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ABSTRACT

The El Picacho Tertiary intrusive complex is located in
the west-central part of the Sierra de Tamaulipas, in the
alkaline province of northeast Mexico. The complex cuts
Cretaceous limestone, and it consists of gabbro, kaersu-
tite diorite, syenite, nepheline-rich foidolites (ijolite, urtite,
juvite), and trachytic and phonolitic dikes. The nepheline-
rich foidolites are affected by alkali metasomatism and con-
tain apatite-rich veins enriched in the rare-earth elements.
The nepheline-rich foidolites consist of nepheline (55-91 9o),
pyroxene (4-35V0) (Di36Hd3eAe25 to Dil8Hd37Ae45) and
orthoclase (0-22V0), They are silica-undersaturated rocks
(44-50 wt.olo SiOt with a strongly alkaline character
(11-15 wt.9o Na2O + K2O) and low contents of Mg (l-4
w.q0 MgO), corresponding to fractionated products of a
silica-undersaturated parental magma. The alkaline
metasomatism is represented by a slightly peralkaline aegi-
rine fenite, which consists of albite, orthoclase, cancrinite
pseudomorphs after nepheline, and Na-pyroxene
(DilaHd27Ae5e to Die1Hd27Ae72), Mafic-mineral-free fenite
also is found in the complex and consists of orthoclase and
albite, with minor amounts of interstitial quartz. The
apatite-rich veins are composed of radial aggregates of apa-
tite, spherulitic chalcedony, quartz, siderite, calcite, barite,
and britholite, which is the main R.EE-mineral in the veins.
The total REE content in the veins varies from 14600 to
296@ ppm, with strong enrichment in ZREE (La,/Lu ratios
range from 308 to2258). A silicate-carbonate liquid immis-
cibility model is postulated and discussed in order to explain
coherently the petrogenetic relationship of the nepheline-
rich foidolites with fenite metasomatism and apatite-rich
veins enriched in LREE.

Keywords: foidolites, feldspathoidal rocks, REE minerali-
zation, alkaline rocks, britlolite, carbonatite complexes,
Tamaulipas, Mexico.

SoMMAIRE

Le complexe intrusif tertiaire de El Picacho est situd dans
le secteur ouest-central de la Sierra de Tamaulipas, et fait
partie de la province alcaline du nord-est du Mexique. Le
complexe recoupe un calcaire crdtac€, et contient des unitds
de gabbro, diorite kaersutitique, sy6nite, foidolites i ndph6-
line (ijolite, urtite, juvite), ainsi que des filons de trachyte
et de phonolite. Les foidolites richo en n6ph6line sont affec-
t€es par une m6tasomatose alcaline, et contiennent des fis-
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sures riches en apatite et enrichies en terres rares. Ces foido-
lites contiennent n6phdline (55-9190), pyroxEne (entre
Di36Hd3eAe25 et Dit8Hd3zAe45) (4-3590), et orthoclase
(0-220/o). Ce sont des roches sous-satur6es en silice (44-50q0
de SiO2 en poids) qui sont fortement hyperalcalines
(11-1590 de Na2O + K2O) et d faibles teneus en Mg
(l-490 MgO), et qui correspondraient e des termes 6volu6s
d'une s€rie fractionnde d partir d'un parent aussi sous-
satur6. La metasomatose a donnd des f6nites d aegyrine
l6gdrement hyperalcalines, qui contiennent albite,
orthoclase, cancrinite en pseudomorphose de la n€ph61ine,
et un pyroxbne sodique (entre Di14Hd21Ae5s et'
DilHd27Ae7r. Nous trouvons aussi des fdnites leucocrates,
i onhoclase + albite, avec de faibles quantites de quartz,
interstitiel. Les fissures riches en apatite contiennent des
agr6gats fibroradi€s d'apatite, chalc6doihe sph6rolitique,
quartz, sid€rite, calcite, barytine et britholite, qui est le por-
teur principal des terres rares. Les fissures ont une teneur
€lev6e en terres rares, entre 14,6A0 et29,600 ppm, et mon-
trent un fort enrichissement en terres rares l6gbres (308 <
La/Ltt < 2258). Une immiscibilitd entre liquides silicat€
et carbonat6 serait i I'origine des liens p6trogdndtiques entre
les foidolites d n€ph6line, la metasomatose qui a produit
les fdnites, et les fissures i apatite enrichies en terres rtues
l6gdres.

(Traduit par la R6daction)

Mots-clds: foidolites, roches ir feldspathoides, min6ralisa-
tion en terres rares. roches alcalines, britholite, com-
plexes carbonatitiques, Tamaulipas, Mexique.

INTRoDUcTIoN

The northeastern part of Mexico, from the Gulf
Coastal Plain near Tampico to the U.S.A. border
at the Rio Grande (Fig. l), is characterized by the
presence of several Tertiary alkaline intrusive com-
plexes. They cut Cretaceous limestones, which are
gently folded by the Laramide Orogeny. The mag-
matic suites form part of the alkaline province of
eastern Mexico (Demant & Robin 1975, Cantagrel
& Robin 1979, Robin 1982), which continues toward
the U.S.A. in the Trans-Pecos province of Texas.

The presence of alkaline suites in northeastern
Mexico has not been well documented in petro.
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graphic, geochemical and geochronological terms;
accordingly, their tectonic significance is poorly con-
strained. For example, few K-Ar ages related to alka-
line magmatism at Tamaulipas have been reported:
29.6 + l.2Mato 27.9 t 1.1 Ma for syenitic rocks
from San Carlos alkaline complex (Bloomfield &
Cepeda-D{vila 1973) located 80 km north of Ciudad
Victoria, 28.0 t 0.8 and 23.5 + 0.7 Ma for a
nephelinite volcanic neck and nepheline syenite
dome, respectively (Cantagrel & Robin 1979), both
hypabyssal alkaline rocks located in the Coastal Plain
near Tampico, and 7.0 + 0.2 Ma for phonolite dikes
in the central part of the Sierra de Tamaulipas (Can-
tagrel & Robin 1979).

The alkaline magmatism is considered by some to
be typical of an intracontinental rift zone, without
relation to the compressive regime of the Pacific sub-
duction (Cantagrel & Robin 1979, Robin 1982), and
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FIc. 1 Location map of the El Picacho intrusive complex. The normal faults are
after King (1969).

to have been associated with a possible extension of
the Rio Grande rift toward the southeast (Bloom-
field & Cepeda-Ddvila 1973, Robin 1982). However,
the Trans-Pecos magmatism, which apparently has
an obvious geographic relation to the Rio Grande
rift (Fig. l), is considered to be the far-inland expres-
sion of the volcanism produced by the subduction
of the Farallon plate along the Pacific coast during
the Tertiary (Barker 1979, 1987,Price et al. 1987).
This argument is supported by the observed composi-
tional gradation of the Trans-Pecos alkaline mag-
matism toward the southwest to calc-alkalic mag-
matism of the Sierra Madre Occidental in western
Mexico.

The El Picacho intrusive complex, of alkaline
affinity and located approximatly 65 km southeast
of Ciudad Victoria in the west-central part of the
Sierra de Tamaulipas in northeastern Mexico (Fig.
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l), has never been recognized in the past, and was
described as a Tertiary gabbroic intrusive body in
unpublished technical reports only. In order to con-
tribute to a better knowledge of this alkaline
province, the present paper is devoted to a descrip-
tion of the El Picacho intrusive complex, with
emphasis on some peculiar characteristics that make
it a unique example known so far in Mexico: presence
of nepheline-rich foidolites, fenites, and apatite-rich
veins with high contents of the rare-earth elements
(REE),The complex is exposed in a small ellipsoi-
dal area of about 9 kmz (Fie. 2). Its age is
unknown, but by extension of the K-Ar data men-
tioned above, it probably was emplaced in the inter-
val Oligocene to Pliocene.

PETRoGRAPHY

Gabbro

The gabbro is the most abundant igneous unit in
the El Picacho area (Fig. 2), and the oldest rock in
the igneous complex, according to cross-cutting rela-
tionships. It is a medium- to coarse-grained
mesocratic or melanocratic rock, with a banded
structure in some places. The essential minerals are
plagioclase (Anso-:o) and titaniferous augite, with
minor amounts of olivine, titaniferous biotite, kaer-
sutite, titaniferous magnetite, ilmenite, apatite and
alkali feldspar. The kaersutite, which in some places
is abundant (up to 15 vol.9o), contains, according
to microprobe analyses, around 7.590 TiO2, and is
formed from clinopyroxene. The clinopyroxene and
the amphibole are intimately related by means of
replacement textures with irregular borders. In areas
of banded structure, the texture is of cumulate type,
with alternating dark- and light-colored layers rich
in clinopyroxene and olivine, and plagioclase, respec-
tively. The thickness of the layers varies from one
to several cm.

