate (calcite up to 26 vol%) and have hydrothermalized
chilled margins (Table 1C) where clinopyroxene is com-
pletely uralitized.

Hydrothermalites

Some samples (MT-9 and MT-10) from the Mutum dyke
contain a prevailing hydrothermal association of chlorite-
serpentine-carbonate and are here defined as hydrother-
malites.
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pressed-power pellets. FeO analysis was carried out by
. volumetric titration using ammonium metavanadates, and
Flgure 2. Geological setting showing part of the northern Paraguay .

Belt and the PdS area [14]. CO, and H,0 were evaluated by wet chemical analyses.
Concentrations of trace elements for rocks and carbonate
fractions were determined by ICP-mass spectrometer at

. the Actlabs, Ontario, Canada; Sr and Nd isotopic analy-
4. Analytlcal methOdS ses were performed at the University of Trieste.

Microprobe analyses of minerals were carried out at the 5 M I h . t
S&o Paulo, Modena and Padova Universities, utilizing . Inérai chemis ry
distinct equipments at each locations: at Sao Paulo, a

Jeol model JXA-8600; at Modena, an ARL-SEMQ; and  Phlogopite

at Padova, an energy dispersive spectrometer EDS EG Mica is an important mineral of the PdS rocks and it is
1G connected to a SEM AUTOSCAN microprobe. Chem- mainly represented by phlogopite and tetraferriphlogo-
ical analyses of rocks for major elements were performed pite. These minerals occur as a primary phase, but can
at the University of Trieste by XRF fluorescence tech- also be found as small aggregates of secondary origin
niques employing a PW1400 automatic spectrometer and showing chlorite as the most common alteration product.
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Table 1. Estimated modal mineral abundances of the main rocks (vol% and calculated out of 1000 counted points; tr=trace) from PdS (see Fig. 3
for localities). Glass*, isotropic material with n < 1.5 (opal?). Cf. Tables A and B of the appendix.

Aillikitic-Glimmeritic rocks

MT-1 MT-2 Dyke Massao

MT-3 MT-15 MT-16 MT-17

Locality Dyke Massao Dyke Massao Dyke Massao Plug Chibata Plug Chibata Plug Chibata

Phlogopite 50 44 58 51 60 43

Calcite 8 15 6 3 2 12

Dolomite - - - -

Amphibole 24 15 18 - - -

Clinopyroxene 4 12 2 22 22 13

Magnetite 8 9 15 3

Apatite 3 3 4 4

Garnet tr tr tr tr 6 15

Titanite tr tr tr tr tr

Perovskite tr tr tr 1 3 1

Pyrite tr tr tr tr tr

Chlorite 1 1 2 4 - -

Serpentine 2 1 - - -

Carbonatitic rocks Hidrothermalites
MT-5 MT-11 MT-13 MT-14 MT-19 MT-9 MT-10
Alvikitic Beforsitic neck Beforsitic neck Beforsitic neck Beforsitic neck Carbonated Hydrothermalite dyke

Locality dyke Lau  Big Valley Big Valley Big Valley Denizar dyke Mutum margin Mutum
Phlogopite 15 5 -4 3 9 29 3
Amphibole 20 14 24 20
Calcite 51 3 3 26 3
Dolomite - 59 59 65 51
Magpnetite 4 7 4 10 6 9 8
Pyrite tr tr tr tr 5 4 4
Apatite 3 1 2 2 2 1 3
Titanite tr tr tr tr 2 3 2
Perovskite 2 tr tr tr 2 tr 1
Chlorite 5 4 2 tr 1 29
Quartz and glass” 15 20 8 4
Serpentine 6 9 12 3 27
Pyrochlore? tr tr tr tr 1

Chemical analyses results are reported in Table 2, with
the structural formulae calculated assuming the positive
charges balanced on 10 oxygen atoms and 2(OH+F+Cl)
atoms; tetrahedral sites are filled by Si, Al or Ti, or by
F3* in the case of a deficiency to 4.00 a.fu. The octahe-
dral sites have Ti, Fe, Mg or Mn, whereas alkalis were
assigned to the interlayered positions [20].

Chemical analyses (Fig. 4A) show overlapping composi-
tions for micas from the two main PdS petrographic as-
sociations, with the phlogopite from carbonatites tending
toward eastonite compositions. In general, early phlogo-
pite progressively grades into tetraferriphlogopite as a re-
sult of Al-deficiency during crystallization, a feature also

noted in Brazilian alkaline-carbonatitic rocks (e.g., Araxd)
[22], kamafugitic and kimberlitic rocks (Alto Paranaiba
Province)[23], and Uganda kamafugites [24]. Notably, the
MT-9 and MT-10 samples display crystal rims strongly
enriched in Ba, most likely due to a highly localized in-
flux of residual oxidized carbonatitic fluid [25].

Carbonates

Carbonate minerals correspond to 2-15 vol% of the whole
composition of the glimmerites. Calcite shows low MgO
contents and relatively high SrO percentages (0.38-1.52
wt%), whereas dolomite is the main constituent of the be-
forsitic rocks (Tables 1 and 3). In the MT-5 alvikite, the
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Table 2. Representative chemical compositions of phlogopites. Structural formulae on the basis of 24 (O,0H, F) and estimated H,O assuming

(OH, F)=4.000 a.f.u. Analyses from [19] are in italics.

Sample MT-1 MT-3 MT-3 MT-5 MT-9 MT-9 MT-10 MT-10 MT-16 MT-16 MT-17 MT-19

Core Rim Core Rim

Core Rim Core Rim

SiO,  38.68 38.97 37.59 36.16 34.17 324
TiO, 181 282 39 032 117 1.69
AlLOs 132 1281 14.09 1813 16.13 205
Fe,03 141 16 119 492 0 0
FeO 97 6.09 664 122 403 1.83
MnO 021 009 007 01 0.05 005

MgO  20.37 22.43 21.83 25.07 24.86 23.82

CaO 003 003 0 007 005 005
BaO 0 054 05 016 6.66 932
NaO 013 0.04 002 004 0.06 0.47
K;0 105 1047 101 1018 831 6.83
F 021 019 006 012 053 0.65
H,O 375 391 423 351 298 239
Sum 100 100 100 100 100 100

355 31.08 38.89 3799 38.96 39.99
076 197 2.1 213 218 232
1746 1794 1155 1167 1186 1235
3.01 0 365 572 474 486
322 462 299 087 217 266
016 004 007 006 005 0.02
2335 2349 2517 2552 248 237
018 002 003 004 0.06 0.1

1.08 1118 202 119 133 079
007 015 012 008 013 0.8
1049 565 977 1026 9.78 9.3

0.36 05 1.09 151 1.08 0.65
405 436 255 3 288 3.08
100 100 100 99.96 100.02 100

a.fu.

Si 2.84 282 272 259 287 244 255 233 272 271 275 282
Al 114 109 12 141 113 156 145 159 12 098 1.08 1.05
Ti 0.02 0.09 0.08 0 0 0 0 0.08 0.08 0.23 0.1 0
Fe3+ 0 0 0 0 0 0 0 0 0 0.08 007 013
Sum 4 4 400 4 4 4 4 4 4 4 4 4
Al - - - 002 018 016 0.03 0 - - - -
Ti 0.08 0.07 013 0.02 006 0.09 004 003 013 0 0.08 0.13

Fed+ 008 01 009 021 O 0
Fe?*+ 06 038 041 0.07 023 011
Mg 223 243 236 267 255 265
Mn 0.01 001 0.01 001 O 0
Sum 3 299 3 3 302 301

0.17 0 009 023 015 0.14
0.2 031 041 005 021 0.6
001 264 236 272 255 257
255 0 0.01 0 0.01 0
3 2.99 3 3 3 3

Na 002 001 0 0.01 001 0.07

K 098 097 093 095 075 0.66
Ca 0 0 0 001 001 O
Ba 0 002 002 001 019 027

Sum 1 1 095 098 096 1

0.01  0.02 0 0.01 001 0.03
096 054 093 094 094 095
0.01 0 0 0.01 001 0.01
002 034 002 004 003 002

1 09 095 1 099 1.01

OH 184 19 204 168 14 12
F 0.05 004 001 004 012 0.16
0O 10.11 10.06 9.95 10.28 10.48 10.61
Sum 122 12 12 12 12 12

1.9 218 204 171 1.8 1.64
025 012 001 034 016 0.15
9.85 9.7 995 995 10.04 10.21
12 12 12 12 12 12

calcite content can reach up to 51%. Other carbonate
minerals were not observed. REE carbonates are also
present as primary or secondary phases (EREE up to 192
ppm in carbonatic phases). Notably, in the MT-19 sample,
dolomite (51 vol%) coexists with exsolved calcite (3 vol%).

