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Textural-petrographic features, major and trace elements and mineral chemistry are reported for spinel-peridotite
xenoliths from northeastern Brazil (NE-suite) and Paraguay (PY-suite).
Variation trends defined by bulk rock and mineral chemistry are consistent with the effects of variable degree of
high-pressure melting for both suites.
The PY-suite strongly differs from the NE-suite by its very high contents of incompatible elements. This different
whole-rock chemistry is related to the presence of glassy-microcrystalline blebs which are interpreted as remains of
pre-existing hydrous phases of metasomatic origin. The difference between the two suites is also recorded in the
chemistry of pyroxenes and spinels, which develop along different variation patterns.
Although the suites partially overlap in their ranges of mg, (Mg/(Fe** + Fe*") ratio in orthopyroxenes), the
PY-suite is, on the average, more mg,,, rich (residual) than the NE-suite. Within the PY-suite a rough positive
correlation exists between degree of residuality and degree of metasomatic effects.
The sharp differences between the NE-suite and the PY-suite imply mantle heterogeneity on regional scale, whereas the
variability within each suite is essentially related to different degrees of melting and /or metasomatism and imply mantle

—

heterogeneity on local scale.

1. Introduction

Peridotite nodules enclosed in alkali basalts have
been previously noted in some localities of north-
eastern Brazil and Paraguay [1].

A preliminary sampling has been carried out
from some xenolith-rich occurrences in the Rio
Grande do Norte State of Brazil (Pico Cabugi, PC;
Serra Aguda, SA; Cerro Cora, CC) and in
Paraguay, near Asuncidn (Nemby, Lambaré,
Nueva Teblada, Tacumbi).

Xenoliths from northeastern Brazil, hereafter
called the NE-suite, are found in fresh lavas occur-
ring in small plugs. The lavas are basanites (PC
and SA) or nepheline-normative olivine-rich basalts
(CC), which range in age from 18 to 42 m.y. [2].
The nodules range from small dismembered pieces
(less than 1 cm) up to 25 cm in diameter, with the
highest size frequency around 3-5 cm. Informa-
tion about the geological setting and petrography
of the northeastern Brazil Tertiary basaltic prov-
ince 1s given in [3,4].

Xenoliths from Paraguay, hereafter called the
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PY-suite, are found in Eo-Oligocene nephelinites
and are particularly abundant at the Nemby local-
ity. The size varies from a few centimeters up to 40
cm, with the highest size frequency around 5-7
cm. Further data can be found in {5,6].

All the xenoliths of this study are spinel-peri-
dotites with the typical four-phase assemblage:
olivine (ol), orthopyroxene (opx), clinopyroxene
(cpx) and spinel (sp) in order of decreasing amount.

Gabbroic nodules and olivine and clinopyrox-
ene megacrysts have also been collected, but are
not considered in this study.

The xenolith suites reported in this paper pro-
vide information concerning the mantle composi-
tion below northeastern Brazil and Paraguay, on
which at present there are no data.

2. Petrography
2.1. General textural features

The textural features here outlined are common
to all nodules, although they are differently devel-
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TABLE 1

Representative microprobe analyses of orthopyroxenes and clinopyroxenes. Cations on the basis of 6 oxygens. Fe®* has been
calculated on the charge balance, taking into account the number of cations obtained on the basis of 6 oxygens