Kaersutite diorite

The gabbro gradually changes upward into kaer-

sutite diorite. It is observed only in the northwestern
part of the El Picacho area (Fig. 2). The kaersutite
diorite is a medium-grained mesocratic rock consist-
ing of plagioclase (An36r), kaersutite, and accesso-
ries such as clinopyroxene, olivine, titaniferous bio-
tite, titaniferous magnetite, ilmenite and apatite. The
diorite has local variations to banded monzodiorite
in which the thin layers (0.5-3 cm) rich in kaersutite
alternate with leucocratic layers rich in plagioclase
and K-feldspar.

Syenite

Between the gabbro-diorite and the Cretaceous
limestone, bodies of leucocratic syenite are found.
In some places (ME49 , M8256, Fig. 2), the syenite
can be seen to cross-cut the gabbro. The contact
between the syenite and the l imestone is
predominantly subhorizontal and parallel to the
stratification, and suggests that the syenite bodies
are mainly tabular, as is depicted in the cross-section
through the complex (Fig. 2).

The leucocratic syenite is a fine- to medium-
grained rock with a local coarse-grained miarolitic
facies. According to 12 modal analyses and the
nomenclature of Streckeisen (1976), the syenite from
El Picacho shows a variation from syenite to alkali
feldspar syenite and nepheline-bearing alkali feldspar
syenite. It is characterized by microperthitic
orthoclase (61-96 vol.9o). The accessory minerals
include plagioclase (Anz-ra), aegirine-augite,
riebeckite, arfvedsonite, nephline and biotite.

Nep h e I i ne- r ic h fo id o lit es

Nepheline-rich foidolites occur in the central part
of the complex as a small circular stock (diameter
700-800 m) that cuts the gabbro (Fig. 2). The con-
tact between syenite and foidolites is not observed
in the area.'

The nepheline-rich foidolites are fine- to medium-
grained mesocratic rocks with local coarse-grained
patches. They consist mainly of nepheline,
clinopyroxene and orthoclase (Table l). The acces-

IABLE 1. MODALANALYSES* OFTHE NEPHELINE.RICH FOIDOLITES

EAMpLE  t JoL l rE  uRT l rE  , , , ,  , , = ,  , , - ,  
JUv 'L t= . , ,  

= ,= . . ,  =  . . ,'""'-- 
ME14@MTia, ME169 ME61 ME23z ME243 ME244SAP13UDSAP15LD

Neoheline 55.3 69.8 69.7 64.9 68.6 84.8 91.1 64.8 75.4 70.4 73.5
Clinopyrox€ne 35.2 23.7 20.6 94.2 27,6 11.6 4.6 7.1 7.2 4.O 4.6
Orthoclase 0.0 0.0 3.9 0.6 2.9 2.9 2,' l  21.1 16.3 21.5 21.4
Opaquss  6 .5  1 .0  0 .8  0 .1  0 .1  0 .3  0 .5  1 .8  0 .1  O.2  0 .0
Blotite 0.3 1,2 0.4 0.1 0.3 0.5 0.5 4,3 0.3 1.8 0.0
Cancrinite 0.0 0.0 2.5 0.0 0.1 0.0 O,2 0.0 0.1 0.6 0.0

72.7 62.1

17.8  15 .9

0 .7  0 .8
0.8 0.5

0.0 0.5
o.2 0.0

Tiianile
Apaiite 1.0 0.1 O.2 0.0 0.0 O.4 0.0 0.O 0.1 0.0 0.0
Oth€rs*r 0.9 O,4 0.6 0.0 0.1 0.0 0.3 O.2 O.2 1.1 0.0
Torat 1oo.o 1oo.o 1oo.o 1oo.o loo.o 1oo.o 1oo.o 100.0 100.0 100.0 100.0 100.0 100.0

t Based on 1000 polnt aountg. '* Include: calcite, zircon, analcits, natrolite.

0.8 3.8 1.3 0.1 0.3 0.1 0.7 0.7 0.3 0.4 0.1
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sory minerals are ilmenorutile, ilmenite, magnetite,
biotite, titanite, apatite, zircon, calcite, cancrinite
and analcite. These rocks are classified as foidolites
in the APF diagram of Streckeisen (1976), but rhey
are classified as ijolite, urtite, or juvite in the MNeA
diagram (Fie. 3). The foidolites (ijolite, urtite, juvite)
are described as one lithological unit because the
compositional variation is local and erratic, and the
outcrops are poor.

Although the foidolites have a hypidiomorphic-
granular texture (Fig. 4A), parallel arrangement and
poikilitic textural variations are common. The fine-
to medium-grained variant is rich in pyroxene (Fig.
4B); the medium- to coarse-grained poikilitic vari
ants consist of oikocrysts of nepheline that have
inclusions of pyroxene, titanite, ilmenite (Fig. 4C),
idiomorphic nepheline and apatite crystals. These
textural variations suggest a process of crystal frac-
tionation under varying conditions of pressure and
temperature.

The nepheline, present in idiomorphic and hypidi-
omorphic crystals (Fig. 4A), normally contains small
inclusions of acicular pyroxene and apatite. In the
coarse-grained material, the feldspathoid is poikilitic
(Fig. 4C), and in this case two generations ofnephe-
line are evident; the first occurs in idiomorphic crys-
tals, whereas the second forms allotriomorphic grains
that enclose the first.

The orthoclase is present as a late interstitial phase
(Fig. 4A). It was identified by its optical properties
and X-ray-difraction data. In the juvite, where the
feldspar is more abundant, prismatic crystals with
Carlsbad twinning are present. In other samples of
foidolites, interstitial orthoclase appears between
cumulus pyroxene and nepheline grains.

The pyroxene, aegirine-augite, occurs in prismatic
and acicular crystals, allotriomorphic intergranular
forms, and idiomorphic and hypidiomorphic crystals
enclosed by nepheline and orthoclase. Results of
electron-microprobe analyses show that the pyrox-
ene in the ijolite samples varies from DirrHd36.A,e,
to DiruHdrrAe2T (Table 2); the compositional range
in juvite samples is from Di33Hd32Ae3, to
DitrHdrTAea, (Table 2; symbols for pyroxene end-
members follow Morimoto 1989). These pyroxene
compositional variations suggest that the ijolite and
juvite are related through fractional crystallization
and could represent fractions of the same batch of
magma. The compositional variations coincide with
the compositional trends of undersaturated rocks
associated with carbonatites (Tyler & King 1967,
Mitchell 1980, Le Bas 1987, Andersen 1988).

Aegirine fenite

In several localities (APTR4, APTR5, APTR8,
MEl4} Fig. 5), medium-grained rocks rich in alkali
feldspar have been recognized in small outcrops.

FIc. 3. Mafic minerals - Nepheline - Alkali feldspar (M-
Ne-A) triangle showing the range of modal composi-
tion of nepheline-rich foidolites (hatchured area),
according to Soviet Petrographic Committee (Sdrensen
1974, p. l7).

These cut the foidolites by means of a gradual con-
tact characterized by complex replacement textures.
These rocks are considered the product of the
metasomatic alteration of the foidolites produced by
an alkaline aqueous fluid. Unfortunately, the scar-
city of exposures in the central pan of the area
precludes comments concerning the distribution of
the fenitized material.

The fenite consists of radial aggregates and
trachytic arrangements of hypidiomorphic albite
(Fig. 4D), xenomorphic orthoclase, cancrinite pseu-
domorphs after nepheline, abundant acicular aegi-
rine (Di,oHd2tAern to DiotHdnAer) (Table 2), cal-
cite, and allotriomorphic zircon. The last four
minerals are distributed interstitially between albite
and orthoclase crystals. Other minor components are
strontianite and barite. Calcite and zircon in the
fenite are remarkably more abundant than in the
foidolites. The pyroxene in this type of fenite is nota-
bly depleted in Mg and enriched in Na (Ae5e-7) and
Fe3* (Table 2), which is consistent with equilibra-
tion with a highly alkaline oxygen-rich fluid.

