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Abstract The Los Tuxtlas volcanic field (LTVF) of late
Miocene to Recent age is a key area to understand the
consequences of the current subduction of the Cocos
plate beneath the North American plate, as well as the
competing effects of the ongoing extension along the
Gulf of Mexico coast. Geochemical and radiogenic (Sr,
Nd, and Pb) isotope data are used to constrain the origin
of these 7 Ma to Recent magmas in this area. The ba-
sanitic and alkaline basaltic rocks show highly steep
light rare-earth element-enriched patterns implying
residual garnet in their mantle source, whereas the
evolved alkaline and sub-alkaline rocks have less steep
rare-earth element patterns consistent with a contribu-
tion from the continental crust. Geochemical and iso-
tope data from the LTVF are compared with those from
continental rifts, extension-related areas, continental
break-up regions, and island and continental arcs,
including the Central American volcanic arc related to
the subduction of the same oceanic plate (Cocos plate),
as well as with those from the two nearby Mexican
provinces [the Eastern Alkaline Province (EAP) and the
eastern part of the Mexican Volcanic Belt (E-MVB)].
These data for the LTVF primitive rocks are similar to
rifts, extension-related areas and continental break-up
regions, including the two Mexican provinces, but dif-
ferent from island and continental arcs, including the
northern part of the Central American Volcanic Arc
(CAVA). The LTVF rocks show an unusual Th and U
enrichment with respect to Ba and Rb, which also ren-
ders a distinct negative Nb anomaly (with respect to Th
and K) in them. These rocks also show a negative Nb
anomaly (with respect to Ba and La) that is similar to
numerous rift, extension-related areas, and continental
break-up regions, but distinct from all arcs around the
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world, indicating that the magma genesis processes in
the LTVF are similar to those in rifts. The “Sr-shift”,
shown to be a typical feature of most, if not all, island
and continental arcs including the CAVA, is not present
in the LTVF rocks. Numerous discrimination diagrams,
including the new discriminant function diagrams, sug-
gest a rift setting for the LTVF. An essentially extension-
related origin of the LTVF is, therefore, inferred in this
study. Furthermore, in the light of major and trace
element data for LTVF primitive rocks and their mod-
elling an incompatible element-enriched garnet-bearing
source seems plausible. The LTVF source is likely to
reside in the lithosphere rather than the asthenosphere
although the asthenospheric contribution cannot be
completely ruled out. The evolved alkaline and sub-
alkaline rocks might have a lower crustal component.
Finally, it appears that the LTVF shows more affinity to
the EAP rather than to the Mexican Volcanic Belt
(MVB), implying that the LTVF should probably be
considered as a part of the EAP.

Keywords Geochemistry - Rift - Subduction -
Mexico - Central American Volcanic Arc - Eastern
Alkaline Province - Mexican Volcanic Belt -

Island arc - Continental arc

Introduction

The Los Tuxtlas volcanic field (LTVF) is an isolated
area of volcanic centres (cinder cones and stratovolca-
noes) of Late Miocene (~7 Ma) to Recent age located
on the Gulf of Mexico coastal plain (Fig. 1; see Nelson
et al. 1995 for more details on the LTVF). It lies about
200 km SE of the easternmost part of the E-W oriented
Mexican Volcanic Belt (MVB) and about 400 km NE of
the NW-SE oriented Central American Volcanic Arc
(CAVA). Between the LTVF and MVB, volcanism is
absent, whereas between the LTVF and CAVA, only
some isolated volcanic centres, such as the El Chichon
volcano, are present. In relation to the subducting or
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Fig. 1 Location of Miocene to Recent volcanism in the Los
Tuxtlas volcanic field (LTVF), the Mexican Volcanic Belt (MVB),
part of the Eastern Alkaline Province (EAP) and the Central
American Volcanic Arc (CAVA). The eastern part of the MVB
(E-MVB) is schematically shown by a vertical, heavy, line; note also
the overlap region of the easternmost MVB with the EAP. The
plate tectonic relationship of the subducting or downgoing Cocos

downgoing Cocos plate, the ‘““volcanic front” of the
LTVF lies ~320 km from the Middle America trench
(MAT), whereas the LTVF volcanoes near the Gulf of
Mexico coast are located ~400 km from this trench
(Fig. 1).