Orthopyroxenes Clinopyroxenes

Specimen No.: 1 2 5 7 .8 9 1 2 5 7 8 9
Sample PY3091 PY3092 PY3101 SA23 CC29 CC37 PY3091 PY3092 PY3101 SA23 CC29 CC37
Si0, 5725  55.03 55.51 5514 5499 5373  52.95 52.80 53.39 5209 5242 5125
TiO, 0.08 0.01 0.02 0.12 0.05 0.12 0.24 0.03 0.22 0.43 0.14 0.63
Al,04 1.95 2.39 2.76 3.98 315 433 2.90 2.83 1.32 597 423 7.02
FeO, 5.62 5.41 5.75 5.78 5.58 6.20 2.40 2.13 217 2.47 217 2.68
MnO 0.15 0.14 0.14 0.14 0.14 0.18 0.00 0.09 0.08 0.08 0.07 0.10
MgO 35.06 3544 33.93 3390 3464 3316 17.14 17.32 17.64 1553 1652  15.19
CaO 0.46 0.39 0.69 0.56 0.54 0.57 19.61 22.66 22.65 2035 2197 20.26
Na,O 0.18 0.02 0.11 0.05 0.04 0.09 1.06 0.58 0.42 1.34 0.92 1.63
Cr,0; 0.40 0.36 0.40 0.39 0.46 0.26 2.10 0.73 0.94 1.06 1.09 0.75
SUM 101.15 99.19 99.31  100.07 99.53 98.64 98.42 99.17 98.83 99.32 99.53 9951
Si 1.9488 19130 19284 1.9007 1.9053 1.8849 1.9436 19316 1.9606 1.8942 1.9094 1.8639
Ti 0.0020  0.0100 0.0005 0.0031 0.0013 0.0032 0.0066 0.0008 0.0061 0.0117 0.0038 0.0172
Al 0.0782 00979 0.1130 0.1617 0.1286 0.1790 0.1254 0.1220 0.0571 0.2558 0.1816 0.3008
AlY 0.0512 0.0870 0.0716 0.0993 0.0947 0.1151 0.0564 0.0684 0.0394 0.1058 0.0906 0.1361
AV 0.0270 0.0109 0.0413 0.0624 0.0339 0.0639 0.0690 0.0536¢ 0.0178 0.1500 0.0909 0.1647
Fe’* 0.0315 0.1012 0.0383 0.0356 0.0725 0.0655 0.0000 0.0495 0.0180 0.0000 0.0389 0.0446
Fe?™* 0.1284 0.0560 0.1287 0.1310 0.0893 0.1163 0.0736 0.0156 0.0486 0.0751 0.0272 0.0365
Mn 0.0043 0.0041 0.0041 0.0041 0.0041 0.0053 0.0000 0.0028 0.0025 0.0025 0.0022 0.0031
Mg 1.7778  1.8352 17558 1.7407 1.7878 1.7328 0.9372 09439 0.9649 0.8412 0.8963 0.8229
Ca 0.0168 0.0145 0.0257 0.0207 0.0200 0.0214 0.7710 0.8880 0.8910 0.7927 0.8572 0.7893
Na 0.0119 0.0013 0.0074 0.0033 0.0027 0.0061 0.0754 0.0411 0.0299 0.0944 0.0649 0.1149
Cr 0.0108 0.0099 0.0110 0.0106 0.0126 0.0072 0.0609 0.0211 0.0273  0.0305 0.0314 0.0216

# Specimen numbers as given in Table 3.

oped from sample to sample:

(1) Spongy borders are strongly developed in
¢px and weakly developed in opx, but absent in ol.

(2) Cr-spinel is mostly interstitial among pyrox-
enes, with a characteristic “holly-leaf” outline.
Spinels found on the border of the xenoliths, in
contact with the host lava, show a black oxidation
rim,

(3) Sulfides (pyrrhotite and pentlandite) occur
in almost all the xenoliths in variable, but small,
amounts. They are found as two textural types: (a)
as small drops resulting from liquid-exsolution,
along the spongy rims of pyroxenes or in glassy
patches; (b) associated with fluid inclusions along
sealed crystal fractures.

In addition to these features, in general xeno-
liths from the PY-suite display glassy-microcrystal-

line blebs and /or interstitial glass. The blebs (Fig.
la) conform to the description of Maalee and
Prinzlau [7]. They are developed around spinels
which display a strongly lobate shape. When the
blebs are present, spinels are only found enclosed
within them, except for a few, which are enclosed
in olivine. The blebs consist of ol, cpx and euhedral
Cr-sp microlites in a glassy-feldspathic matrix.

Two kinds of glasses are present: a pale brown
glass and a colorless one. They are frequently
accompanied by devitrification products. Both
blebs and interstitial glasses are generally rounded
and separated from each other, and are not aligned
along fractures. They are particularly abundant in
some larger-sized xenoliths (e.g. samples PY3091,
PY3095: diam. 12 cm).