Mafi c- m in ero I -free fe n it e

In other localities (MEl55, MEl36), a leucocratic
syenitic fenite has been recognized. In this case we
also assume a metasomatic origin to account for its
complex textural relationships. It consists of allotrio-
morphic orthoclase and albite with minor amounts
of interstitial quartz and chalcedony, accompanied
by small grains of britholite, a REE-mineral that is
radioactive owing to its Th content. Britholite also
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Frc. 4.Photomicrographs of nepheline-rich foidolites, aegirine fenite and apatite-rich veins witl REE mineralization
from El Picacho intrusive complex. A. Feldspar-bearing urtite. Idiomorphic and hypidiomorphic nepheline (Ne)
and aegirine-augite (Aet), wilh minor amounts of interstitial alkali feldspar (orthoclase) (Or), distinguished in the
photograph by its dusty appearance. Plane light. B. Ijolite with abundant columnar aegirine-augite (Aet) in parallel
anangement; the matrix is nepheline (Ne). Plane light. C. Ijolite with poikilitic texture, idiomorphic crystals of titanite
(Ttn), aegirine-augite (Aet) and opaque enclosed in large crystals of nepheline (Ne). Plane light. D. Aegirine fenite,
alkali feldspar (albite) laths (Ab), cancrinite (Ccn) pseudomorphs in corona texture after interstitial nepheline (Ne)
and needles of aegirine (Agt). Crossed nicols. E. Apatite-rich vein, radial aggregates of apatite needles, granular
aggregates ofbritholite (B) in matrix of chalcedony (Ch). Plane light. F. Another detail ofvein, granular aggregates
of britholite (B) in chalcedony (Ch), barite (Brt) and siderite (Sd) crystals surrounded by diminutive apatite crystals
(Ap). Plane light.

was identified in the apatite-rich veins, where it is
more abundant. The cross-cutting relationships
between mafic-mineral-free fenite and the aegirine-

bearing fenite were not observed, but we infer that
the leucocratic fenite corresponds to later silica-
oversaturated magmatic fluids.
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TABLE 2. COMPOSITION OF CLINOPYROXENE FROM tJOLITE. JUVITE AND AEGIRINE FENITE

325

sar'nnr-es4p1666ff ffi osAmu*#r*"E-
AEGIRINE FENITE

SlOz wt,oa 51.37 51.87 52.99
TlOz 0.54 0.58 O,72
AleOr 1.27 1.98 1.25
CrzOs 0.09 0.07 0.03
FeO (total) 17.69 16.32 23.50
MnO 0.57 0.45 0.45
MSO 6.69 7,2a 3.47
CaO 16.74 16.68 9.30
NazO 3.78 3.59 6.37
Toral 98.74 98.82 98.08

53.32 55.58
0.59 1.59
1 . 1 6  1 , 3 2
0.04 0.00

18.39 26.01
0.55 0.43
6.04 1.54

13.43  1 .49
4.92 9.62

98.44 97.58

33.3  8 .1
31.4  26 .  1

54.74 54.82
3.49 0.41
1,17  2 ,24
0.03 0.00

22,44 29.56
0.75 0.09
2.75 0.21
3.28 0.12
9.20  10 .12

97.85 97.57

2.150 2.200
0.000 0.000
0.053 0 .110
0 . 1 0 0  0 . 0 1 0
0.447 0.660
0.290 0.340
0.025 0.002
0.161 0 .002
0.138 0.00s
0.701 0.790
0.000 0.000

59.6 69.7
'13.7 0.2
26.7 30.1

54.33 54,71
1.79 0.64
1.95  1 .54
0.02 0.02

27.95 29.57
0.34 0,12
0.46  0 .16

' 
t.2s 0.41
9.52 10.33

97.60 97.50

2,140 2,m9
0.000 0.000
0.092 0.073
0.0s0 0.019
0.544 0.698
0.393 0.299
0.012 0.005
0.026 0.010
0.053 0.017
0.737 0.810
0.001 0.001

63.1 72,1
2.2 0.9

s4.7 27,O

Structural lormulae (4.00 catlons, 6.00 oxygon anions):
8i
IvAl
u'Al

Ti
Fe3' '

F€2'
Mn
Mg

Na

Na 26.6 24,8 44,7
Mg 36.2 38.8 18.6
Fe2 * + Mn 3z.2 36.4 36.7

2 .018 2 .016 2 .110 2 .081 2 .210
0.00 0.000 0.000 0.000 0.0@

0.0s8 0.090 0.059 0.0s1 0.061
0.015 0.160 0.021 0.017 0.048
0.197 0.'147 0.391 0.288 0.s81
0.384 0.383 0.391 0.313 0.279
0.019 0 .014 0 .014 0 .019 0 .014
0.392 0.423 0.206 0.352 0.091
0,704 0.694 0.397 0.563 0.062
0.288 0.271 0.493 0.374 0.738
0.003 0.002 0.001 0.001 0.000

r Calculatsd accordlng to Cameton & Papiks (1981). Tho mioroprobe analyses were done with a JEOL
35-C alectron scannlng microscope equippsd with a Tracor-North€rn energy dispersion spsctromster.

Apotite-rich veins (REE mineralization)

Weathered apatite-rich veins are found at the cen-
tral part of the igneous complex; they are highly
radioactive (Fig. 5). Along the Arroyo El Picacho,
the width ofthe veins varies from 0.3 to 3 m (cross-
section A-8, Fig. 5). In another locality (M8227,
Fig. 2), two more veins were found after trenches
were opened; one of these has a width of 4 m. The
contact between the veins and nepheline-rich wall-
rock is sharp (Fig. 5). The distribution and abun-
dance of the veins are unknown because of the scar-
city of exposures. The collection of fresh samples was
difficult; however, in various places it was possible
to obtain large weathered fragments of vein material
from which small and relatively fresh pieces were
selected.

The veins consist predominantly of radial
aggregates of acicular apatite and interstitial spheru-
litic chalcedony, with minor amounts of britholite,
quarlz, siderite and hematite pseudomorphs after
p)"rite. Other parts of the vein contain allotrio-
morphic calcite, rhombs of siderite, and minor
amounts of spherulitic chalcedony, barite, quartz,
apatite, Fe-Ti oxides, and other unidentified con-
stituents. In all chalcedony-rich portions, granular
aggregates ofbritholite crystals arepresent (Figs. 4E,
4F). The individual crystals vary from several pm up
to 50 pm across. Britholite was identified by scan-
ning electron-microprobe analyses and is the prin-
cipal REE-mineral in the veins. Its ideal formula is

(Ce,Ca)5(SiOn,POr(OH,F) (Fleischer 1987), and it
is related to the apatite group through the substitu-
tion Sia+ +REE+ +Sr+Th + P5+Ca2+ (ouzegane
et al. 1988). The abundance of britholite is around
290, although it may increase to lOVo in the veins.

The textural features in some veins suggest the fol-
lowing paragenetic sequence: pyrite-siderite-calcite-
apatite-britholite-barite-chalcedony-quartz. In
other cases, the paragenesis is more complex, because
different stages of deposition of apatite and britho-
lite are evident during the precipitation of silica.

Britholite is a rare mineral reported in only a few
localities worldwide (Winter & Bdggild 1899, Hugh-
son & Sen Gupta 1964, Vlasov 1966, Nash 1972,
Ouzegane et al. 1988). The localities are alkaline igne-
ous complexes and carbonatite complexes. In the
ln' Ouzzal carbonatite complexes, western Ahaggar,
Algeria, the apatite-britholite association has been
reported in late carbonatites, and britholite is the
principal carrier of R.EE (Ouzegane et ol. 1988), as
is the case in the El Picacho complex.