The MVB is a geologic province of ~8,000 volcanic
centres (stratovolcanoes, cinder cones, maars, etc.) of
Miocene to Recent age, ~1,000 km long and ~50—
300 km wide, extending approximately east-west from
Veracruz to Puerto Vallarta and making an angle of
~20° with respect to the MAT (Fig. 1). Its origin is
presumably related to the subduction of the Cocos plate
beneath the North American plate (e.g. Robin 1982a;
Pardo and Suarez 1995) although this ‘“‘subduction
relationship” of the MVB has now been questioned (for
more details see Verma 2002, 2004 and references cited
therein).

The CAVA is a late Tertiary—Quaternary volcanic
province, sub-parallel to the MAT, ~1,100 km long,
extending from Mexico-Guatemala border to central
Costa Rica, and is related to the subduction of the
Cocos plate beneath the Caribbean plate (Carr et al.
1982). Although Central American continental margin
shows a well-defined, wide fore-arc basin (see the wide
area between the MAT and CAVA in Fig. 1), the
Mexican continental margin is characterized by a steep
continental slope and a narrow shelf (von Huene 1989).
These morphological differences between the Mexican
and Central American parts of the trench might have
consequences for volcanism on-land (Verma 2004).

The north—south trending Eastern Alkaline Province
(EAP) with abundant alkaline rocks is related to
extensional faults adjacent to the Gulf of Mexico (Fig. 1;
Robin 1976, 1982b). On the basis of limited age data,
Robin and colleagues (Robin and Tournon 1978;

plate with the North American and Caribbean plates is also shown.
The curves marked 5, 10, 15 and 20 show the approximate age of
the ocean crust in Ma. M AT Middle America Trench, EPR East
Pacific Rise. The volcanoes shown are: Ch El Chichon volcano, Tac
Tacana volcano, B Boqueron volcano, T Tegucigalpa volcano, Y
Yohoa volcano, U Utila Island. The cities are: MC Mexico City, V'
Veracruz, PV Puerto Vallarta

Cantagrel and Robin 1979; Robin 1982b) also suggested
that magmatism in the EAP has extended from the Rio
Grande Rift (USA), southward from near the USA—
Mexico border during the Miocene to as far south as the
LTVF during the Plio-Quaternary, implying that the
LTVF belongs to the EAP.

The LTVF is considered to be a key area to under-
stand the competing effects of subduction of the Cocos
plate beneath the North American plate and those of
ongoing extension along the Gulf of Mexico coast.
Depth contours of the subducted Cocos plate (e.g.
Burbach et al. 1984; Singh and Pardo 1993; Pardo and
Suarez 1995) show that this plate subducts ‘““‘sub-hori-
zontally” beneath the North American plate, but does so
at a much steeper angle beneath the Caribbean plate.
According to Lomnitz (1982) the downgoing slab is
seismically defined to only about 80-100 km depth, and
it becomes sub-horizontal beneath the LTVF area.
Pardo and Suarez (1995), on the other hand, using
mainly local seismic data (without stating their reliabil-
ity) claimed to have defined the downgoing slab in this
area to depths of about 120 km. In any case, with the
LTVF lying very far (about 320-400 km) from the
trench, the downgoing slab can still be considered as
“sub-horizontal” (subduction angle of only ~15°).

The origin of the LTVF is of great interest because it
is situated in this anomalous setting and because its
origin has been controversial: the existing models vary
from a simple subduction relationship (according to
Thorpe 1977), to a more complex situation in which
both arc and back-arc are located in the same LTVF
area (according to Nelson et al. 1995), and to the
extensional tectonics along the Gulf of Mexico coastal
region (according to Robin and co-workers) as discussed
below.