Fig. 1. (a). Glassy-microcrystalline bleb enclosing relict spinels (plain light). (b) Coarse-grained texture. Spinel, usually as interstitial
phase, displays a holly-leaf shape (crossed nicols). (¢) Tabular texture with undeformed elongated olivine crystals (crossed nicols). (d)
Porphyroclastic-mosaic texture showing porphyroclasts of pyroxenes in a fine-grained mosaic of recrystallized olivine (crossed nicols).

(Width for all pictures 2.7 mm.)



Three main types of textures, apparently related
to different degrees of strain and recrystallization,
have been identified (nomenclature according to
Boullier and Nicolas [8]):

(a) Coarse-grained texture with one generation
of crystals with curved borders. This is the domi-
nant textural type and the only one found in the
PY-suite (Fig. 1b).

(b) Weakly tabular texture with one generation
of crystals. Only two xenoliths display this texture
clearly (Fig. 1c).

(¢) Porphyroclastic-mosaic texture, which is
characterized by shear and recrystallization fea-
tures, with two generations of crystals. Only four
xenoliths display this texture (Fig. 1d).

Some nodules exhibit textures intermediate be-
tween the ones mentioned above.

On the basis of textural features, the nodules
from northeastern Brazil have been divided into
two suites:

(1) A NE main-suite, with (a) and (b) textural
types.

(2) A NE sheared-suite, with (¢) and inter-
mediate textural types.

3. Chemistry

3.1. Mineral chemistry

Microprobe analyses have been carried out by
means of an ARL-SEMQ instrument operating at

15 kV and 20 nA. Representative analyses for
pyroxenes and spinels are given in Tables 1 and 2.

Olivines are chemically homogeneous within
each sample. Within the nodule population, the
compositional range in Fo content is rather nar-
row: from 89.2 to 92.4.

Orthopyroxenes are unzoned, rarely showing ex-
tremely fine exsolution lamellae not resolvable with
the microscope. The Mg/(Fe®* + Fe’*) ratio in
orthopyroxenes (mg,,,) correlates positively with
the Fo content in olivines (7., = 0.91 for a popu-
lation of 35 samples). Both parameters are gener-
ally believed to be indicative of the residual char-
acter of the whole peridotitic assemblage. Because
of the small variation range in the Fo content of
the olivines, the mg,,,, has been taken as a varia-
tion (depletion) index in the following diagrams.
The compositional variation of the orthopyroxenes
vs. mg,, is shown in Fig. 2.

Clinopyroxenes have homogeneous core com-
positions within each sample. Cr-sp exsolution oc-
casionally occurs while opx exsolution is rarer.
Two samples (PY3098 and PY3095) carry an ap-
preciable amount of Cr-sp lamellae. They have
been estimated by point-counter under reflected
light to be below 1.5%. On the basis of this esti-
mate, the pre-exsolved composition of cpx has
been calculated (cf. Fig. 3). The compositional
variation of clinopyroxenes is shown in Fig. 3.

Spinels are generally unzoned and without ap-
preciable compositional differences among grains
within each sample. The Cr/(Cr + Al) ratio shows

TABLE 2

Specimen No.: 1 2 5 7 8 9
Sample: PY3091 PY3092 PY3101 SA23 CcC29 cCy7
TiO, 0.13 003 0.08 0.11 011 0.15
Al,04 16.26 4061 35.10 53.56 47.01 58.59
FeO, 15.85 13.49 13.83 11.40 10.59 10.74
MnO 0.35 0.15 0.16 0.12 0.13 0.11
MgO 1415 17.90 16.67 19.98 19.64 20.84
Cr,0,4 52.32 2754 34.32 15.26 23.35 9.82
SUM 99.06 99.72 100.16 100.07 100.87 100.35
Ti 0.0031 0.0006 0.0017 0.0022 0.0022 0.0029
Al 0.6094 1.3429 1.1871 1.6607 1.4852 17736
Fe'" 0.0881 0.0608 0.0400 0.0237 0.0223 0.0240
Fel* 0.3334 0.2557 0.2917 0.2192 0.2151 0.2067
Mn 0.0094 0.0036 0.0039 0.0027 0.0030 0.0024
Mg 0.6704 0.7483 0.7127 0.7831 0.7844 0.7975
Cr 1.3150 0.6107 0.7783 0.3173 0.4947 0.1993