Clinopyroxenes

Clinopyroxenes are diopsidic in composition (Table 4 and
Fig. 4B) and occur only in glimmerites. In dykes (e.g.
MT-3), the mineral is found as relict crystals in associa-
tion with amphibole, phlogopite and carbonates. Cumulus
diopside is present in the plugs. In some glimmerites,
diopside relicts can be found; however in alvikitic dyke
and hydrothermalites, the original clinopyroxene has been
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Table 3. Average microprobe analyses of carbonates. CO, calcu-
lated from stoichiometry. End members in wt% are also re-

ported.
Sample MT-1 MT-2 MT-3 MT-5 MT-9 MT-10 MT-11
FeO 0.37 021 019 006 005 037 027
MnO 017 025 043 016 0.01 0.23 -
MgO 1.22 059 034 022 0.01 045 1884
CaO 52.87 5419 5456 5513 5569 5473 33.68
SrO 1.52 11 123 054 084 038 0.03
BaO 0.05 003 003 002 0.04 0.05 -
CO, 43.8 4392 44.09 43.86 4411 4398 4717
Sum 100 100.29 100.87 99.99 100.75 100.19 99.99
End members (wt%)
Calcite 9435 9612 9653 98.39 98.66 97.49 -
Siderite 0.87 074 099 035 008 097 -

Magnesite 255 1.24 0.7 046 002 094 -
Strontianite 217 156 174 077 119 054 -
Witherite 0.06 004 004 003 005 006 -

Dolomite - - - - - - 100
Sample MT-13  MT-14 MT-15 MT-16 MT-17 MT-19 MT-19
FeO 0.27 028 007 022 029 007 029
MnO 0.01 - 002 013 021 002 -
MgO 20,35 211 0.1 028 047 012 2185
CaO 3191 31.02 5511 5503 5453 555 3013
SrO 0.04 005 134 086 093 134 006
BaO B . 017 011 004 017 .
CO, 4743 4755 4416 4768 43.96 4435 47.68
Sum 100.01 100 100.97 100.01 100.4 101.57 100.01
End members (wt%)

Calcite - - 9751 975 96.92 9751 -
Siderite - - 014 056 067 014 -
Magnesite - - 025 058 098 0.25 -
Strontianite - - 188 1.21 133  1.88 -
Witherite - - 022 014 005 022 -
Dolomite 100 100 - - 100

completely substituted by tremolite. Notably, in some car-
bonatites, clinopyroxene ghosts appear to be completely
replaced by amphibole and/or chlorite/serpentine.

Amphiboles

Amphiboles are mainly tremolitic in composition (Table 5)
and usually replace the clinopyroxene. Notably, the re-
placement of anhydrous by hydrous minerals is commonly
interpreted as caused by infiltration of a rock by warm
H,O-rich fluids [28], which is also suggested by the tex-
tural characteristics of the MT-10 hydrothermalite.

Table 4. Representative microprobe analyses of clinopyroxenes. To-
tal Fe was partitioned to Fe,O3 and FeO assuming charge
balance and a theoretical formula containing 4 cations and
6 oxygens.

Sample  MT-1 MT-2 MT-3 MT-15 MT-16 MT-17

Si0; 5537 5541 5424 5525 5382 54.96
TiO, 002 022 026 01 0.08 0.1
AL O3 0.08 01 035 009 009 0.09
Cr03 0.06 01 006 009 011 0.09
Fe,03 16 059 078 121 142 1.2
FeO - 1.2 159 04 - 0.4
MnO 0.14 01 007 011 009 0.08
MgO 1795 19.82 1777 18.65 17.81 1855
CaO 2652 2259 2466 2538 2648 2524
Na,O 0.1 015 0.09 011 0.08 0.11

K,0 - 006 0 003 002 003
Sum 101.83 100.28 99.97 101.41 100 100.05
afu.

Si 1974 1989 1965 1963 1.944 1.967
ALV 0.003 0.004 0.011 0.003 0.004 0.003
Ti 0.001 0.007 0.007 0.003 0.002 0.002
Fed+ 0043 0 0017 0031 005 0028
Sum 2 2 2 2 2 2
AM 0 0 0004 O 0 0
FeZt 0 0036 0033 0012 0 0012
Mn 0.004 0.003 0.002 0.003 0.003 0.003
Mg 0953 1.06 0959 0991 0956 0.99
Fed+ 0.021 0016 0029 0012 0 0012
Cr 0.002 0.003 0.002 0.002 0.003 0.002
Ca 1.013 0.869 0965 0.971 1.031 0.971
Na 0.007 0.01 0.006 0.008 0.006 0.008
K 0 0003 0 0001 0001 0002
Sum 2 2 2 2 2 2
Atoms%

Ca 503 442 489 484 505 485
Mg 473 538 485 494 469 495

YFe+Mn 24 2 26 22 2.6 2

Opaques

Pyrite is a common accessory phase in all of the samples
and is an important mineral (content up to 4-5 vol%) in
the MT 9 and MT-10 hydrothermalites and in the MT-19
beforsite (Table 1). The mineral most likely represents a
later phase, as indicated by the presence of pyrite includ-
ing titanomagnetite of the same composition as that of the
groundmass magnetite (MT-10).

All of the specimens contain titaniferous magnetite
(ulvospinel from 4 mol% to 43 mol%; Tabl 6); the main dif-
ference among the specimens is the Cr content (Fig. 5).
The Cr/(Cr+Al) ratios are in the range of 0.5-0.9 and
0.0-0.4. Notably, in the MT-5 alvikitic dyke, subordinate
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diamonds are hydrothermalites. B) Clinopyroxene compositions (full circles are dykes; open circles are plugs) on the Wo-En-Fs ternary
system. Nomenclature after [26]. Grey areas represent the fields of the APIP kamafugites.

xenocystals rich in spinel (47 mol%) and Mg-chromite (31
mol%, not shown in Fig. 5) are present in addition to the
late Ti-magnetite. Occasionally the magnetite is altered
into hematite.

Garnet

Garnet is restricted to aillikites-glimmerites and con-
stitutes an important phase only in the Chibata plug
(MT16 and MT-17 samples: 6 vol% and 15 vol%, respec-
tively). Crystals are subidiomorphic to idiomorphic and
are brownish and fine-grained. The mineral presents a
melanitic composition [30] and fits the equilibrium cooling
trend at the temperature of 900°C and pressure of 0.2 GPa
(Table 7, Fig. 6; [31)).

Alteration products of phlogopite and tremolite

Secondary minerals are mainly represented by chlorite
and serpentine (Table 8). They occur as alteration prod-
ucts of phlogopite and tremolite and are particularly abun-
dant in the MT-10 hydrothermalite (29 vol% chlorite, 27
vol% serpentine). Sometimes chlorite and serpentine are
found replacing the original phases that have the shape
of olivine. According to [32], high calcium contents imply
chloritization under high CO; activity. The chlorites are
compositionally distinctive, high in SiO, and MgO and
low in AL, O3, and they plot inside the field of the chlo-
rites of Sierra Leone kimberlites (Fig. 7). However, the
diatreme facies, explosive and H,O enriched (e.g.,, MT-10;
Table 1), result in the formation of serpentine+chlorite.
Moreover, there is also textural evidence of transforma-
tion to serpentine with tremolite as a probable precursor.