From petrographic description and chemical analyses
of lavas from the LTVF, Friedldnder and Sonder (1923)
were the first to point out that these lavas were domi-
nantly basaltic, including some picrites and andesites.
Pichler and Weyl (1976) concluded that the LTVF rocks
are dominantly alkaline, although tholeiitic (i.e.
sub-alkaline) suites are also present. Thorpe (1977)
concluded that the LTVF is a geographically separate
and petrologically distinct area where alkaline magmas
have risen along fractures related to the Gulf of Mexico,
although he attributed the ultimate origin of this
volcanism to subduction of the Cocos plate. Other au-
thors (Robin 1976, 1982b; Robin and Tournon 1978;
Cantagrel and Robin 1979) proposed that the LTVF is
part of the EAP related to the extension along the Gulf
of Mexico coast.

More recently, Nelson and Gonzalez-Caver (1992)
published new K—Ar dates along with chemical analyses
of lavas from the LTVF. Verma et al. (1993) reported
petrographic and major element data on rocks from this
field and emphasized the significantly more basic as well
as alkaline character of these rocks, as compared to the
MYVB rocks. Nelson et al. (1995) presented a detailed
petrological study to support a conclusion similar to the
one reached by Verma and Nelson (1989) for the
northwestern part of the MVB, according to which
alkaline magmas were derived from the underlying
mantle, whereas sub-alkaline basaltic and differentiated
lavas apparently showed involvement of subduction
fluids and the continental crust. Finally, Verma (2002)
argued from a geochemical database for basic rocks
from Mexico, Central America, and several well-known
rifts, many of which, especially the African ones, have
no documented subduction regime in their geological
history, that in southern Mexico including the LTVF,
basic volcanism related to the subduction of the Cocos
plate is absent, as opposed to Central America (CAVA)
where the relationship of volcanism with this oceanic
plate is clearly established.

Thus, a controversy regarding the origin of volcanism
in the LTVF still exists. New major and trace elements
and isotopic data along with the published information
are used in this paper to constrain the petrogenesis of
lavas in the LTVF and to support an essentially exten-
sion-related origin, with no requirement for the
involvement of subduction fluids or slab melts. Fur-
thermore, a garnet-bearing source with incompatible
element enrichment is most suited to explain the trace
element characteristics of these primitive magmas.

Geology of LTVF volcanics, samples, and analytical
details

Detailed geology was reported by Nelson and Gonzalez-
Caver (1992), Verma et al. (1993), and Nelson et al.
(1995), from which the present synthesis is prepared. The
LTVF is a mountainous area consisting of a
NW-trending ridge about 80 km long, and covers an
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area of approximately 2,200 km? with an estimated
volume of 800 km®. The LTVF rocks can be separated
into a younger and an older volcanic series. The latter
covers the areas to the east and south of Laguna Cate-
maco (differentiated and sub-alkaline rocks from 3.3 to
1.0 Ma) as well as an elliptical area surrounding Volcan
San Martin represented by basanite and alkali basalt
having ages from 6.9 to 2.2 Ma (detailed map not shown
to comply with space limitations; for maps see the ref-
erences cited above in this section). The younger volca-
nic series is found in the area immediately surrounding
the historic Volcan San Martin, and consists of basanite
and alkali basalt of age from 0.8 Ma to the historic
eruptions of 1664 and 1793 A.p. from this volcano. This
volcano is a major eruptive centre for these younger
series lavas. More than 250 cinder cones and maars
occur on the flanks of this volcano and show local
alignment of N55W, nearly parallel to the major struc-
tures in the area. According to Nelson et al. (1995) this
suggests an extensional stress field in the crust beneath
the LTVF.