Apatite-rich veins and late siliceous veins with REE
enrichment similar to those from El Picacho have
been described in carbonatite complexes in Malawi
(Garson 1966). In the Mountain Pass complex,
California, the main REEresource in the world, the
LREE are essentially concentrated in veins of late
silicified carbonatites in bastnisite and parisite
(Olson e/ al. 1954), In the Karonge area, Burundi,
silica-rich veins with REE mineralization and absence
of carbonates are related to a hydrothermal stage of
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TABLE3.MAJORANDTRACEELEMENTCONTENISOFSEI.ECTEDR@KSFROMELPIC,ACHOINTRUSIVE@MPI.D(
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SiOa lr4,o/.
TiOz
AlzOg
FeaOg
FeO
MnO
Mso
CaO
Nazo
Kao
r2v5

LOlr

Total

Y ppm
Z(
Nb
Bb
Sr
Ba
t ^

Ce
Pr
Nd
Sm
Eu
ni
Tb
Dy
HO
Er
Tm
Yb
Lu
Th
U
:REET*

GIPW norms
or
ab
an
ne
ac
lc
ns
di
wo
ol
mt
i l
hm
ap

Mg/(Mg + Fs2+) lmol l  0.6?
Na/(Na+ K) lmol l  0.86
(Na+K)/Al  [mol ]  0.29

45.03 57.94 60.41
2.07 0.80 0.34

12.20 19.44 19.02
1.90 3.20 2.65

10.15 1.30 1.45
0 .18  0 .1  1  0 .1  1

12.81 0.76 0.15
11.74 2.91 1.54
1.89 5.17 6.68
o.47 6.55 5.59
0.45 0.15 0.07
0.08 1.83 1.92

98.97 100.16 99.93

0 .51  0 .17
0.54 0.64
0.80 0.90

44.50 46.68 50.19 54.83 42.36
2.86 0.72 0.99 0.32 0.14

19.70 17.82 20.37 20.67 r.36
5.15 5.36 4.25 2.40 5.90
2.74 3.52 1.50 0.50
0.14 0.26 0J2 0.13 0.62
2.34 3.76 0.93 0.16 0.40
7.40 8.18 3.94 0.66 16.60

11.56 8.90 10.69 11.20 1.76
3.05 2.58 4.39 4.10 0.04
0.30 0.32 0.07 20.96
0.15 2.10 2.27 4.39 5.50

99.89 99.86 99.96 99.43 95.64

0.60 0.65 0.52 0.36
0.85 0.84 0.79 0.80
1 . 1 3  0 . 9 7  1 . 1 0  1 . 1 0

20 <5 14 12 1800
980 1100 1000 1450 633
455 165 435 385 160
90 46 135 96 11

670 600 960 560 4186
1200 400 1400 970 16032
87.4 33 64.6 56.3 4000
200 66 120 98 5700
<50  <50  <50  <50  <410

95 21 45 28 1170
19.4 6.2 9.2 4.9 522

5 2 3 1 1 7 8
<200 <200 <200 <200 < 1000

2  < 1  1  < 1  8 8
9 3 6 5 4 0 4

< 1  < 1  < 1  2  5 9
< 100 < 100 < 100 < 100 <480
<5 .8  <  1 .3  <2  <0 .5  <5 .2

2 .6  2 .6  1 .8  2 .1  115
0.5 0.7 0.4 0.4 1 1.5
7.7 6.9 9.3 42 1750

3  7  2  2 0  < 1 0
462 148 273 214 13318

't.02 14.84 25.78 24.23
9.26 10.88 32.49
0.97

44.87 34.69 37.35 27.64
8.87 6.95

0.79
14.15 24.68 6.31 2.03
4.40 4.25 0.16

0.98 7.58 1.69
5.35 1.33 1.83 0.61
0.35
0.65 0.70 0.15

< 5  1 4  1 5
81 315 550
27 125 93
6 145 150

505 575 225
140 1 100 850
15 54.6 67 .4
30 100 120

<50  <50  <50
21 38 36
4.3 6.1 5.9

2 2 2
<200 <200 <200

< 1  < 1  < 1
3 4 4

< 1  < 1  < 1
< 100 < 100 < 100
< 0.5 < 0.5 < 0.5

0.8 1.8 2.4
o.2 0.3 0.4
1 . 7  1 0  2 1
< 1  < 1  4
92 235 257

2.60 39.36
13.05 35.78
21.92 10.67

1.04 4.72

33.00
50.30
5.40
3.85

I  t . o o

13.07

25.80 2.53 1.1 I
o.21 7.62

27.27 2.68
2.59 2.17 3.85
3.69 1.55 0.65

0.93 0.36 0.15

t Loss on ignition. *r For the total REE content lrom La to Lu, the REE values below detection limits were
ostlmated from the chondrite-normalized pattern. The analysgs werg commercially carried out in Bondar
Clegg Labs., Vancouver, Canada. REE, U and Th were determinated by instrument neutron activatlon
analyses; Y, Zr, Nb, Rb and Sr by X-ray fluorescenco analyses; the ma.ior element oxides and Ba by
plasma emission spectroscopy; FsO by titration; and LOI by gravimetry. The CIPW norm was calculaled
by means of the GPP commercial program.
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TABLE 4. CONCENTFATIONS OF REE AND OTHER TRACE ELEMENTS OF SELECTED CHANNEL
SAMPLES FFOM WEATHERED APATITE"RICH VEINS

SAP2 SAP9 SAP11 SAP13 SAP14 SAP15 SAP17 SAP18 SAP19

Y ppm
La
Ce
PT
Nd
Sm
Eu
Gd

Dy
Ho
Er
Tm

Lu
Th
u
>REE'

2300 840
4000 5000
6910 7590
<440 <480
1340 1890
643 609
280 174

< 1000 < 1000
I R ?  A €

277 315
1 t 0  1 6

<280 <460
< 6 . 1  < 4 . 3

120 31
13 2 .7

2130 1630
3 2 2 9

15317 16765

'1100 1600
6000 7000
8330 9840
<540 <640
1540 1540
77'l 850
256 283

< 1000 < 1000
102 130
317 446

17 76
<520 <290
< 5.9 < 6.9
50.2 86.3
4 .7  t0

2640 3000
30 157

18597 21796

2000 220,0
4@0 6000
6900 9050
<880 <570
1 150 1870
642 711
252 234

<1000 < 1000
134 122
898 772
91 73

<420 <2N
<6,2  <5 .7

'117 1 13
14.8  1  1 .9

2500 2340
54 33

15580 20417

1400 800 630
10000 7@0 5000
12900 10200 6290
<980 < 1200 <880
1940 2090 1570
1570 809 464
477 291 146

< 1000 < 1@o < 1000
190 69 54
278 284 203
23 15  10

<350 <420 <200
< 8.6 < 5.5 < 3.9
78.4 19 15

5.4  3 .1  3 .1
2620 2600 1360
<22 54 28

29610 21981 14603

. Forthe totat REE entsnt, ths REE valu€s below dotecion limit were ostimaled lrom ths chondrits-normalized
pattetn. The anatyses wsre ommsrcidly €rried out in Bondarolggg Labs., Vancouvsr, Canada. REE, Th and
U were delerminated by Instrumani neuiron activation analysis; Y by X'ray fluore$ence analysis.

carbonatitic differentiation, despite the lack of a
direct visible connection with alkaline rocks or car-
bonatites (Van Wambeke 1977).

Trachyte and phonolite dikes

Dikes of trachyte and phonolite cross-cut all previ-
ously described rocks, so that they are the last mag-
matic event. Their thickness varies from 20-30 cm
to several meters. The trachyte consists of
phenocrysts of Na-plagioclase, alkali feldspar, and
kaersutite in a trachytic matrix. The phonolite dikes
contain phenocrysts of nepheline, alkali feldspar and
aegirine-augite, with a groundmass rich in acicular
greenish pyroxene with a tinguaitic texture. Although
the age of trachyte and phonolite dikes in the area
is unknown, they may be correlated with phonolite
dikes in the central part of the Sierra de Tamaulipas,
25 km SE of El Picacho, from which one K-Ar date
of 7.0 t 0.2Ma has been reported (Cantagrel &
Robin 1979).

GEoCHEMISTRY

Major and trace elements

Table 3 shows the composition of selected rocks
from the El Picacho complex, and Table 4 displays
theY, REE, Th and U contents in selected channel
samples from apatite-rich veins. The corresponding
R.EE patterns are illustrated in Figure 6, and the
abundances of the incompatible trace elements nor-
malized to a primordial mantle are shown in Figure

Although total alkalis versas silica plots of several
samples of gabbro are ambiguous, it does have an

alkaline affinity because it contains normative re
(Table 3); according to the mineralogical criteria of
Wilkinson (1974), it can be classified as an alkaline
mafic rock by the presence of titaniferous augite,
kaersutite, labradorite and alkali feldspar. The dis-
tribution of trace elements in the gabbro, however,
is different from that in the other alkaline rocks of
the complex (Figs. 6, 1).The REE content (92 ppm)
and their fractionation (La/Lu:7S) in the gabbro
are within the range for alkaline olivine basalts,
according to the data compiled by Cullers & Graf
(1984). It has the lowest REE content and La/Lu
ratio of any rocks in the complex. The ratio Eu/Sm,
0.46, is slightly high, and is the expression of a small
positive Eu anomaly @ig. O, which reflects the abun-
dance of plagioclase. The apparent negative Yb
anomaly is probably an analytical feature. On the
other hand, the gabbro shows a relative depletion
in Rb, K and Zr (Fig. 7), which could be attributed
to refractory minor phases, such as phlogopite and
zircon, during a partial melting in the mantle. The
slightenrichment in Nb, Sr and P is probably related
to Ti-bearing minerals and apatite.