Representative microprobe analyses of spinels. Cations on the basis of 4 oxygens. Fe® ' calculated as in Table 1
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Fig. 2. Compositional variation of the orthopyroxene (cations on the basis of 6 oxygens) vs. the mg,, (Mg/(Fe?* + Fe®" ) ratio in
orthopyroxene. Open circles = PY-suite; black dots = Ne main-suite (samples with coarse-grained and tabular textures); black squares
and triangles = NE sheared-suite (samples with porphyroclastic mosaic and intermediate textures, respectively). Numbers correspond

to specimen numbers in Table 3.

a large variation range (0.10-0.77) and correlates
negatively with the Mg/(Mg + Fe?") ratio, which,
however, shows less variation (0.58-0.80). The
Cr/(Cr+ Al) ratio of the spinels increases with
mg,,. (Fig. 4) but the nodules richest in blebs

(PY3091, PY3093, PY3101) and those belonging
to the NE sheared-suite, both characterized by
Cr-rich spinels, deviate significantly from the main
positive pattern.
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Fig. 3. Compositional variation of the clinopyroxene (cations on the basis of 6 oxygens) vs. the mgp«- Barred circles = calculated
clinopyroxene compositions after the addition of 1.5% exsolved spinel. Other symbols as in Fig. 2.

3.2. Bulk chemistry

Nine whole-rock analyses of selected samples
with a diameter larger than 7 ¢m and no lava
infiltration have been carried out by XRF meth-

ods. For the largest-diameter xenoliths (PY3091,
PY3095, CC37: diam. 12 cm), up to 4 aliquots
from different portions of each sample have been
taken for replicate analyses in order to test the
compositional homogeneity. The bleb from sample
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Fig. 4. Cr/(Cr + Al) ratio of spinels vs. the mg,,, from PY-suite
(small open circles), NE main-suite (small black dots) and NE
sheared-suite (black squares and triangles). Numbers as in Fig.
2. Spinels from some hydrous phase or bleb-bearing (large open
circles) and anhydrous or bleb-free (large black dots) mantle
peridotites are plotted for comparison (see discussion). F =
alpine peridotite from Finero (unpublished data): B = alpine
peridotite from Balmuccia (23] and Baldissero [24]: A=
inclusions from Bullenmerri {25): D = inclusions from Dreiser
Weiher [7].

PY3091 was hand picked. The mean values for
major and trace elements are given in Table 3. The
standard deviation is reported where considered
meaningful. Data obtained from some interna-
tional standards are also reported for comparison.

On the basis of Mg/Si and Al/Si ratios, the
selected nodules fit the geochemical fractionation
line drawn after Jagoutz et al. [9] (Fig. 5) and
outline a depletion sequence ranging from rather
primitive (CC37) to strongly depleted (PY3092)

Mg/Si

Pyrolite
/

Al/Si

Kl .08 Al
i

l L L i L L | 1 L | L

Fig. 5. Mg/Si ratio vs. Al/Si ratio of the selected nodules
(open circles = PY-suite; black dots = NE main-suite; numbers
as in Fig. 2). The fractionation line and pyrolite composition
are reported from Jagoutz et al. [9].

mantle material relative to the pyrolite composi-
tion.

As apparent from Table 3, all analysed nodules
are K ,0O-enriched relative to estimates of primitive
mantle compositions (K ,0 = 0.017 in sample SC1
from [9]; 0.028 [10]; 0.030 [11}). Moreover, the PY
samples (except PY3092, which is the only sample
of the PY-suite free of blebs or interstitial glassy
patches) are anomalously enriched in K,O and
P,Os (perhaps also in Na,O) even relative to some
believed metasomatic mantle peridotites (e.g.
Na,O0 =0.23, K,0=0.10, P,O; =0.04 in sample
PA10 from S. Carlos [12]; K,0 = 0.128 in sample
10051 from Nunivak [13]). High K ,O abundances,
similar to those found in PY samples, are only
reported in some garnet-peridotite xenoliths (e.g.
K,O = 0.55 [14]).