Petrographically, all LTVF rocks contain pheno-
crysts and microphenocrysts of olivine, pyroxene,
plagioclase, and opaque minerals, with the exception of
a few samples, in which either olivine or plagioclase
phenocryst is absent. Detailed petrographic description
can be found in Nelson and Gonzalez-Caver (1992),
Verma et al. (1993), and Nelson et al. (1995). Several
pieces from the interiors of large (200-300 mm size)
blocks were crushed in a hardened, pure iron container
to obtain representative powders (finely ground to
<200 mesh) for chemical and isotopic analyses.

Major elements were determined by X-ray fluores-
cence spectrometry (XRF) at Universitit Maingz,
Germany, using fused glass discs (analytical details are
given by Verma et al. 1992). Magma and rock types
were inferred automatically according to total alkalis
versus silica diagram (Le Bas et al. 1986; Le Bas 2000)
and CIPW norms on an anhydrous 100% adjusted basis
with Fe;O3/FeO ratio depending on the rock type after
Middlemost (1989), using the SINCLAS computer
program (Verma et al. 2002).

Trace elements (Ba to Co) were obtained by XRF at
Universitit Mainz, Germany, using pressed powder
pallets (Verma et al. 1992) and the REE (La to Lu) by
high-performance liquid chromatography (HPLC;
Verma 1991) at Max-Planck-Institut fiir Chemie, Mainz,
Germany. The analytical errors (precision and accuracy
or trueness estimates) reported in these papers (Verma
1991; Verma et al. 1992) are generally between 0.5 and 2,
1 and 10, and 5 and 20% for major, trace, and REE
determinations, respectively.

Radiogenic isotopes were analysed on two fully
automated triple- (for Nd and Pb) and multi-collector
(for Sr) MAT 261 mass spectrometers (Verma 1992) at
Max-Planck-Institut fiir Chemie, Mainz, Germany. The
87Sr/%®Sr ratios were normalized to ®¢Sr/*®Sr=0.11940
and adjusted to SRM987 37Sr/®¢Sr ratio of 0.710230. The
measured 8’Sr/*°Sr ratio for the SRM987 standard during
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the period of measurements of this study was
0.710216 +0.000011 (1 s; n=36). The '**Nd/"**Nd ratios
were normalized to '**Nd/"**Nd=0.72190 and adjusted
to La Jolla "*Nd/'**Nd ratio of 0.511860. The measured
Nd/'"Nd ratio for the La Jolla standard was
0.511833+0.000012 (1 s; n=_82) during the same period
of measurement as the LTVF samples. &yg=
{[("**Nd/"Nd),,/(“PNd/"Nd)cqur]—13x10* (DePaolo
and Wasserburg 1976), using ("*Nd/"**Nd)cpur =0.512638.
Further, the errors for individual Sr and Nd isotope ratios
are two times the standard error of the mean (2sg). For
the Pb isotopes, 40-50 ratios were collected and the
fractionation correction was applied using SRM982
standard. Age correction on Sr and Nd isotopic ratios
(from this paper as well as from Nelson et al. 1995) was
carried out using known or assumed age data (inferred
from the geologic map of Nelson et al. 1995 and sample
locations) and measured Rb, Sr, Sm, and Nd concentra-
tions; for samples with no available concentration data,
assumed values (Rb/Sr of 0.02 and Sm/Nd of 0.2) were
used. Note that the age corrections are generally well
within the experimental errors on measured Sr and Nd
isotopic ratios and, therefore, the uncertainties in actual
ages and trace element concentrations are not really
important.

Databases

New results of major elements and Sr and Nd isotopic
ratios for 16 LTVF samples are presented in Table I,
whereas trace element data including rare-earth elements
(REE) and PDb isotopic ratios for three selected samples
are given in Table 2. Unfortunately, no Pb concentra-
tion data are still available for LTVF rocks. The data-
base for the LTVF area was established from these data
and all published sources (Nelson and Gonzalez-Caver
1992; Verma et al. 1993; Nelson et al. 1995; Verma
2002).