The nepheline-rich foidolites are sil ica-
undersaturated rocks, with peralkaline variations
[(Na+K)/Al > l, molar basis], which have abun-
dant normative ne and qc (Table 3). The high
Na/(Na + K) ratio, in the range 0.79-0.85, indicates
the strongly sodic nature of these rocks. The R.EE
contents in the foidolites are slightly higher than
those in the nepheline-bearing alkali feldspar
syenites. Their REE distribution is similar, except
in foidolite SAPIOAL/D, whose REE content is low
(148 ppm) and whose fractionation is different (Fig.
6). The foidolite sample SAPI0AL/D was collected
30 cm away from one ofthe apatite-rich veins, and
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probably was affected by late hydrothermal fluids
related to the veins. The REE patterns of foidolites
and syenites (Fig. 6) do not show any Eu anomaly,
which suggests that plagioclase was not an impor"
tant residual solid phase after partial melting or frac-
tional crystallization.

The REE content, and principally the LREE, in
the nepheline-rich foidolites from the El Picacho
complex is several times lower than the REE enrich-
ment in similar rocks from Canadian carbonatite
complexes (e.g., Eby 1975, Cullers & Medaris 1977)
and Soviet alkaline complexes (Gerasimovsky 1974).
The LREE content in the foidolites, nevertheless, is
similar b the LREE average of melanephelinites
from African complexes (Le Bas 1987).

On the other hand, the foidolites from El Picacho
show a marked enrichment in Nb and Zr, probably
related to titanite and zircon (Frg. 7). The foidolites
and syenite are depleted in Sr and P, indicating frac-
tionation of apatite in their genesis. The syenites
show depletion in Nb and Ti in relation to the foido-
lites, probably due to precipitation of titanite. The
Zr /Ti ratio in both types of rocks is high; this ratio
appears to be a sensitive index of fractionation
(Le Bas 1987).

The aegirine fenite is characterized by enrichment
in silica and alkalis, and depletion in Fe, Mg, and
Ca in relation to nepheline-rich foidolites. This chem-
ical feature is correlated with increased alkali feld-
spar and depletion of mafic minerals in the fenite.
The LOI, 4.39 wt.0/0, is assumed to reflect the con-
tent of COr+HrO*, related predominantly to con-
siderable amounts of cancrinite. The fenite is sodic
lNa/(Na + K) = 0.81, slightly peralkaline, with nor-
mative ac and ns.Its chemical composition is simi-
lar to that of agpaitic nepheline syenites. The IIREE
distribution in this fenite is seemingly irregular, with
an apparently positive Ho anomaly @ig. 6); however,
it is probable that the latter is due to an analytical
problem. In any case, the HREE contents are
presumably related to zircon, and so is the strong
enrichment in Th, U, Nb and Zr @ig.7). The aegi-
rine fenite shows relative depletion in Rb, K, IR.EE,
P and Ti, which reflects the absence of K-feldspar,
apatite and Ti-bearing minerals.

The R.E'E content in a fresh apatite-rich vein sam-
ple (APTR3) is 13300 ppm (Table 3). In weathered
samples, the content varies from 14600 to 2960 ppm
Clable 4). A preliminary examination of the REE dis-
tribution in the veins suggests a LREE enrichment,
with HREE depletion in the weathered samples with
respect to the fresh sample (Fig. 6). However, the
variation of REE content in the weathered and
unweathered samples is more likely related to the
abundance of britholite and apatite than to the
influence of weathering. The distribution of both
minerals in the veins is variable, so that the R.EE con-
tent in APTR3 is a long way from being a represen-

o
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Lo Ce Nd Sm Eu Tb Dy Ho Yb Lu

Frc. 6. Chondrite-normalized iEE patterns for gabbro
(solid triangle), syenite (open squares), nepheline-rich
foidolites (solid circles), aegirine fenite (solid square),
apatite-rich vein (open circle) and range of REE con-
tent defined by nine channel samples of weathered
apatite-rich veins (hatchured area). The values used in
normalization are from Haskin er a/. (1968).

tative value of the fresh veins, and it is not a good
reference point for an accurale evaluation of.the REE
mobility under the weathering effects. For compara-
tive purposes, we consider that the influence of
weathering on the total R.EE contents in the veins
is negligible.

The strong LREE enrichment in the apatite-rich
veins (Lallu ratio varies from 308 to 2258) is simi-
lar to that in carbonaiites (e.g., Loubet et ql, 1972,
Eby 1975, Mitchell & Brunfelt 1975, Cullers &
Medaris 1977, Mdller et ol. 1980, Woolley & Kempe
1989). The range of the total REE content in the
veins (13300-29600 ppm) is greater than the range
in the majority of the carbonatites (72-15515 ppm)
(Cullers & Graf 1984), and similar to that in ferrocar-
bonatite (Woolley & Kempe I 989). The R.EE enrich-
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Ftc. 7. Plots of incompatible element abundances normalized to primordial mantle
(Wood 1979) for gabbro (solid triangle), averaged values of two samples (ME250,
M8252) of syenite (open square), average values of two samples (APTR7,
SAPI3L/D) of nepheline-rich foidolites (solid circle), and aegirine fenite (solid
square) from El Picacho intrusive complex. The average trace-element abundances
of melanephelinites from Tertiary carbonatite complexes in eastern Africa are
shown for comparison (Le Bas 1987) (cross). The elements are arranged in order
of increasing bulk partition-coefficient for mantle mineralogies (Wood 1979).
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ment in the veins is several tens of times higher than
the REE content in the nepheline-rich wallrock @ig.
6). This ratio, veins,/foidolites, is unusually higher
than the carbonatite,/ijolite ratio found in different
carbonatite complexes, which ranges from one to ten
(Cullers & Graf 1984, Fig. 7.3).

The REE fractionation in the veins is character-
ized by an average Sm/Nd ratio of 0.47. This value
is abnormal in comparison to all igneous rocks, in
which the Sm/Nd ratio varies from 0.ll to 0.32
(Faure 1986, p. 201). The high Sm/Nd ratio in the
veins implies important Nd depletion (Fig. O, incom-
patible with the increase in degree of differentiation.
A reasonable way to explain this feature is to poslu-
late a hydrothermal mineralogical zoning, with

precipitation at depth of other REE minerals, such
as aeschynite-(Nd) or rhabdophane-(Nd), which are
common in REE mineralization via hydrothermal
processes (Vlasov 1966). On the other hand, the Nd
depletion may reflect an analytical problem related
with the INAA method (R. L. Cullers, pers. comm.).

Another important endchment in the veins in rela-
tion to the wallrocks of nepheline-rich foidolite
occurs with Ba, Th, Sr, P and Y (Table 3). There
is depletion in Rb, Nb arrd Zr. These geochemical
features, in addition to the strong enrichment in
LREE, are typical of late carbonatites (Kapustin
1971, 1983, Barber L974,Le Bas 1981, 1987) or car-
bonatites formed hydrothermally (Borodin &
Kapustin 1968).

R b  B O T h  U  K P  Z r  S m T i  T b  Y
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DrscussroN

In the present state of knowledge of the El Picacho
area, it is difficult to constrain a petrogenetic evalu-
ation of the complex. However, we c€u:r discuss some
petrogenetic aspects that will provide a useful work-
ing hypothesis for further work in the complex.

The gabbro-diorite relationship is best under-
stood. The banded structure with cumulate textures
in both rocks and the gradual contact imply a gravity
fractionation in a magma chamber in which the suc-
cessive residual liquids became enriched in alkalis and
volatile components, giving rise to a dioritic com-
position rich in amphibole in the upper part of the
chamber. The banded kaersutite monzodiorite may
represent the most differentiated product from the
gabbroic magma.

On the other hand, the field observation and the
petrographic and geochemical data $uggest that the
gabbro-diorite is not comagmatic with the syenite
and foidolites. In terms of REE contents, the gab-
bro can be reasonably explained by l99o partial melt-
ing of mantle with a peridotite source containing
2590 olivine, 5 1.290 orthopyroxene, 2090 clinopyrox-
ene, and 3.890 garnet (Fig. 8A). In this quantitative
model, the initial R.EE'contents of the garnet lher-

zolite are those suggested by Frey et al. (1978) for
an enriched and fractionated mantle related to the
generation of alkaline mafic rocks, utith the LREE
7-9 times and the HREE 2.5-3 times chondrite
values. The equation for equilibrium melting and
crystallization described by Haskin (1984) and REE
partition coefficients reported by Frey et al. (1978)
in their set I were used for this model. The
Me/(Mg+Fd*) ratios for several nonbanded sam-
ples of gabbro vary from 0.69 to 0.79, and cor-
respond to those expected for primary melts from
the mantle (Roeder & Emslie 1970, Frey et al, 1978,
Wilkinson 1982), and they are consistent with the
model.