Notably, the PY samples (except PY3092) are
distinctive for their very high abundances of in-
compatible elements, which strongly correlate with
their respecttve contents of K,O (cf. Table 3).

4. Discussion
4.1 Melting effects on the xenolith population

The compositional variations in bulk chemistry
are accompanied by consistent variations in
mineral chemistry. With respect to mg,,, increase,
bulk concentrations of TiO,. Al,0,, CaO, FeO,
decrease and the whole rock compositions become
richer in MgO and Ni (cf. Table 3). Correspond-
ingly. the pyroxenes show a depletion pattern in
Ti, Al,, Fe,, Na and an enrichment in Ca (only for
clinopyroxenes), Mg and Si (cf. Figs. 2, 3). Con-
sistently, the coexisting olivines and spinels show
more Mg- and Cr-rich compositions respectively
(cf. Fig. 4).

The above correlations observed within the NE
main-suite and the PY-suite appear to be compati-
ble with effects caused by progressive partial melt-
ing process in the spinel peridotite facies.

4.2. Evidence of metasomatic events and origin of

the blebs

All bleb-bearing xenoliths are anomalously rich
in K and incompatible elements and belong to the
PY-suite.

In Table 4 the K/Ba, K/Rb and Ba/sr ratios



of xenoliths, the analysed bleb and the host lavas
are listed. The ratios in xenoliths and the bleb are
notably different from those in the respective host
lavas. In addition to petrographic observations,
this fact excludes the possibility that the high
abundances of incompatible elements result from
host lava contamination. In the same table, ratios
relative to mantle-derived hydrous phases [15] are
also reported for comparison. The close similarity
of these ratios to those of PY samples suggests
that amphibole and phlogopite were present in the
PY inclusions at some time. A mass-balance calcu-
lation has been made in order to obtain the miner-
alogical composition of the bleb (cf. step 1 in
caption of Table 5). The obtained amphibole/
phlogopite ratio varies from 0.8 to 1.1 depending
on the composition of the hydrous phases used
([16,17], respectively). On this basis, the presence
of only one hydrous phase is incapable of account-
ing for the bleb composition. This fact is apparent
from the high contents of both Na,O and K,O in
Table 3. The present absence of hydrous phases
does not invalidate the above conclusion: if the
xenoliths were sampled at a relatively high temper-
ature, the large decrease in P, 4 relating to the
rapid magma rise, could have produced complete
melting of any hydrous phases present.
Incompatible element abundances in the
selected xenoliths and the bleb, normalized to

TABLE 4

K/Ba, K/Rb and Ba/Sr ratios in xenoliths, bleb and host lavas.

reported for comparison

211

incompatible element abundances in primitive
mantle [11], are shown in Fig. 6. For comparison,
two phlogopite and amphibole-bearing xenoliths
from Nunivak [13] are also reported. Quite differ-
ent abundance patterns are exhibited by the PY
and NE (+ PY3092) samples.

The PY samples have K contents 10-20 times
greater than primitive mantle and are strongly
enriched in incompatible elements relative to
Nunivak inclusions. They are also characterized by
low Ba/K ratios and high Sr contents relative to
the NE nodules, a fact which might reflect a larger
modal abundance of amphibole compared with
phlogopite. As for the high Ce and P,O5 (see Table
3) contents in samples PY3091 and PY3093, they
should be attributed to the occurrence of pre-exist-
ing apatite.

On the basis of the above data and compari-
sons, the PY nodules are considered to be residual
mantle material which has suffered a metasomatic
event in very large, but variable, degrees. It is
reasonable to suppose that the metasomatic event
occurred after the main melting and depletion
process (e.g., component B after Frey and Green
[16]); however, the possibility that metasomatism
was also active before and during the melting stage
cannot be excluded. The metasomatic event is
believed to have produced the hydrous peridotitic
assemblage through the growth of amphibole and