6. Accessory minerals

Perovskite and Nb-rich oxides

Perovskite microphenocrystals and microlites are ubiqui-
tous and can be an important accessory phase (up to 2-
3 vol%; Table 1) in some glimmerites and carbonatites.
Representative chemical analyses are reported in Table 9.
Applying the oxygen barometer, it is possible to estimate
the oxygen fugacity (fO,) during the crystallization and
emplacement of the rocks (ANNO, relative to the nickel-
nickel oxide buffer) [34]. The ANNO values obtained for
the PdS rocks vary from 0.63 to 2.50. Notably, the Ca/Ti
ratios are higher than unity (1.022+0.004 a.f.u.), and some
amount of REE (£=2.4-4.7 wt%), (Nb,Ta),05 (0.6-0.7 wt%),
other than Th (up to 0.60 wt%) and Fe,O3 (1.38-1.96 wt%)
are present. These results are very similar to those of fO;
(ANNO) conditions for Lac de Gras pipes [35, 36].

Nb-rich phases are present as accessory microlites (<1
vol%) in the carbonatite groundmass. Representative
chemical analyses relative to MT-5 alvikitic and MT-19
beforsitic samples are listed in Table 9, where the more
abundant elements are Nb (Nb,0Os, 63-65 wt%), CaO (~14
wt%) and Na,O (~7.4 wt%). On the basis of the Ti-Nb-Ta
relationships, these phases can be classified as pyrochlore
[37]. Similar compositions are reported by [38] for py-
rochlore from Blue River carbonatites in British Columbia.

Titanite and apatite

Titanite and apatite are ubiquitous accessory minerals
and occur as microlites and rarely as microphenocry-
tals. The major element contents in titanite are rel-
atively constant, specifically Si0,=29.8+£0.3 wt% wt%,
Ti0,=36.2+0.5 wt%, Ca0=26.1+0.3 wt% (Table 10).

In apatite, the following ranges of F and Sr contents were
detected: F, 3-4.7 wt%; and Sr, <0.1-0.3 wt%. Notably,
these variations closely match those registered in apatites
from Leucite Hills [39] and Paraguay [16].
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Table 5. Representative microprobe analyses of amphiboles. Fe3*
and Fe?* are repartitioned according to [27]. Structural for-
mulae are calculated on the basis of 24(O,0H,F) and H,O
is estimated assuming (OH,F)=2.000 a.f.u.

Sample MT-1 MT-2 MT-3 MT-5 MT-9 MT-10 MT-19

Si0, 57.42 5736 57.7 56.97 56.43 57.68 57.24
TiO, 005 005 002 008 006 003 005
ALO3 04 023 015 015 122 06 05
Fe;O3 124 091 148 0 116 043 086
FeO 178 244 251 303 403 153 258
MnO 013 016 018 016 025 02 018
MgO  23.04 23.08 2298 2322 2141 2331 2279
CaO  13.63 1338 13.64 1287 1279 1267 13.12
NaO 02 02 019 021 027 028 023
K,O 012 009 008 007 006 004 007
F 017 01 006 008 006 004 008
Cl 001 001 0O 0 001 001 001
Sum  98.09 9801 98.81 96.84 97.68 96.82 97.71

a.fu.

Si 7.869 7.903 7.865 7.975 7.885 7.947 7.908
Al 0.065 0.031 0.002 0.025 0.115 0.053 0.052
Ti 0.005 0.009 0024 O 0 0 0.006
Fe3* 0061 0.057 0109 0 0 0 0.034

Sum 8 8 8 8 8 8 8
Al 0 0 0 0 0075 0.006 0.016
Ti 0 0.003 0 0.008 0.006 0.003 0.003

Fe3* 0067 0037 0044 0 0061 0045 0042
FeZ 0204 0199 0.267 0.127 0373 0177 0228
Mg 4714 4743 4668 4.846 4454 4785 4.692
Mn 0.015 0.018 0.021 0.019 0.031 0.015 0.019

Sum 5 5 5 5 5 5 5
Fe* 0 0.019 0.019 0.039 0.036 0 0.019
Na 0 001 0 0.031 0.052 0.078 0.032

Ca 2.001 1974 199 193 1912 1.87 1.941
Sum  2.001 2.003 2.009 2 2 1948 1992
Na 0.053 0.043 0.05 0.026 0.021 0 0.03
K 0.023 0.017 0.014 0.013 0.011 0.008 0.013
Sum  0.084 0.6 0064 0.039 0.033 0.008 0.043

7. Significance of the mineralogy

The mineralogy of the PdS rocks, when compared to
other alkaline occurrences from the Azimuth 125° lin-
eament (Fig. 1B), is, to some extent, similar to that of
the Late Cretaceous kamafugites-glimmerites and carbon-
atites from APIP described by [6, 7, 40] for the following
reasons: 1) an abundance of phlogopite, primary carbon-
ates (aillikites, glimmerites, sAijvites and beforsites, after
[41]) and olivine; and 2) compositions of diopside, phogo-
pite (tetraferriphlogopite), carbonates, opaques (titano-
magnetite and chromium-spinel) and accessory apatite,
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Figure 5. Fe?t/(Fe?*+Mg) versus Ti/(Ti+Cr+Al), Fe3*+/(Fe3* +Cr+Al)
and Cr/(Cr+Al) planes trough the spinel prism [30] illustrat-
ing magnetite variations in the PdS specimens (Table 6).
E and L, early and late crystallization, respectively.

titanite, perovskite and pyrochlore [42, 43]. The presence
of primary melanitic garnet is indicative of equilibrium at
900°C and 2-5 Kb pressure [31]. However, the presence
of the tremolitic amphibole may be associated with hy-
dratation, nucleation and growth of amphibole, followed
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Table 6. Representative microprobe analyses of opaques. Fe,Os; and FeO (wi%) and ulvospinel (mol%) are calculated according to [29] and
end-members are calculated by stoichiometry.

Sample MT-1 MT-2 MT-3 "MT-5 Early” "MT-5 Late” "MT-9 " MT-10 MT-11
Si0; 018 023 0.28 017 0.17 013 023 033
TiO; 1.8 109 10 1.03 4.02 098 452 807
AL O3 252 13 0.07 31.37 0.08 003 138 273
Cr03 443 324 205 32.31 11 028 015 0.02
FeOytor 737 7736 81.02 17.25 83.76 89.7 8598 8226
MnO 251 203 155 0.25 0.53 019 016 013
MgO 025 022 019 16.82 0.22 0.4 082 1.23
Zn0 148 075 0.01 0.1 0.06 0.02 001 0.01
Sum 96.87 96.03 95.17 99.3 90.94 91.73 9325 9478
Fe 03 3639 41.69 46.99 0.56 56.69 655 5756 499
FeO 40.95 39.84 38.72 16.74 32.74 3075 3418 3735
Sum 100.51 100.2 99.86 99.35 96.61 98.28 99.01 99.77
afu.