We contend that gabbro and the foidolites could
not be derived from the same peridotite source by
variable degrees of partial melting. The best model
involves 3-4Vo partial melting, but the predicted
HREE differ from those of the foidolites (Fig. 8A).
The R.EE contents of foidolites can be explained by
390 partial melting of the same enriched mantle, but
with a different lherzolite source, consisting of 41.5t/o
olivine, 4090 clinopyroxene, 1790 orthopyroxene,
and 1.590 garnet. The Mgl(Mg+Fd*) ratios of the
foidolites (Table 3) and some petrographic features
suggest a magma modified by fractional crystalliza-
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Frc. 8. A. Models of partial melting for the generation of the various mantle-derived melts from enriched garnet lher-
zolite mantle (Frey er al. 1978). Gabbro (solid triangle), averaged values of two samples (APTR7, SAP13L/D) of
foidolites (solid circle). Predicted .REE content of the melt with the ratio of the 25 olivine:Sl.2 orthopyt'oxene:20
clinopyroxene:3.8 garnet in the peridotite source; l99o melting (dashed line); the dashed diagonally ruled field represents
various degrees of partial melting from 390 (top of field) to 4Vo (bottom of field). B. Fractional crystallization model.
Averaged value of two samples (ME250, M8252) of syenite (open square), foidolites (solid circle). The dashed line
represents a melt after 4090 fractional crystallization of an ijolite in the ratio of 70 nepheline:I5 clinopyroxene:7
magnetite:4 titanite: 4 apatite, fairly similar to some modal analyses of the foidolites, and similar in REE to the
foidolites.
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tion or other processes rather than a primary melt.
It is probable that at least two parental magmas were
involved at certain times during the evolution of the
complex.

The gabbro cannot be related with the foidolites
and syenite by fractional crystallization; all propor-
tions of modal compositions of gabbro crystallizing
at any percentage produce residual melts with a
different REE distribution from that of foidolites
and syenite. On the other hand, if minerals in the
ratio fairly similar to some modal analyses of ijolite
(Table 1),70Vo nepheline, l59o clinopyroxene, T9o
magnetite, 490 titanite, an.d 4s/o apatite, precipitate
from an initial melt having a R.EE content the same
as the foidolites, the predicted R.EE content of the
residual melt is similar to that of the syenite after
400/o crystallization (Fig. 8B). Cumulate textures in
rocks rich in nepheline and aegirine-augite in the
foidolites are in accord with this process. The impor-
tant depletion in Sr, P and Ti in the syenite (Fig. 7)
also is consistent with a fractional crystallization
model from this type of ijolitic magma. Thus, a
comagmatic relationship between foidolites and
syenite is suggested by their trace-element signatures.
The equation for fractional crystallization with con-
tinuous removal of crystals described by Haskin
(1984) and the partition coefficients for nepheline,
clinopyroxene, magnetite, and titanite reported by
Cullers & Medaris (1977), and apatite (Nagasawa
1970) were used.

The nepheline-rich foidolites, accoiding to their

petrographic and geochemical characteristics, may
correspond to fractionated products from a silica-
undersaturated parental magma, probably a single
primary carbonated nephelinitic magma (e.g., Mid-
dlemost 1974, Rock 1976, Le Bas 1987). The low Mg
content, the high alkali content, the abundance of
Ti-Cr-poor clinopyroxene, and the absence of
mantle-type xenoliths in the foidolites are features
similar to melanephelinites; although such
nephelinites are commonly associated with carbona-
tites, presumably by liquid immiscibility (Le Bas
1987, 1989), no carbonatite body has been recognized
in the area. The blocks of limestone surrounded by
igneous rocks (Fig. 2) were converted to marble that
retained its stratification, with banded structures rich
in garnet and epidote; such marble can easily be dis-
tinguished from carbonatite. Although the foidolites
do not show calcite-rich ocellar textures that may be
interpreted as relics of immiscible magmas (e.9., Fer-
guson & Currie 1971, Philpotts 1976,1982, Bogoch
&Magaritz 1983, Treiman & Essene 1985), they con-
tain minor amounts of interstitial calcite, which indi-
cates a certain primary CO2 content in this magma
and, in some cases, is interpreted as residual car-
bonate remaining dissolved in the silicate melt after
the immiscible separation of the carbonate melt (Le
Bas 1987). Also the composition of the foidolites is
similar to experimental immiscible liquids KH42 and
KH27 of Kjarsgaard & Hamilton (1988), and with
liquid FH24 of Freestone & Hamilton (1980) (Fig.
9). In the first case, the immiscibility occurs at 5 kbar

si02+A1203 Co 0+ Mgo t  Feo

Ftc. 9. Location of compositional range (wt.qo) of the nepheline-rich foidolites
(hatchured area) on the 5 kbar silicate-carbonate liquid solvus diagram of Kjars-
gaard & Hamilton (1988), including tie-lines KH42 and KH27.The7.6 kbar solws
of Freeslone & Hamilton (1980) also is shown (dashed line), including their tie-
lines FH24. The short dashed line in the lower-left corner is the estimated cr'rca
15 kbar solvus (Le Bas 1989). See text for discussion.

No20 + q0

0ne l iqurd  (s i l rco fe)
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and 1250oC, whereas in the second, it occurs at 7.6
kbar and llmoc. The corresponding immiscible car-
bonate liquids are rich in alkalis, Fe and Mg (Fig.
9). Moreover, the nepheline-rich foidolites abut the
solvus defining the two-liquid field at around 15 kbar
(Le Bas 1989) on the liquid immiscibility diagram
(Fig. 9). Thus, the chemical composition of the
foidolites shows good agreement with experimental
results, and a possible immiscible carbonate melt is
suggested. We cannot exclude the existence of a car-
bonatite body at depth.

Silicate-carbonate liquid immiscibility is con-
sidered to be an important process in the genesis of
carbonatite, as is indicated by numerous experimen-
tal studies (Koster van Groos & Wyllie 1966, 1968,
1973, Watkinson & Wyllie 1971, Freestone & Hamil-
ton 1980, Kjarsgaard & Hamilton 1988, 1989). Fur-
thermore, various authors have proposed this mag-
matic process to explain the high R.EE content in
carbonatite bodies in relation to comagmatic alka-
line rocks (Eby 1975, Mitchell & Brunfelt 1975, Cul-
lers & Medaris 1977).It also could explain the strong
REE enrichment in the apatite-rich vein from El
Picacho complex. This enrichment cannot be
explained by simple hydrothermal remobilization
from the nepheline-rich foidolites to the veins. The
foidolites do not show hydrothermal alteration that
could support an intense migration of fluids, and
they do not have unusually strong R.EE depletion
that could have been directly related with the strong
REE enrichment in the adjacent veins. Therefore,
the genetic association between wallrock and veins,
if any, is not simple. The carbonate-bearing apatite-
rich veins, although they are not carbonatites accord-
ing to the nomenclature of Streckeisen (1979) and
Woolley & Kempe (1989), may represent a hydrother-
mal stage of a carbonatite magma, as is suggested
by their trace-element contents. Their mineralogy,
characterized by the lack of silicates, is more con-
sistent with a hydrothermal than a magmatic origin.

In the liquid immiscibility model, the fenitization
could be due to the loss of alkalis from carbonate
immiscible melt, according to the hypothesis that an
alkali-rich carbonatite magma fractionated at
decreasing temperature, lost alkalis and became
enriched in incompatible elements (Le Bas 1981,
1987, Woolley 1982). Experimental studies at tem-
peratures above 750oC involving two immiscible
liquids, a silica-undersaturated peralkaline silicate
liquid and a carbonate liquid rich in Ca, have proved
the existence of a fluid. This phase is an aqueous
vapor rich in Na, SiO2 and CO2 (Koster van Groos
& Wyllie 1968, 1973), which is consistent with vari-
ous chemical features of aegirine fenite (Table 3),
in which the abundance of cancrinite and calcite sug-
gests a high CO2 content (essentially equivalent to
LOI). Although we do not have sufficient data to
characterize the fenites from the El Picacho complex,

their mineralogical variation could be reasonably
interpreted as compositional evolution of fenitizing
fluids during the thermal decrease according to the
model of Rubie & Gunter (1983).