Ratios for mantle-derived amphibole and phlogopite [15] are

Specimen Sample K/Ba K/Rb Ba/Sr
No. nodule lava nodule lava nodule lava
1 PY3091 75 408 0.37
PY3092 16 415 1.73
14 215 0.98
3 PY3093 77 346 0.50
4 PY3095 74 1107 0.88
S PY3101 94 297 0.83
13 245 0.94
6 PY3103 85 405 1.36
7 SA23 24 20 581 218 1.85 0.90
8 CC29 28 221 0.65
22 220 0.99
9 CC37 18 830 1.67
10 bleb 53 496 0.56
Amphibole 67 1558 0.73
Phlogopite 51 286 78
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Fig. 6. Trace element abundances in the xenoliths (symbols as
in Fig. 5. numbers as in Fig. 2) and bleb (open triangle)
normalized to trace element abundances in primitive mantle
proposed by Wood et al. [11]. For comparison, also shown are
the patterns of amphibole and phlogopite-bearing inclusions
(samples 10051, 10075; open squares) from Nunivak [13].

phlogopite crystals. Owing to the incorporation of
xenoliths in a rapidly ascending magma, these
hydrous phases should represent important loci of
local incongruent melting during decompression,
resulting in the development of blebs.

Concerning the PY-suite, the hypothesis that
the blebs are derived from the melting of hydrous
phases is further supported by their textural posi-
tions. In PY nodules the blebs always enclose
ameboidal relict spinels (Fig. 1a). In many hy-
drous phase-bearing peridotitic inclusions, amphi-
bole and /or phlogopite generally envelope strongly
lobate relict spinels [17}. In the phlogopite-bearing
mantle peridotite of Finero (Ivrea-Verbano Basic
Complex), which is considered to be a metasoma-
tized mantle slice [18,19], amphibole generally em-
bays a Cr-rich spinel. Such a textural relationship
can be explained by the following fluid activity
controlled reaction (as proposed by Francis [17]):

opx + ¢px + sp + fluid = Cr-amph + Cr-sp (1)

The NE (+PY3092) nodules show K abun-
dances 1.5--3 times greater than primitive mantle,
and higher Ba/K ratios than the PY ones. On the
whole, the concentration patterns of the two
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Fig. 7. Bulk contents of some incompatible elements vs. bulk
CaO and Al,O; (wt.%). Symbols as in Fig. 5, numbers as in
Fig. 2. The best-fit line for PY samples is drawn disregarding
samples 2 (PY3092, see text) and 5 (PY3101 which is modally
inhomogeneous).



metasomatized inclusions from Nunivak are inter-
mediate between those of the NE- and the PY-
suites. Comparing these values to the K and Ba
amounts reported in many xenoliths believed to be
representative of both undepleted and unmeta-
somatized mantle {9,13], the abundances of these
elements in the NE main-suite (and sample
PY3092) are relatively high. Therefore, this suite
might also have suffered a metasomatic event, but
if so it must have been much less intense than that
affecting the PY-suite. The possible metasomatism
also appears to have been less intense than that
suffered by the amphibole and phlogopite-bearing
inclusions from Nunivak, and apparently did not
involve the development of hydrous phases. Since
no blebs occur in this suite, it can be inferred that
if metasomatic event did take place it resulted in
an intergranular or pellicular component [20,21].
A frequently observed feature, both in garnet
and spinel peridotite facies, is that the most de-
pleted inclusions have the highest K and incom-
patible element abundances. Frey [22] points out
that a decoupling of incompatible elements (K, P,
Th, U, LREE) and bulk Ca0O-Al,0O; abundances is
found in all peridotite inclusions studied in detail.
In Fig. 7, Ce, K,O0 and P,05; abundances are
plotted vs. CaO and Al,O, bulk contents. The NE
(+PY3092) samples are characterized by a nearly
steady (or at least slightly increasing) trend. The
PY samples show an appreciable negative correla-
tion with increasing CaO and a generalized trend
with increasing Al,O;. Within the PY-suite, the
most metasomatized samples (PY3091, PY3093)

TABLE 5
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carry the lowest clinopyroxene abundances (Table
5).