St 0.053 0.069 0.085 0.039 0.053 0.041  0.071 0.103
Ti 2.638 2463 2.288 0.18 0.938 023 1.054 1.892
Al 0.883 0.454 0.025 8.606 0.029 0.011 0504 1.002
Cr 1.041 0773 0505 5.947 0.27 0.069 0.037 0.004
Fe3t 8.138 9.448 10.758 0.098 13.95 15.382 13.429 11.697
Fe 10.179 10.016 9.852 3.248 8.503 8.025 849 8.693
Mn 0.631 0515 0.399 0.049 0.14 0.05 0.034 0.034
Mg 0.111 0.098 0.086 5.816 0.102 0186 0.378 0572
Zn 0326 0.164 0.002 0.017 0.014 0.005 0.003 0.002
Sum 24 24 24 24 23.999 23999 24 23999
Mole%

Ulvéspinel  43.03 4095 38.87 3.65 20.69 497 1941 32
Magnetite 3998 46.96 53.94 - 74.74 91.76 7583 61.47
Gahnite 346 174 0.02 0.19 0.17 0.07 003 0.02
Spinel 118 065 0.11 47.36 - - 286 5.34
Hercynite 0.06 0.03 - - - - - -
Chromite 555 371 1.87 31.14 158 - - -
Mg-chromite - 0.41 083 1712 - 042 063 0.03
Jacobsite 6.74 555 436 0.54 1.19 092 039 037
Mg-ferrite - - - - 186 085 077

Sample MT-13 MT-14 MT-15 "MT-16 Early” "MT-16 Late” MT-17 MT-19

Si0; 0.29 0.3 0.3 0.06 0.51 031 032
TiO; 636 721 648 11.03 0.34 845 7.85
ALOs 195 234 174 2.47 0.02 212 215
Cr03 076 071 075 0.57 0.02 0.29 0.1
FeOs: 84.02 8354 83.82 74.76 91.47 80.71 83.97
MnO 0.73 0.3 013 5.27 0.32 249 045
MgO 0.97 11 0.87 0.96 0.42 098 125
Zn0 0.01 003 013 0.26 0 014 003
Sum 95.09 9553 95.36 95.38 93.1 95.49 96.12
Fe,O3 5379 51.78 5313 44.51 67.19 35.69 37.17
FeO 356 3695 36.06 34.7 31.01 50.03 51.86
Sum 100.66 100.72 100.73 99.83 99.83 1005 101.18
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Table 6. Contd.

afu.
Si 0.087 0.089 0.091 0.018 0.156 0.092 0.094
Ti 143 161 1472 2478 0.078 1.893 1.755
Al 0.686 0819 0619 087 0.007 0.744 0.726
Cr 0.181 0167 018 0435 0.005 0.068 0.023
Fe3+ 12.098 11.57 12.076 10.011 15.518 11.216 11.542
Fe 8.899 9176 9.108 867 7959 8892 9.189
Mn 0.185 0.075 0.033 1334 0.083 0.628 0.113
Mg 0.432 0487 0392 0427 0192 0435 0.551
Zn 0.002 0.007 0.029 0.057 0 0.031 0.007
Sum 24 24001 24 24 23998 23.999 24
Mole%
Ulvospinel 2596 28.65 26.69 404 435 3312 3098
Magnetite 66.97 6495 6815 39.9 9227 5471 616
Gabhnite 002 007 033 0.63 - 034 007
Spinel 39 454 319 4.1 0.04 3.8 42
Hercynite - - - - - - -
Chromite - - - 0.48 - - -
Mg-chromite 1.04 094 1.03 - 003 038 013
Jacobsite 211 085 037 1449 1.02 699 126
Mg-ferrite - - 0.24 - 229 066 176
30, Al sitic neck also shows a kamafugitic affinity.
It is interesting to note that, on the basis of the above clas-
2y ‘9000(3 sification, the PdS samples refer specifically to rocks de-
& oo2cr fined as ultrapotassic (i.e., K;0/Na;0>2 wt%, K,0>3 wt%
10/ @ o ® y9/5°C N
: and MgO>3 wt%), plotting into the Toro Ankole Group
o™ Ti (Group 1l of [47]) and that the carbonatites can be consid-
90 80 70 60 50 ered strongly potassic to some extent, having K;O/Na,O

Figure 6. Compositions of melanitic garnets (grey squares) from
PdS rocks, as represented on the Al-Fe3*-Ti triangular plot
(atom%, cf. Table 7). Temperatures (°C) and equilibrium
cooling trends at 0.2 GPa are after [31].

by continuous dissolution of diopside at 800-850°C (ap-
proximately 5 Kb; [28, 44, 45]). Finally, hydrothermal al-
teration affecting the pre-existing parageneses is respon-
sible for the formation of chlorite, serpentine and pyrite.
Notably, chorite and serpentine appear as pseudomorph
of olivine.

8. Petrochemistry

The aillikites-glimmerites (Table 11, with the wt% of ma-
jor oxides recalculated on a water-free basis) fit the ka-
mafugitic field of [46] and/or the TAT (Toro-Ankole type)
and Il fields of [47] (Fig. 8). The glass in the MT-3 befor-

ratios of 14.4+12.3 and K,O of 1.38%+0.15 wt%. The vari-
ation diagrams of MgO vs. major oxides (Fig. 9) confirm
the kamafugitic affinity of the non-carbonatitic samples.

Additionally, the pairs of major and trace elements of the
glimmerites exhibit ranges for incompatible elements in
or near the kamafugitic fields. In particular, there are
apparent correlations between Nd and Sm, Th and U, La
and Yb and Sr and Rb (Fig. 9); however, correlations are
not as evident for the carbonatites (Table 12). For the
aillikitr-glimmerites, the Zr vs. Cr diagram defines a liquid
with an initial Zr content of approximately 240 ppm, which
is similar to the lower limit of thr APIP lithotypes (cf.
Fig. 4 of [41]), suggesting a comparable mantle source

and comparable melting degrees.

Incompatible elements, normalized to a primitive mantle
composition (Fig. 10A), show different behaviors for both
petrographic associations and single occurrences. In fact,
the glimmerites, the MT-5 alvikite and the hydrother-
malites that display a kamafugitic affinity are character-
ized by negative anomalies in K, Sr-P, Hf and Ti, and
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Al NCFM A

Figure 7. A) Chlorite analyses plotted as a function of Mg-Fe?t-Al. B) Si-NCFM (FeZ* +Mg+Mn+Ca+2Na+2K-Ti)-A(Al+ Fe3* +Cr+2Ti) diagram
after [33]. Field variation of kimberlitic chlorites from Sierra Leone is also shown (grey fields; [32]). Full circles are chlorites; open
squares are serpentines.
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Figure 8. PdS rocks: molar (K,0+Na,0)/Al,0; versus SiO, (wt% on a water-free basis: LHT, Leucite Hills; TAT, Toro-Ankole; RPT, Roman
Province lavas type after [46] and CaO vs. Al,Os (Group I, LHT; Group Il, TAT; Group lll, RPT; after [47]) diagrams. APIP kamafugite
and kimberlite fields are after [41].
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Figure 9. MgO versus major oxides and trace elements for the silicate rocks from Planalto da Serra (grey fields are APIP kamafugites). In the Zr
versus Cr diagram, the heavy line represents the liquid descent of the APIP rock types (Zry=240; lower limit of Fig. 4 in [41]). Symbols
are the same as in Fig. 8.
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Table 7. Representative microprobe analyses of garnets. Structural
formulae on 24 oxygen basis and Fe,Os; as from charge
balance.

Sample MT-1 MT-15 MT-16 MT-17

Si0, 3076 33.17 3321 33.14
Ti0O, 671 474 566 3.82
ALOs 335 378 331 4.23
Cr,03 025 007 005 006
Fe;O3 2736 2433 2434 2432
MnO 118 121 126 118
MgO 018 023 019 025
CaO 2982 32 3219 318
NaO 0.19 0.05 0 0.09
Sum 99.8 99.58 100.21 98.89
a.fu.

Si 5195 5.554 5529 5579
Al 0.667 0.446 0.471 0.421

Ti 0.139 0 0 0
Sum 6 6 6 6
Al 0 0.299 0.179 0.418

Ti 0.713 0597 0709 0.484
Cr 0.033 0.009 0.007 0.008
Fe3* 3254 3.065 3.049 3.081
Sum 4 397 3944 3.991
FeZt 0223 0 0 0
Mn 0169 0.174 0.178 0.169
Mg 0.045 0.06 0.047 0.063
Ca 5.496 574 5742 5738
Na 0.062 0015 0 0.03
Sum 5967 5989 5967 6

Al 169 169 147 19
Fed+ 696 696 69.2 70
Ti 135 135 16.1 11

positive anomalies in Th, La, Nd, Eu and Th. Ba and Rb
show either negative or positive anomaly. However, the
beforsites exhibit strong negative Rb-Ba anomalies and
relative enrichment in Th, U, K, La and Ce.