The peralkaline aegirine fenite, rich in albite, sodic
pyroxene (Aess-?, and nepheline, may result from
sodic metasomatism formed by high-temperature
residual fluids, whereas the mafic-mineral-free fenite,
constituted by orthodase,.albite, and minor amounts
of interstitial quartz ME55, MEl36), may represent
a late, low.temperature stage of K-fenitization.

The presence of quartz, chalcedony and britho-
lite in the low-temperature late potassic fenite sug-
gests a genetic relationship between this fenite and
the veins. The apatite-rich veins cannot be interpreted
as a residual stage of the fenitizing fluids, owing to
the absence of silicate and alkalis. However, if the
fenites are considered to arise from the loss of alkalis
from a possible carbonate immiscible melt, which
gradually became enriched in silica and incompati-
ble elements, and if the veins represent the later
residual (hydrothermal) stage of this melt, both types
ofrocks, fenites and veins, must have been derived
from the same volatile-rich magma, although they
repre$ent different degrees or stages of
differentiation.

CONCLUSIONS

The El Picacho Tertiary intrusive complex has
several petrographic and geochemical characteristics
that $uggest the presence of a carbonatite complex.
They are as follows: l) Silica-undersaturated alka-
line rocks such as nepheline-rich foidolites (ijolite,
urtite, juvite) are typical alkaline rocks associated
with carbonatite (Tuttle & Gittins 1966, Heinrich
1966, Eby 1975, Cullers & Medaris 1977, Le Bas
1981, 1987). 2) Fenite metasomatism is another com-
mon phenomenon in carbonatite complexes,
although the fenites in the El Picacho area appar-
ently occur in small amounts only. 3) Apatite-rich
veins and late siliceous veins with R.EE enrichment
similar to those from El Picacho have been described
in carbonatite complexes only. 4) The strong enrich-
ment in LREE, Sr, Ba and Th in the apatite-rich
veins from El Picacho is characteristic of late car-
bonatites (Borodin & Kapustin 1968, Kapustin 1971,
1983, Barber 1974,Le Bas 1981, 1987).

There are, however, some points that argue against
a carbonatite affinity for El Picacho: 1) In the Ter-
tiary alkaline province, from the Gulf Coastal Plain
in Mexico to the Trans-Pecos area of Texas, carbona-
tite rocks have not been found, and the region does
not have features of an epeirogenic uplift or a con-
tinental rift, which are "normal" environments of
carbonatite occrurences. Nonetheless, carbonatites
occur also in other types of environmsnt, including
oceanic regions (Le Bas L984). 2) There is no car-
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bonatite exposed in the El Picacho area, although
the outcrops are not abundant. We cannot exclude
the existence of carbonatite beneath the present level
of exposure of the complex.

Of course, this hypothesis needs tote tested with
more geochemical data, especially isotopic and
chronological data, in order to constrain the consan-
guinity of the different rocks of the complex and
sources.

AcrNowr-sncEMENTS

Financial support for this project was provided by
the Programa de Superconductores de Alta Tempera-
tura de Transici6n (PUSCATT) of the Universidad
Nacional Aut6noma de M6xico. The paper was
critically read by Fernando Ortega and Zoltan de
Cserna. Anthony N. Mariano visited the area and
made suggestions and criticisms. The authors thank
Robert F. Martin and the reviewers, Robert L. Cul-
lers and Daniel S. Barker, for making important
improvements to the manuscript. The figures were
drafted by Luis Burgos, the manuscript was
improved for English by M. Alcayde and B. Mar-
tiny, and the photo-ready tables were preparated by
A. G6mez. To all these persons, we are indebted.

REFERENcES

ANornsEN, T. (1988): Evolution of peralkaline calcite
carbonatite magma in the Fen Complex, southeast
Norway. Lithos 22, 99-112.

BenreR, C. (1974): The geochemistry of carbonatites
and related rocks from two carbonatites complexes,
south Nyanza, Kenya. Lithos 7, 53-63.

Banren, D. S. (1979): Cenozoic magmatism in the
Trans-Pecos province; relation to the Rio Grande
Rift. .fn Rio Grande Rift; Tectonics and Magmatism
(R.E. Riecker, ed.). Am. Geophys. Union,382-392.

(1987): Tertiary alkaline magmatism in Trans-
Pecos Texas. .fu Alkaline Igneous Rocks (J.G. Fit-
ton & B.G.J. Upton, eds.). Geol. Soc. London,
Spec. Publ.30, 415r'31.

Broourrclo, K. & Crproe-DAvrle, L. (1973): Oligo-
cene alkaline igneous activity in NE Mexico. Geol.
Mag. l l0,55l-555.

BococH, R. & Macannz, M. (1983): Immiscible
silicate-carbonate liquids as evidenced from ocellar
diabase dykes, southeast Sinai. Contrib. Mineral.
Petrol. 83.2n-n0.

BonoorN, L. S. & KerusrrN, Yu. L. (1968): Genetic
types of rare-element deposits. .Iz Geochemistry and
Mineralogy of Rare Elements and Genetic Types of
their Deposits III (K.A. Vlasov, ed.). Israel Program
for Scientific Translations, Jerusalem, Israel.

Ceuenou, M. & Parxr, J.J. (1981): Structural and
chemical variations in pyroxenes. Arn. Mineral.6,
l-50.

CANrecnEL, J.-M. & Ronn, C. (1979): K-Ar datrng on
eastern Mexican volcanic rocks - relations between
the andesitic and the alkaline provinces. J. Volc.
Geotherm. Res. 5. 99-114,

CuLLrRs, R. L. & Gnar, J. L. (1984): Rare earth ele-
ments in igneous rocks of the continental crust;
predominantly basic and ultrabasic rocks. .& Rare
Earth Element Geochemistry (P. Henderson, ed.).
Elsevier, Amsterdam Q37 -27 4).

& Mronnrs, L.G. (1977): Rare earth elements
in carbonatite and cogenetic alkaline rocks: exam-
ples from Seabrook Lake and Callander Bay,
Ontario. Contrib. Minerol. Petrol. 65. 143-153.

Druarr'r, A. & RoarN, C. (1975): Las fases del vol-
canismo en M6xico; una sintesis en relaci6n con la
evoluci6n geodin6mica desde el Cret|cico. Univ.
Nal. Autdn. Mdxico, Inst. Geolog{a, Revista l,
70-83.

Env, G.N. (1975): Abundance and distribution of the
rare-earth elements and yttrium in the rocks and
minerals of the Oka carbonatite complex, Quebec.
Geochim. Cosmochim. Acta 39, 597-620.

Fnuna, G. (1986): Principles of Isotope Geology (2nd
edition). John Wiley & Sons, New York.

Frncusor.r, J. & Cunnm, K.L. (1971): Evidence of
liquid immiscibility in alkaline ultrabasic dikes at
Callander Bay, Ontario. J. Petrol. 12, 561-585.

Frencurn, M. (1987): Glossary of Mineral Species (5th
edition). The Mineralogical Record, Tucson,
Arizona.

FnrEsroNr, I.C. & Helunror, D.L. (1980): The role of
liquid immiscibility in the genesis of carbonatites -
an experimental study. Contfib. Mineral. Petrol.73,
105-l 17.

FnEv, F.A., GnerN, D.H. & Rov, S.D. (1978):
Integrated models of basalt petrogenesisl a study of
quartz tholeiites to olivine melilitites from south-
eastern Australia utilizing geochemical and
experimental petrological data. J. Petrol. 19,
463-5t3.

GensoN, M.S. (1966): Carbonatites in Malawi. In Car-
bonatites (O.F. Tuttle & J. Gittins, eds.). John Wiley
& Sons, New York (33-71).

Gsnasruovsry, Y J. (1974): Trace elements in selected
groups of alkaline rocks. /z The Alkaline Rocks (H.
Sdrensen, ed.). John Wiley & Sons, London
(402-412\.

Hesrtr, L.A. (1984): Petrogenetic modelling - use of
rare-earth elements. .In Rare Earth Elements



THE EL PICACHO ALKALINE COMPLEX. MEXICO 335

Geochemistry (P. Henderson, ed.). Elsevier, Amster-
dam (115-152).

-, HesrlN, M.A., Fnrv, F.A. & Wnoavet, T.R.
(1968): Relative and absolute lerrestrial abundances
of the rare-earths. /n Origin and Distribution of the
Elements (L.H. Ahrens, ed.). Pergamon Press,
Oxford, England (889-912).