4.3. Difference in pyroxene and spinel chemisiry
between the NE main-suite and the PY-suite

The PY-suite is clearly distinguishable from the
NE main-suite by its mineral chemistry. First,
both the orthopyroxenes and clinopyroxenes of
the PY-suite are characterized by higher contents
of Si and lower Al, (resulting from lower contents
of both Al'Y and A1') and Ti. Secondly, apprecia-
ble but less marked differences between these two
suites can also be seen in the Ca, Mg (and Na)
contents of clinopyroxenes (cf. Figs. 2, 3). Relative
to mg,,, spinels from the PY-suite are richer in
Cr than those from the NE main-suite (cf. Fig. 4),
and the PY-nodules generally span a higher mg,,,
range than the NE nodules.

In order to explain the differences in mineral
chemistry between the PY- and NE main-suites, it
is suggested that two distinct causes are involved:

(1) Relative to the NE main-suite, the PY-suite
on average represents more depleted mantle
material. This interpretation is in agreement with
the broadly higher mg, values of the PY-suite
and with the variation patterns in the mineral
chemistry of the two suites as a whole. However,
this does not explain why the PY-suite pyroxenes
are richer in Si and poorer in Al, and Ti than the
NE main-suite pyroxenes, and why the spinels are
richer in Cr than those of the NE main-suite, in
spite of identical mg,,.

Phase abundances calculated by a least-square program. For the bleb-bearing samples, the calculation has been made in two steps: (1)
bleb = opx + cpx +sp+ amph + phlog; (2) whole rock = ol+opx+cpx+bleb. a=abundances calculated using amphibole and
phlogopite compositions from [16]; b = abundances calculated using the mean compositions of amphiboles and phlogopites from [17)

Specimen No.: 1 2 3 4 5 6 7 8 9
Sample: PY3091 PY3092 PY3093 PY3095 PY3101 PY3103 SA23 CC2% CC37
a b a b a b a b a b

ol 688 693 724 787 790 659 661 791 794 634 637 701 62.9 53.3
opx 18.0 181 225 104 104 217 217 128 128 211 211 215 321 29.7
cpx 24 2.5 3.9 3.6 3.7 6.3 6.4 1.1 1.2 8.8 8.8 6.6 39 14.8
sp 1.8 1.7 1.2 1.2 1.2 1.0 1.0 1.1 1.1 1.1 1.1 1.8 1.1 22
amph 4.0 44 - 27 3.0 2.3 2.5 2.6 29 2.5 28 - - -
phlog 5.0 40 -~ 34 2.7 2.8 2.3 33 3.6 31 25 - - -
=r? 1.17 % 0.37 0.30* 0.32¢ 0.36 ¢ 0.38° 0.49 1.20 1.57

4 Refers to step 2.
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(2) As discussed in the previous section, the
compositional differences in the mineral phases
between the PY- and NE-suites are accompanied
by a sharp difference both in degree and kind of
metasomatic effects. Such differences could have
resulted from subsolidus re-equilibration with the
hydrous phases, and could thus be indirectly re-
lated to metasomatism .

In Figs. 8 and 4, the compositions of pyroxenes
and spinels from the PY- and NE main-suites are

compared with those from other peridotite occur-
rences [7,23-26]. Whenever the hydrous phases (or
blebs) occur in the peridotitic assemblages, for
equivalent mg,,, values, the pyroxenes are richer
in Si and poorer in Al, and Ti, and the spinels are
richer in Cr than those from anhydrous (or bleb-
free) peridotitic assemblages. This feature suggests
that the growth of amphibole and/or phlogopite
during the metasomatic event must affect the py-
roxene and spinel chemistry to some extent, as

Fig. 8. Compositional variation of the clinopyroxenes and orthopyroxenes vs. mg,,,, from mantle peridotites which carry hydrous
phases or blebs (open circles) and anhydrous or bleb-free mantle peridotites (black dots). S = inclusions from Dreiser Weiher [26]:
other letters as in Fig. 4. The pyroxene compositional fields of PY-suite (dashed field) and NE main-suite (enclosed field) are given for

comparison.



also suggested by Griffin et al. [25], according to
the fluid-controlled reaction (equation (1)). Since
the K /mipy is nOtably larger than the K ,fouMe
[16,17,25], the growth of amphibole during the
metasomatic event is expected to induce an appre-
ciable decrease in the Al,/Si ratio of pyroxenes,
without substantially affecting their Fe, /Mg ratio.