The chondrite-normalized REE distribution (Fig. 10B)
displays behaviors similar to strong LREE/HREE frac-
tionation, specifically (La/Yb).:  65.0£1.3 (aillikite-
glimmerite dykes), 56.6+2.2 (aillikite-glimmerite plugs),
90.3+£8.7 (hydrothermalites), 56.1+11.7 (beforsites), 76
(MT5 alvikite), and 40.3+6.9 (carbonate fraction of MT-3
and MT-5 samples). These latter MT-3 and MT-5 samples
also show Eu/Eu* (Sm-Gd normalization) negative anoma-
lies, specifically 0.29 (MT-3) and 0.47 (MT-5), probably
due to a previous crystallization of Ca-rich phases (possi-
bly clinopyroxene-amphibole). Alternatively, this behavior
could be related to the country rock during the hydrother-
mal event.

Table 8. Representative microprobe analyses of chlorites (a.f.u. on
the basis of 28 O), and of serpentines (a.f.u. on the basis
of 7 0).

0 MT-3 MT-5 MT-10 MT-11 Serpentine MT-10 MT-11

Si0, 3265 3191 333 3223 SiO; 413 4169
TiO, 021 0.15 0.2 0.31 TiO, 0.06 0.07
AlLOs 913 874 932 899 Al,O3 055 057
FeO 1898 2269 1626 17.87 Cr03 0 0.01
MnO 006 0.06 005 0.06 FeO 334 36
MgO 2691 2439 2949 27.05 MnO 0.03 0.03
CaO 017 023 015 015 MgO 40.2 3953
Na,O 0.01 0.02 0 0.02 CaO 016 0.13
K;O 012 004 015 012 Na,O 0 0.01
Sum 88.24 88.23 89.1 86.8 K,O0 0.02 0.03
NiO 0.01 0.01
Sum 85.67 85.68
afu. afu.
Si 6.611 6.613 6.597 6.598 Si 1.971 1.989
Al 1.389 1.387 1.403 1.402 Al 0.029 0.011
Sum 8 8 8 8 Sum 2 2

Al 079 0.742 0777 0.768 Al 0.002 0.021
Ti 0.032 0.024 003 0.048 Ti 0.002 0.003
Feo+ 3226 3909 2717 3.061 Cr 0 0.001
Mg 8139 7534 8.659 8258 Fey+ 0133 0.144
Mn 0.007 0.007 0.006 0.011 Mg 2.862 2813
Sum 12194 12.215 12189 12.146 Mn 0.001 0.001

Na 0 0.001
Na 0.004 0.01 0 0.007 K 0.001  0.002
K 0.03 0.011 0.038 0.032 Ca 0.008 0.007
Ca 0.037 0.051 0.034 0.033 Ni 0 0.001

Sum 0.071 0.072 0.072 0.072 Sum 3.009 3

Considering the high MgO contents, up to 19 wt% in
the aillikites and glimmerites, the REE distribution most
likely represents the products of partial melts of a veined
mantle source, strongly enriched in incompatible ele-
ments and C, H (e.g., phlogopite-amphibole-carbonate-
rich veins; [41]).

9. lIsotopic systematics

A complete discussion regarding the age of rocks intruding
this tectonic feature is provided by [19]. The following is
a summary of the main points: “°Ar/>*Ar (phlogopite and
tetraferriphlogopite) yielded an age of approximately 600
Ma (averaging 602416 Ma); and Rb/Sr systematics, rel-
ative to the MT-19 beforsite (whole rock, carbonate frac-
tion and insoluble residue), define an isochron Rb/Sr of
598+10 Ma, similar to the Sm/Nd age (errorchron for all
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Table 9. Representative analyses of perovskites. Structural formulae on 3 oxygen basis. ANNO: oxygen barometer after Bellis and Canil (2007).
The composition of Nb-rich oxides is also shown (pyrochlore?).

Sample MT-5 MT-15 MT-16 MT-19 afu. MT-5 MT-15 MT-16 MT-19 "Nb-rich oxides” MT-5 MT-19
SiO; 012  0.06 0 0.26 St 0.003 0.001 0 0.006 Nb, 05 65.53 63.27
TiO, 5219 53.63 55.07 54.29 Ti 0926 0938 095 0.942 Tay0s5 343 5.69
Th,O 0.6 035 011 0.09 Th 0.007 0.004 0.001 0.001 TiO, 156 215
ALO3 031 03 03 0.29 Al  0.009 0.008 0.008 0.008 Th,0 0.51 0.46
Fe;O3 196 1.67 1.38 1.51 Fe3* 0.034 0029 0.023 0.026 U0, 0.02 216
Nb,O5 1.43 1 055 0.69 Nb  0.015 0.011 0.006 0.007 Lay03 017 011
TaO5 025 017 0.09 012 Ta 0.002 0.001 0 0.001 Ce;03 026 0.26
MnO  <0.01 0.01 0.01 0.02 Mn 0 0 0 0 Y,03 017 013
MgO 0.01  0.01 0.01 0.03 Mg 0 0 0 0.001 FeO 0.03 0.06
Ca0O 3726 3837 39.47 392 Ca 0942 0957 0971 0.967 Ca0O 1473 143
SrO 0.6 058 057 047 Sr 0.008 0.008 0.008 0.006 SrO 0.72  0.63
Na,0 0.3 0.15 0.2 0.22 Na 0.014 0.011 0.009 0.01 PbO 0 0.03
Lay03 1 079 057 058 La 0.009 0.007 0.005 0.005 Na,O 746 743
Cey03 242 1.9 137 1.39 Ce 0.021 0016 0.012 0.012 F 55 4.66
Pr,O3 024 019 013 018 Pr 0.002 0.001 0.001 0.001 Sum 100.09 101.34
Nd,0; 082 065 048 0.65 Nd 0.007 0.005 0.004 0.005 O=F 232 196
Sm;03 0.18 018 019 023 Sm 0.002 0.002 0.002 0.002 Sum 96.91 98.64
Sum 99.69 100.01 100.5 100.19 Sum 2.001 1.999 2 2
ANNO 0.63 157 25 1.88
A
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Figure 10. A) Incompatible elements normalized to primitive mantle concentrations (after [48]). B) Chondrite-normalized (after [49]) REE distri-

bution for the various rocks from the PdS region. Data sources in Tables 11 and 12.

the samples) of 601+73 Ma. Notably, new data relative
to the Rb/Sr systematic (Table 13A, B), excluding MT-10
hydrothermalite and MT-16 carbonate fraction, give an
age of 594+21 Ma (Fig. 11), confirming the previous de-

terminations of [19]. Thus, based on the available data,
the K-alkaline-carbonatitic rocks of the Rio de Cavalos
Rift have an age of approximately 600 Ma, indicating that
this event is associated with the Brasiliano Cycle [13].
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Table 10. Representative microprobe analyses of titanites (a.f.u. on the basis of 4Si), and apatites: a.f.u. on the basis of 26(O,F).