Herrmcu, E. W. (196O: The Geologt of Carbonatites.
Rand McNally & Co., Chicago, Illinois.

HuorsoN, M.R. & SrN Gurra, J.G. (1964): A thorium
intermediate member of the britholite apatite series.
Am. Mineral. 49, 937-951.

KeruslN, Yu. L. (1971): Mineralogy of Carbonatites.
Published for the Smithsonian Institution and the
National Science Foundation, Washington, D. C.,
Amerind Publishing, New Delhi, 1980.

- (1983): Strontium and barium geochemistry in
carbonatite complexes. Geochem. Int. 7.0(4), l -14.

KrNc, P.B. (1969): Tectonic map of North America
scale l:5,000,000. U. S. Geol. Surv., Reston Va.

Kransceano, B. A. & HeurttoN, D. L. (1988): Liquid
immiscibility and the origin of alkali-poor carbona-
tites. Minerol. Mag. 52, 43-55.

& - (1989): The genesis of carbonatite by
immiscibility. .Irr Carbonatite Genesis and Evolution
(K. Bell, ed.). Unwin Hyman, London (388-@t).

Kosrpn ver Gnoos, A.F. & WyLLrE, P.J. (1966):
Liquid immiscibility in the system Na2O-
AI2O3-SiO2-CO2 at pressures to I kilobar. Am. J.
Sci. 264.234-255.

NaAlSi3Os-CaA12Si2O3-Na2CO:-HzO. Am. J. Sci.
213, 465487.

Lr Bas, M. J. (1981): Carbonatite magmas. Mineral,
Mag 44, 133-140.

(1984): Oceanic carbonatites. 1r Kimberlites and
Related Rocks (J. Kornprobst, ed.). Elsevier,
Amsterdam (169-178).

- (1987): Nephelinites and carbonatites. /z AIka-
line Igneous Rocks (J.G. Fitton & B.G.J. Upton,
eds.), Geol. Soc. London, Spec, Publ.30, 53-83.

bonatite Genesis and Evolution K. Bell, ed.). Unwin
Hyman, London (428447),

(1972): Rare-earth conteils in carbonatites. Earth
Planet. Sci. Lett. 14,226-232.

Mronrelrosr, E. A. K. (1974): Petrogenetic model for
the origin of carbonatites, Lithos 7,275-n8.

Mrrcurll, R. H. (1980): Pyroxenes of the Fen alkaline
complex, Norway. Am. Mineral. 651 45-54.

& BnuNrsr-r, A.O. (1975): Rare earth
geochemistry of the Fen alkaline complex, Norway.
Contrib. Minerol. Petrol, 52. 247-259.

MOLLsn, P., Monrpaxr, G. & Scurev, F. (1980): Dis-
cussion of R EE' distribution patterns of carbonatites
and alkalic rocks. Lithos,13, l7l-179.

Monruoro, N. (1989): Nomenclature of pyroxenes.
Can. Minerol. n, 143-156.

Necasewa, H. (1970): Rare earth concentrations in
zircons and apatites and their host dacite and
granites. Esrth Planet. Sci, Lett.9,359-364.

Nesu, W.P. (1972\ Apatite chemistry and phospho-
rus fugacity in a differentiated igneous intrusion.
Am. Mineral. 57. 877-886.

Or-soN, J.C., Suewr, D.R., Pnev, L.C. & SHanp,
W.N. (1954): Rare-earth mineral deposits of the
Mountain Pass district, San Bernardino County,
California. U.S. Geol. Surv., Prof. Pap. Xil.

Ouzecewe K., Founcaon, S., KIENAsI, J.R. & Javov,
M. (1988): New carbonatite complexes in the
Archaean ln'Ouzzal nucleus (Ahaggar, Algeria):
mineralogical and geochemical data. Contrib.
Mineral. Petrol. 98, 277 -292.

Psnporrs, A.R. (1976): Silicate liquid immiscibility:
its probable extent and petrogenetic significance.
Am. J. Sci. 276. ll47-ll'17.& - (1968): Liquid immiscibility in the join

NaAISi3O6-Na2CO3-H2O and its bearing on the
genesis of carbonatites. Am. J, Sci. 266,932-967. (1982): Compositions of immiscible liquids in

& - (lW 3): Liquid immiscibility in the join
volcanic rocks. Contrib. Mineral. Petrol. E0'
20t-218.

Pmcn, J.G., Hrrnv, C.D., BemBn, D.S. & PARKen,
D.F. (198?): Alkalic rocks of contrasting tectonic
settings in Trans-Pecos Texas. .In Mantle
Metasomatism and Alkaline Magmatism @.M.
Morris & J.D. Pasteris, eds.). Geol. Soc. Am.' Spec-
Pap. 215,335-346.

RosrN, C. (1982): Relations volcanologie-magma-
tologie-gdodynamique: application au passage entre
volcanismes alcalin et and€sitique dans le sud mex-
icarn. Annales Scientifiques de I'Universitd de
Clermont-Ferrand II. Gdologie Mindralogie' 70.

Rocr, N.M.S. (1976): The role of CO2 in alkali rocks
genesis. Geol. Mag. 113,97'113.

RoEDER, P.L. & Etrlsrm, R.F. (1970) Olivine-liquid
equilibrium. Contrib. Mineral. Petrol. 29, 27 5-289.

(1989): Diversification of carbonatite. In Car-



336 THE CANADIAN MINERALOGIST

RunrE, D.C. & Gun-rrn, W.D. (1983): The role of
speciation in alkaline igneous fluids during fenite
metasomatism. Contrib. Mineral. Petrol. 82,
165-175.

SonENsrN, H. (ed.) (1914): The Alkaline Rocks. John
Wiley & Sons, London.

SrnecrrrsrN, A. (1976): To each plutonic rock its
proper n€rme. Earth-Sci. Rev. 12, l-33.

- (1979): Classification and nomenclature of vol-
canic rocks, lamprophyres, carbonatites and meli-
litic rocks: recommendations and suggestions of the
IUGS Subcommission on the Systematics of lgne-
ous Rocks. Geology 7, 331-335.

TRETMaN, A.H. & EssENa, E.J. (1985): The Oka car-
bonatite complex, Quebec: geology and evidence for
silicate-carbonate liquid immiscibility. Am. Mineral.
70 ,  l 10 l -1113 .

TurrLE, O.F. & GrrrrNs, J., eds. (1966):, Carbonatites.
John Wiley & Sons, New York.

Tvrrn, R.C. & KrNc, B.C. (1967): The pyroxenes of
the alkaline igneous complexes of eastern Uganda.
Mineral. Mag. 36, 5-21.

VeN WeMssrr., L. (1977\:, The Karonge rare earth
deposits, Republic of Burundi: new mineralogical-
geochemical data and origin of the mineralization.
Miner. Deposita 72, 373-380.

Vuesov, K.A. (1966)l Geochemistry and Mineraloglt of
Rore Elements and Genetic Types of their Deposits.
I. Israel Program for Scientific Translations, Jerusa-
Iem, Israel.

WarKrNsoN, D.H. & Wvtue, P.J. (1971): Experimen-
tal study of the composition join
NaAlSiOa-CaCO3-H2O and the genesis of alkalic
rock-carbonatite complexes.,L Pet ro l. 12, 3 57 -37 8,

WrLrrusoN, J.F.G. (1974): The mineralogy and petrog-
raphy of alkali basaltic rocks. /z The Alkaline Rocks
(H. Sdrensen, ed.). John Wiley & Sons, New York
(67-9s).

(1982): The genesis of mid-ocean ridge basalt,
Earth-Sci. Rev. 18, 1-57.

WrNren, C. & Bocctt-o, O.B. (1899): On some
minerals from the nepheline syenite at Julianehaab,
Greenland (epistolite, britholite, shizolite and steen-
strupite). Medd. om Grdnland U, 190-196,

Wooo, D.A. (1979): A variably veined suboceanic
upper mantle - genetic significance for mid-oceanic
ridge basalts from geochemical evidence. Geology
7 , 499-503.

WooLLEy, A.R. (1982): A discussion of carbonatite
evolution and nomenclature, and the generation of
sodic and potassic fenites. Mineral. Mag 46,13-17.

& KruRr, D.R.C. (1989): Carbonatite: nomen-
clature, average chemical compositions, and element
distribution. ft Carbonatite Genesis and Evolution
(K. Bell, ed.). Unwin Hyman, London (1-14).

Received July 16, 1990, revised manuscript accepted
December 18, 1990.