If, on one hand, this alternative interpretation
explains the different mineral trends of the PY-
and NE main-suites relative to mg,,,, it does not
explain on the other hand why the PY-suite has
higher values of mg,,, than the NE main-suite. It
can, however, be suggested that a more advanced
depletion of the PY-suite with respect to the NE
main-suite has been overprinted by a re-equilibra-
tion of its mineral phases with hydrous phases.

In the variation diagrams of pyroxenes and
spinels the NE sheared-suite deviates significantly
from the trends outlined by the nodules of the
other two suites. It can be seen that: (a) the
orthopyroxenes (cf. Fig. 2) display the highest
contents of Ca and Cr, and lowest of Mg; (b) the
clinopyroxenes (cf. Fig. 3) exhibit the highest con-
tents of Fe,, Mg, Cr, and the lowest of Ca; (c)
spinels are richer in Cr than those from the NE-
main suite (cf. Fig. 4).

A combination of similar characteristics in py-
roxene chemistry accompanying deformation-re-
crystallization textures, has been observed in
garnet-peridotite xenoliths from kimberlites [27,
28]. However, the NE sheared-suite is at present
too poorly represented to make any inferences
about such a relationship.

4.4. Sulfur distribution

The interpretation of the sulfur data is con-
strained by the small size of the xenoliths and by
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inhomogeneous distribution of the sulfides. Never-
theless, the sulfur content shows a rather clear
negative correlation with the variation index mg,,
(Fig. 9a), suggesting a direct relationship between
sulfur abundances and the residuality of the nod-
ules (in agreement with Garuti et al. [29]). The NE
and PY samples outline the same variation pattern
(Fig. 9a), but no clear correlation is found between
S content and bulk K,O (Fig. 9b). Thus the sulfur
content appears to be unrelated to the main
metasomatic event suffered by the two suites.
However, S is generally nevertheless believed to be
metasomatic in origin [30,31] or to be derived from
the injection of an immiscible sulfide melt [32]. If
a metasomatic event was in fact responsible for the
S contents in the selected inclustons, it must have
been added prior to melting.

5. Conclusions

(1) Coarse-grained peridotite inclusions from
Paraguay (PY-suite) are characterized by occur-
rence of blebs, believed to represent the break-
down products of pre-existing hydrous phases
(amphibole and phlogopite). Coarse-grained and
tabular peridotite inclusions from northeastern
Brazil (NE main-suite) in contrast do not carry
blebs.

(2) Growth of the hydrous phases is considered
to be related to a metasomatic event that strongly
affected the PY-suite and produced a marked en-
richment in incompatible elements (K, Na, P, Ba,
Ce, Rb, Sr, Zr, Y). On the other hand, the NE
main-suite is markedly different and may be con-
sidered little if at all metasomatized.

(3) Compositions of pyroxenes and spinels from
the two suites show different variation trends. The
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Fig. 9. Bulk S abundances in the selected nodules vs. (a) mg,p. (b) bulk K,0 (wt.%). Symbols as in Fig. 5, numbers as in Fig. 2.
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differences are ascribed to the combination of two
effects: (a) a more depleted character, on the aver-
age, of the PY-suite with respect to the NE main-
suite; (b) a re-equilibration of the minerals of the
PY -suite with hydrous phases.

(4) Within the PY-suite, a positive correlation
seems to exist between the degree of depletion and
metasomatism. Such a feature has been already
observed in nodule suites from several different
localities [22].

In summary. two generalized observations can
be made:

(1) On a regional scale, there is a significant
mantle heterogeneity: all PY nodules display vari-
able but, on the average, significant metasomatic
enrichment in incompatible elements. This feature
clearly distinguishes the two suites.

(2) On a local scale there is a limited, but
appreciable, mantle heterogeneity. This hetero-
geneity is testified by the coexistence of nodules
with different depletion and metasomatization de-
gree from the same occurrence. The latter type of
heterogeneity is common in both peridotitic inclu-
stons and alpine periodites [23.33].
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