Titanite MT-1 MT-9 MT-10 MT-17 Mt-19 Apatite MT-1 MT-5 MT-15 MT-19
Si0;  29.66 3023 2953 2977 30 Si0, 037 053 012 042
TiO, 358 3696 3574 36.08 3654 TiO, 0.01 0.02 0 0.01
7rOy 0 0.02 01 0.03 004 ALO3 028 042 009 033
Nb,Os 039 057 072 052 059 MgO  0.01 0 0.01 0
ALOs 215 214 237 22 22 Ca0O 5455 53.89 5544 5433
FeoO3 391 31 32 353 321 MnO 003 003 0-02 0.03
MnO 0.05 0.09 003 005 007 FeO 033 049 013 038
MgO 096 078 091 09 083 SrO 0.2 03 007 024
Ca0 2596 26.63 2589 2611 2638 NaO 0.08 012 0.03 0.1
SrO 012 026 016 017 0.22 KO 001  0.01 0 0.01
NapO 01 006 008 008 007 P;05 42 42 42 42
La03 018 037 011 021 0.29 F 436 467 3.03 428
Ce;03 044 054 028 042 046 Sum 102.23 102.48 100.94 102.13
Sum 99.86 101.76 99.12 100.07 1009 O=F 184 197 166 1.88
afu. Sum 9971 99.78 99.57 99.73
Si 4 4 4 4 4
Al 0171 0.167 0189 0.175 0173 P 597 5975 50965 5.972
Fe3* 0198 0155 0.163 0.178 0.161
Ti 3.631 3.678 3.641 3.645 3.664 Ti 0.001 0.002 0 0.001
Zr 0 0.001 0.007 0.002 0.002 Al 0.056 0.084 0.019 0.202
Sum 4 4.001 4 4 4 Mg  0.001 0 0.001 0
Ca 9814 9.692 9965 9.775
Mg 0.193 0.154 0.184 0.181 0.165 Mn  0.004 0.004 0.002 0.004
Nb 0.012 0.021 0.022 0.017 0.02 Fe 0.032 0.068 0.013 0.05
Mn 0.006 0.01 0.003 0.006 0-008 Sr 0.02 0.03 0.007 0.023
Na 0.013 0.008 0.01 0.011 0.009 Na 0.027 0.041 0.011 0.032
La 0.004 0.009 0.003 0.005 0.007 K 0.001  0.001 0 0.001
Ce 0.011 0.013 0.007 0.011 0.011 Sum 9956 9.892 10.017 10.088
Sr 0.009 0.02 0.013 0.013 0.017
Ca 3.751 3772 3758 3.758 3.766 F 2316 2484 2.091 2371
Sum 3.999 4.007 4 4.002 4.003
0.74 Sr-Nd isotopes
VSt/"Sr | | o
In general, the high concentration of most incompatible
0.73 elements (L.E.) in all of the PdS rocks indicates that the
- effects of crustal contamination on the Nd isotopic systems
072 were negligible and that the parental magma compositions

Age=599.1 +7.8 Ma
Initial ' St/"°Sr = 0.706707 + 0.00054

0.71 MSWD = 7.0
i 87051 86
Rb/"Sr
0.70 : ‘
0 1 2 3 4

Figure 11. Errorchron relative to the new data of ¥ Rb/%0Sr ver-
sus 87Sr/%Sr from PdS rocks (Table 13B), excluding the
samples MT-10 and MT-16 (carbonate fraction).

are more likely linked to mantle-enriched sources related
to variable degrees of metasomatism (veined mantle). The
data are plotted in Fig. 12 (time-integrated e-notations of
Table 13B), with the values concentrated in the enriched
quadrant, and with eNd=0.41+£0.05 and &Sr extending
from 4 to 32-41. Notably, the lowest Sr values refer to
the MT-10 hydrothermalite and to the carbonate compo-
nent (Sr=195 ppm) of a glimmeritic plug (eSr wr=32)
suggesting a reopening of the system by less enriched
fluids, rather than by a selective crustal contamination.
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Table 11. Chemical analyses of PdS rocks. Glass is taken from the microprobe analyses. Glimm.= glimmerites. Data from [19] are in italics.

Sample/ MT-1 MT-2 MT-3 MT-15 MT-16 MT-17 MT-13
Locality Massao  Massao Massao Chibata Chibata Chibata Glass
Rock Aillikitic  Aillikitic  Glimmeritic Glimmeritic Glimmeritic  Aillikitic ~ In beforsitic
type dyke dyke dyke plug plug plug neck
Si0; 37.58 32.44 37.36 33.72 32.65 3213 42.21
TiO, 1.72 2.49 3.06 3.09 299 3.2 1.46
AL O3 6.09 5.96 6.84 5.95 6.62 6.23 7.05
Fe O 215 1.86 2.04 1.93 2 2.09 333
FeO 9.83 9.28 10.2 9.63 10 10.45 6.84
MnO 0.2 0.2 0.18 0.21 0.18 0.23 0.15
MgO 17.26 18.46 19.13 15.88 15.45 16.05 18.55
CaO 12.42 13.57 852 17.58 17.61 17.72 10.39
NaO 013 0.05 0.05 0.23 0.04 0.04 1
K;0 4.31 25 3.41 3.07 3.27 257 3.59
P,05 1.2 133 1.45 175 1.45 153 0.76
S 0.09 0.03 0.54 0.04 0.04 0.06 -
CO, 4 5.04 218 2.28 1.07 1.99 -
H,O0* 2.4 4.86 312 4.4 5.04 5.49 -
Sum 99,28 98.07 98.08 99.76 98.41 99.78 95.33
CIPW Norm

or -3.63 - 2015 - - - 0.01
ab - - 0.42 - - - -
an 3.31 8.65 8.37 6.2 8.23 9.23 415
ne 0.6 0.23 - 1.95 0.18 0.18 458
lc 1712 11.59 - 14.23 - - 16.63
kp - - - - 10.98 8.79 -
di 20.16 1215 8.47 5.47 14.08 14.21 33.58
ol 33.71 37.05 38.72 34.88 31.42 3277 27.02
cs - 253 - 14.73 14.02 1213 -
mt 312 2.7 2.96 2.8 29 3.03 4.83
il 3.27 4.73 5.81 5.87 5.68 6.08 2.77
pr 0.19 0.06 1.15 0.08 0.09 0.13 -
ap 278 3.08 3.36 4.05 3.36 354 1.76
cc 9.1 11.46 4.96 519 243 4.23 -
Sample MT-5 MT-11 MT-13 MT-14 MT-19 MT-9 MT-10
Locality Lau Big Valley Big Valley Big Valley Denizar Mutum Mutum
Rock Alvikitic Beforsitic Beforsitic =~ Beforsitic ~ Beforsitic Carbonataded Hydrotherm
type dyke neck neck neck neck dyke dyke
Si0; 22.05 253 27.08 11.87 3118 27.08 36.16
TiO, 223 1.79 1.19 1.51 2.1 2.61 2.83
AL O3 515 1.82 1.63 3.94 3.46 5.79 4.07
Fe,0O3 1.42 0.97 0.77 121 1.34 1.76 6.01
FeO 7.08 4.85 3.83 5.56 6.67 9.79 10.41
MnO 0.15 0.24 0.15 0.19 013 0.19 0.09
MgO 11.02 12,59 13.82 17 11.74 15.75 26.71
CaO 25.22 21.03 19.52 22.48 17.89 18.47 8.11
NaO 0.15 0.05 0.1 0.31 0.7 0.02 0.07
K;0 1.92 1.61 1.35 1.31 1.45 241 0.28
P,0s 0.74 0.23 0.64 0.55 0.62 1.31 1.77

579

Brought to you by | Universidade de Sao Paulo USP

Authenticated

Download Date | 10/3/18 8:42 PM



Petrology of potassic alkaline ultramafic and carbonatitic rocks from Planalto da Serra (Mato Grosso State), Brazil

580

Table 11. Contd.

Locality Lau Big Valley Big Valley Big Valley Denizar Mutum Mutum
Rock Alvikitic Beforsitic Beforsitic Beforsitic Beforsitic Carbonataded Hydrotherm
type dyke neck neck neck neck dyke dyke
S 0.02 - 0.03 0.02 255 0.97 0.09
CO, 17.34 28.9 27.85 323 18 8.21 1.39
H,Ot 5.29 0.55 115 1.56 1.93 5.42 2.2
Sum 99.78 99.93 99.11 99.81 99.76 99.78 100.17
CIPW Norm

Q - 16.3 16.65 - 9.92 - -

C - - - 0.01 -
or 11.34 9.51 7.98 4.08 8.57 - 1.65
ab 0.02 0.43 0.18 - 5.92 - 0.59
an 7.71 - 0.01 5.82 1.98 8.59 9.97
ne 0.68 - - 1.42 - 0.09 -

le - - - 256 - 1117 -
di 2.35 - 3.88 3 18.76 221 7.83
hy - 4,32 5.24 - - - 17.44
ol 249 - - 8.16 - 34.89 39.05
cs - - - - - 6.13 -
mt 2.68 1.41 112 1.75 1.94 255 8.71
il 5.53 34 2.26 2.87 3.99 4.96 537
pr 0.06 - 0.06 0.04 541 2.06 0.19
ap 225 0.53 1.48 1.27 1.44 3.03 41
cc 17.86 323 - - - 18.67 3.16
dolomite - 57.6 58.36 67.68 37.72 - -

The isotopic systematics have a distribution that appears
distinct from the distribution corresponding to the APIP
kamafugites, as indicated in Fig. 12.