To better understand the volcanism of the LTVF, a
comprehensive compilation of geochemical data from
well-known rifts and extension-related areas as well as
continental break-up regions was considered necessary.
The rifts represented in this database are: Rio Grande,
USA (Johnson and Lipman 1988; Duncker et al. 1991;
Gibson et al. 1992; McMillan et al. 2000); Abu Gabra
(Davidson and Wilson 1989); East Africa (Aoki et al.
1985; De Mulder et al. 1986; Auchapt et al. 1987; Class
et al. 1994); Ethiopia (Barberi et al. 1975; Hart et al.
1989; Trua et al. 1999; Deniel et al. 1994; Barrat et al.
2003); Gregory (Macdonald et al. 1995); and Kenya
(Bell and Peterson 1991; Le Roex et al. 2001; Macdon-
ald et al. 2001). Similarly, the extension-related or
intraplate-type volcanic fields are: Basin and Range,
USA (Singer and Kudo 1986; Lum et al. 1989; Moyer
and Esperanga 1989; Perry et al. 1990; Fitton et al.
1991); Hurricane volcanic field, Utah (Smith et al. 1999);
Western USA (Kempton et al. 1991); San Quintin vol-
canic field, Baja California, Mexico (Rogers et al. 1985;

Saunders et al. 1987; Storey et al. 1989; Luhr et al.
1995); Massif Central, France (Chauvel and Jahn 1984);
Saudi Arabia (Camp et al. 1991); Taiwan strait (Chung
et al. 1994); northwestern Taiwan (Chung et al. 1995);
Eastern China (Peng et al. 1986; Zhi et al. 1990; Basu
et al. 1991; Fan and Hooper 1991; Liu et al. 1994); NE
China (Liu et al. 1992; Zhang et al. 1995; Hsu et al.
2000); N China (Han et al. 1999); and SE China (Zou
et al. 2000). Eastern and NE parts of China have been
referred to as either a rift (Liu et al. 1994; Hsu et al.
2000) or an extension-related area (Fan and Hooper
1991; Liu et al. 1992). Finally, the continental break-up
regions are represented by basalts from: Antarctica
(Brewer et al. 1992); Parana (Hawkesworth and Galla-
gher 1992; Peate and Hawkesworth 1996); Columbia
River (Hooper 1988); Wrangellia (Lassiter et al. 1995);
Greenland (Holm et al. 1992); Karoo (Duncan et al.
1984; Marsh 1987); Kwanza (Marzoli et al. 1999);
Seychelles (Devey and Stephens 1992); and Deccan
(Peng et al. 1994; Melluso et al. 1995). Complete data
sets mainly for basic rocks from these rifts and exten-
sion-related areas as well as continental break-up
regions were compiled in this database. Although the
continental break-up regions were compiled in the same
database, their separate identity was maintained in dif-
ferent diagrams constructed for comparison purposes.
Similarly, an extensive compilation of data for island
and continental arcs, including the CAVA, was also
established. The island arcs represented in this database
are: Aleutian (Kay et al. 1982; Brophy 1986; Nye and
Reid 1986; Romick et al. 1990; Singer et al. 1992; Kay
and Kay 1994; Myers et al. 1985, 2002); Burma
(Stephenson and Marshall 1984); Izu-Bonin (Tatsumi
et al. 1992; Taylor and Nesbitt 1998); Japan (Sakuyama
and Nesbitt 1986; Togashi et al. 1992; Edwards et al.
1994; Tamura 1994; Kita et al. 2001); Kamchatka
(Kepezhinskas et al. 1997); Kuril (Zhuravlev et al. 1987;
Nakagawa et al. 2002); Lesser Antilles (Arculus 1976;
Brown et al. 1977; Thirlwall and Graham 1984; Devine
1995; Smith et al. 1996; Thirlwall et al. 1997; Defant
et al. 2001); Luzon (Defant et al. 1991a); Mariana (Hole
et al. 1984; Woodhead 1988; Bloomer et al. 1989; Elliott
et al. 1997); New Britain (Woodhead and Johnson 1993);
New Hebrides (Dupuy et al. 1982); Papua-New Guinea
(Hegner and Smith 1992); Philippines (Knittel et al.
1997; Defant et al. 1989; Bau and Knittel 1993); Sangihe
(Tatsumi et al. 1991); South Shetland (Smellie 1983);
Sunda-Banda (Whitford et al. 1979; Foden and Varne
1980; Wheller et al. 1987; Stolz et al. 1988, 1990; Hoo-
gewerff et al. 1997; Turner and Foden 2001; Turner et al.
2003); Tonga-Kermadec-New Zealand (Bryan et al.
1972; Ewart et al. 1977; Gamble et al. 1995); Vanuatu
(Barsdell 1988; Barsdell and Berry 1990; Raos and
Crawford 2004); and Yap arc system (Ohara et al. 2002).
For the Andean continental arc, data were compiled
from Deruelle (1982), Frey et al. (1984); Hickey et al.
(1986), Gerlach et al. (1988), Kay et al. (1987, 1988);
Hickey-Vargas et al. (1989), Stern et al. (1990), Tormey
et al. (1991), and Lopez-Escobar et al. (1993). Finally,