Moreover, the almost constant behavior of the Sm/Nd ra-
tio in the rocks (0.13+0.003; Fig. 9 and Tabl 13) suggests
that the Nd model ages [19] could be indicative of the main
metasomatic event affecting the lithospheric sources be-
neath the PdS region. These ages (calculated in relation
to the depleted mantle, TDM, Table 13; [51]) for the whole
PdS population (12 samples) are 1.05+0.08 Ga, which is
similar to those calculated for the APIP kamafugites, i.e.,
TDM=0.97+0.09 Ga (44 samples, cf. inset of Fig. 12)
and the Rio Verde-Ipora alkaline province (0.99+0.10 Ga,
inset of Fig. 7 of [41]), defining an Early Neoproterozoic
age.

However, the "uncontaminated trachybasaltic dykes” from
the Poxoréu area [7] display TDM=643+52 Ma. Thus,
in spite of the different ages among the Rio dos Cavalos
Rift lithotypes (approximately 600 Ma) compared to the
APIP, Rio Verde-lpord and Poxoréu rocks (approximately
84 Ma; [6, 7)), the model ages seem to reflect the time of
the event when the fluids were "extracted”, metasomatizing
the lithospheric mantle.

10. Concluding remarks

Along the Azimuth 125° lineament, where alkaline occur-
rences are found in many places (Fig. 1B), the Rio dos
Cavalos Rift, in the PdS region, is intruded by dykes and
necks of ultramafic and carbonatitic rocks within an ex-
tensional zone in the Late-Proterozoic Paraguay mobile
belt (Cuiabd Group; Fig. 2). The PdS lithotypes are rep-
resented by ultrapotassic rocks with kamafugitic affinity,
by carbonatitites having alvikitic and beforsitic character-
istics and by rocks displaying evidence of late hydrother-
malization. These processes, which are responsible for
the lowest isotopic Sr values, suggest that the system
was partially reopened by a successive event with less
enriched fluids.

The PdS lithologies present petrochemical features simi-
lar to those from the Late Cretaceous alkaline rocks from
the APIP region. However, they yielded similar Ar/Ar,
Rb/Sr and Sm/Nd ages of approximately 600 Ma. No-
tably, the 600 Ma date represents an Ediacaran age (630-
542 Ma), at the eastern margin of the Amazonian Craton
that was fragmented at the beginning of the Neoprotero-
zoic time [13].
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Table 12. Concentrations of trace elements of PdS rocks. Data from [19] are in italics.

Sample MT-1 MT-2 MT-3 MT-3  MT-5 MT-5 MT-9 MT-10 MT-11
ppm Massao  Massao Massao CF Lau CF  Mutum Mutum BigValley2
Cr 753 664 816 - 876 - 342 274 144
Ni 628 575 689 - 601 - 359 328 153
Co 86.3 76 94 - 76.4 - 724 715 26
\ 269 147 236 - 161 - 166 125 33
Ba 723 970 1348 8095 541 503 1488 1220 51
Cs 19.2 24 63.9 16.8 26 0.61 1.2 2 <01
Rb 585 187.6 169.7 1675 719 16 21.8 18 18.3
Sr 909 1652 940 6310 1069 2732 1665 1219 200
Zr 215 169.9 210 <0.03 1594 <0.03 2204 3143 95.4
Hf 48 4.2 6 - 39 - 5.8 7.1 25
Nb 1403 130.9 1241 <0.01 1379 <0.01 1821 2521 56.2
Ta 8.2 6.9 6.7 - 6.2 - 7.7 85 22
Y 19 217 211 3.74 242 208 367 36.6 219
u 42 43 34 0.68 36 0.02 47 9.1 0.8
Th 19.1 194 177 <0.01 234 <001 382 40.9 8.3
Pb 127 7 8.2 2.96 16 <002 641 8.9 4
Cu 72.6 68.7 89.2 - 727 - 939 1139 19.7
As 29 1 75 - <05 - 15 1.8 0.8
Zn 49 62 86 - 27 - 138 99 49
Ga 147 12 135 - 17 - 125 13.9 8.2
La 1181 136.9 117.4 8.86 1495 1057 2481 3162 91.4
Ce 252.8 286 2435 1145 3079 1305 4489 5465 1475
Pr 2753 31.82 26.75 109 3387 144 4669 5455 17.45
Nd 105.7 118.9 101.1 382 1265 536 1654 1947 61.9
Sm 15.42 16.23 8.7 058 1509 0.62 2329 2027 8.97
Eu 415 431 3.91 0.06 49 0.09 6.3 6.62 251
Gd 10.66 10.24 8.96 068 1219 051 1534 16.64 6.43
Th 123 1.21 1.06 0.08 136 004 177 2 0.78
Dy 5.31 518 5.14 0.44 6.18  0.24 8.3 9.29 3.87
Ho 073 0.77 0.73 0.085 081 004 121 1.26 0.58
Er 1.69 1.68 1.63 0.22 2.01 0.1 2.71 2.96 1.44
Tm 0.22 0.24 0.21 0.02 023 001 034 0.38 0.19
Yb 1.23 1.39 1.24 0.15 132 0.065 1.99 221 1.06
Lu 0.14 0.19 0.17 0.02 017 0.01 0.24 0.27 0.15
Sample MT-11 MT-13 MT-14 MT-15 MT-16 Mt-16 MT-17 MT-19  MT-19
(ppm) CF  Big Valley 1 Big Valley 2 Chibata Chibata CF Chibata Denizar CF
Cr - 164 205 390 383 - 417 301

Ni - 140 232 368 343 - 364 270

Co - 40.2 303 66.7 62.9 - 73.8 45.8

\% - 43 43 97 113 - 276 167

Ba 274 123 49 1893 1941 285 1859 629 140
Cs 0.055 0.2 0.1 3 19 - 47 1 0.06
Rb 0.45 0.4 18.2 755 153 015 993 18.5 0.46
Sr 194 242 195 739 1067 195 933 628 618
Zr <0.03 1154 148.4 2326 2365 - 2673 2035 <0.03
Hf - 3 39 5.9 6.5 - 6.9 5.1 -
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Sample MT-11  MT-13 MT-14 MT-15 MT-16 Mt-16 MT-17 MT-19 MT-19
(ppm) CF Big Valley 1 Big Valley 2 Chibata Chibata CF Chibata Denizar CF
Nb <0.01 67.4 80 1437 136 - 1535 777  0.01
Ta - 26 31 7.6 73 - 8.1 45 -
Y 20 259 20.6 31.2 29.9 21 332 16.5 15
u 0.12 0.9 14 4 39 0.13 4.8 21 0.31
Th 0.41 9.6 131 18.4 183 039 202 8.1 0.4
Pb 193 75 36 15 12 1.89 9.9 55 2.41
Cu - 25.8 244 87 30.8 - 54.9 66.3 -
As - 15.4 41.9 - <05 - 24 2 -
Zn - 44 69 61 90 - 104 77 -
Ga - 6.2 123 137 13 136 1.1 -
La 59.05 68.3 106.9 156.7 150 60 1605 63 4091
Ce 55.95 1305 198.9 3113 2952 665 3188 1221 46.32
Pr 103 14.66 21.98 3428 3224 - 3456 1394 822
Nd 40.6 53.8 81.2 1264 1199 548 1288 505 3312
Sm 7.93 7.95 6.78 1862 1755 802 1873 778 684
Eu 2.48 2.28 3.47 5.1 4.8 251 5.16 224 221
Gd 6.99 5.76 8.89 1277 125 717 134 581  6.32
Th 0.885 0.72 1.04 1.56 15 - 1.65 072 081
Dy 3.88 3.39 4.96 7.55 71 393 765 357 359
Ho 0.61 0.47 0.69 113 1.07 - 1.15 054 057
Er 1.26 1.14 1.6 255 243 128 279 137 12
Tm 0.15 0.15 0.18 0.32 03 - 0.36 018 014
Yb 0.84 0.74 1.1 1.82 175 085 2 109 082
Lu 0.13 0.1 0.14 0.23 0.24 - 0.25 014 0412

Table 13. A) Rb and Sr contents (ppm), and 87 Rb/%6Sr and 87 Sr/88Sr isotopic ratios for the PdS rocks. RO=initial 8 Sr/8Sr ratios calculated at 600
Ma. WR=whole rock; Cc=calcite; IR=insoluble residue; Dol=dolomite; Cc Fr=carbonate fraction. B) Sm and Nd contents (ppm), and
147Sm/"**Nd and 'Nd/'**Nd isotopic ratios for the same samples. Isotopic ratios used: NBS987: 87 Sr/%°Sr=0.710250 (25: 0.000008)
n=20; La Jolla: "¥Nd/"**Nd=0.511853 (2¢: 0.000015), n=21. Initalics: A, Rb/Sr systematics (MT-19), B, Sm/Nd systematics, data from
[19].

A Rb  Sr 8RbBéSr 875865y Rock type Carbonate vol% Rg 600 Ma
MT-1 WR 585 909 0.1862 0.708281 (22)  Aillikitic dyke 8 Cc 0.706688
MT-3 WR 169.7 940 05225 0.711106 (24) Glimmeritic dyke 6 Cc 0.706635
MT-3 Cc Fr 1.675 6310 0.0768 0.707289 (21) 0.706632
MT-5 WR 719 1069 0.1946 0.708294 (25) Alvikitc dyke 51 Cc 0.706628
MT-5 Cc Fr 1.6 2732 0.0017 0.706643 (24)  Alvikitc dyke 0.706629
MT-9 WR 21.8 1665 0.0379 0.707102(25) Carbonatated dyke 26 Cc 0.70678

MT-10 WR 18 1219 0.0427 0.704668 (21) Huydrothermalite 3 Cc 0.704302
MT-11 WR 183 200 0.2648 0.708965 (24) Beforsitic neck 59 Dol, 3 Cc 0.7067

MT-11 Dol+Cc Fr 0.045 194 0.00067 0.706707 (25) 0.706701

MT-14 WR 182 195 0.2701 0.709164 (25) Beforsitic neck 65 Dol 0.706853
MT-16 WR 153 1067 0.415 0.709829 (24) Glimmeritic plug 2 Ce 0.706278
MT-16 Cc Fr 015 195 0.0022 0.704525 (23) Glimmeritic plug 0.704506
MT-16 IR 171 1053 047 0710310 (32) Glimmeritic plug 0.706289
MT-19 Dol+Cc Fr 0.3 1526 0.0006 0.706731 (22) Beforsitic neck 51 Dol, 3 Cc  0.706726
MT-19 IR 306 293 3.029 0.732567(20) 0.70665

MT-19 WR 185 628 0.0852 0.707450 (20) 0.706721
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B Sm  Nd " Sm/"Nd 143Nd/144Nd Initial 600 Ma  TPM  £Sr eNd
MT-1WR 1542 1057 008818  0512233(21)  0.511886 1071 382 0.42

MT-3 WR 8.7 1011 0.05202  0.512093(20) 0.51189 967  37.4 047
MT3 CcFr 058 3.82  0.09178  0.512249(20) 0.51189 1082 374 0.46
MT-5WR  15.09 1265 0.07211 0.512172(22) 0.51189 1017 373 047
MT5 Cc Fr 062 536  0.06992  0.512163(25) 0.51189 1011 373 0.46
MT-9 WR 2329 1654 0.08511 0.512219(21) 0.51188 1062 394 0.39
MT-10 WR 2027 1947 0.06293  0.512133(21) 0.51188 995 43 041
MT-11 WR 897 61.9 0.0876 0.512229(24) 0.51188 1071 383 0.39
MT-11 Cc Fr 793 406  0.11807  0.512353(25) 0.51189 1207 383 0.47
MT-14 WR 678 812  0.05047  0.512084(23) 0.51188 966 405 04
MT-16 WR 1755 1199 0.08848  0.512231(19) 0.51188 1076 323 0.36
MT-16 Cc Fr 8.02 548  0.08847  0.512227(20) 0.51188 1080 7.2 0.28
MT-19 WR 778 505  0.09313  0.512250(20) 0.51188 1092 386 0.38
1054464

N° of samples
i 0 APIP kamafugites
151 0.97+0.09 Ga, N=44
W PdS rocks
= 1.05£0.08 Ga, N=12
-
L [ T )
5
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W 08 10 12 Ga
5 AP/P n
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|
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Figure 12. Time integrated, ¢ notations, 8Sr/Sr (£Sr) versus
"44Nd/'*Nd (eNd) correlation diagrams. Open squares
are PdS samples (grey squares are carbonate frac-
tions; Table 13). The grey field represents the compo-
sition of APIP kamafugites [41]. Inset: histogram rela-
tive to Nd model ages (TDM) for the APIP kamafugites
(grey) and for PdS samples (black); TDM values: cal-
culation of model dates relative to a depleted reservoir,
13Nd/"**Nd=0.513114 and ' Sm/'**Nd=0.222 [50, 51].

As matter of fact, according to [53], the final amalgama-
tion of Western Gondwana would have occurred at 620
Ma or slightly later, which means that Laurentia, which
was still attached to Amazonia, was, for a short time, part
of the Gondwana Supercontinent. The opening of the la-
petus ocean characterizes the separation between Lauren-
tia and the Amazonian Craton. It is unknown when this
ocean opened, but it could have been just after 600 Ma.
Paleomagnetic measurements indicate that the opening
occurred at ca. 580 Ma [5].

Taking these factors into account, it is possible that the
emplacement of the PdS rocks is related to one of the most

important extensional periods of Neoproterozoic times,
which is characterized by the separation of Laurentia and
the Amazonian Craton [52-54].

Because the Nd model ages (depleted mantle, TDM)
are indicative of the main metasomatic events affecting
the lithospheric sources beneath the Azimuth 125° linea-
ment, the values of 1.05+0.07 Ga for the PdS population,
0.97+0.09 Ga for the APIP kamafugites and 0.98+0.10
Ga for the Rio Verde-Ipora alkaline volcanics are defin-
ing an Early Neoproterozoic age episode, which reflects
the time when the fluids metasomatized the lithospheric
mantle (cf. also [42]).

In conclusion, the TDM model ages suggest that the
PdS magmas were derived from thermal recycling (thermal
boundary layer) of the subcontinental lithospheric mantle
metasomatised by small-volumes, K-rich carbonatitic melt
at the Neoproterozoic, corresponding to the aggregation
of the Western Gondwana [52-55].

We consider unlikely that thermal boundary layer activity
was due to a permanent plume as proposed by [6]. In al-
ternative we suggest that lithosphere incipient extensional
tectonic controlled by an Early Neoproterozoic event, gave
rise to similar ultramafic alkaline products at 600 Ma and
90-80 Ma [56, 57]. Notably, a similar case was described
by [58] relative.to the genesis of ultramaphic lamprophyres
and carbonatites from Ailly Bay, Labrador.
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Appendix A: Aillikite-gimmerite-
carbonatite rock-types from Planalto
da Serra (cf. [58], figs. 5 and 6).

Il From petrochemical and geochemical points of view, the
rock-types from Plalto da Serra fit: The same fields of
kamafugites and kimberlites from Alto Paranaiba igneous
Province (APIP) (s. Figs 8-9-10 and quoted references).

For these reasons the authors prefer the “kamafugitic
affinity”.
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