also included were data from the CAVA downloaded
from M.J. Carr’s website (http://www.rci.rutgers.edu/
~carr; June 2004); only rocks from the northern part of
this province were used here to restrict the comparison to
a well-defined subduction-related segment of the CAVA,
lying relatively close to the area of study (LTVF) and
being the result of the subduction of the same oceanic
plate (Cocos plate; Fig. 1).

An extensive database for the eastern part of the
MVB (E-MVB; an updated version of Verma 2004) was
also established from several sources (Demant 1981;
Verma and Lopez 1982; Kudo et al. 1985; Negendank
et al. 1985; Ferriz and Mahood 1987; Besch et al. 1995;
Carrasco-Nuilez 2000; Siebert and Carrasco-Nuilez
2002; GoOmez-Tuena et al. 2003; Verma 1983, 1984,
2000a, 2001, 2002). The easternmost part of the MVB
overlaps with the EAP (Fig. 1); for this overlap region,
isotope data reported by Gomez-Tuena et al. (2003)
were compiled in this database. For the EAP as a
whole, additional chemical data were also compiled
from Robin (1976), Robin and Tournon (1978), Nick
(1988), Morton-Bermea (1990), Orozco-Esquivel (1995),
Ramirez-Fernandez (1996), and Trevifio-Cazares et al.
(2005). No radiogenic isotope data for the EAP were
available in any of these papers. A compilation of
Mexican lower crust compositions was also accom-
plished from several sources (Patchett and Ruiz 1987;
Ruiz et al. 1988a, b; Roberts and Ruiz 1989; Heinrich
and Besch 1992; Schaaf et al. 1994). Similarly, altered
basalt and sediment data from the Cocos plate (to
represent the downgoing slab) were also added to this
database from an earlier compilation by Verma (2000b).

Results

All LTVF rocks analysed in this study as well as from
the published literature are plotted in a total alkali—silica
(TAS) diagram (Le Bas et al. 1986; Le Bas 2000; Fig. 2a)
and are compared with rocks from two Mexican volca-
nic provinces (EAP and E-MVB; Fig. 2b), from repre-
sentative rifts or extension-related areas (Rio Grande,
western USA, Hurricane volcanic field, Djibouti, and
China; Fig. 2c, d) as well as with the CAVA rocks
plotted here as representative of arcs (Fig. 2e) and the
Andean continental arc (Fig. 2f). The LTVF rocks (50
samples plotted in Fig. 2a) are mostly ultrabasic (15
samples) and basic (26 samples) alkaline rocks, with only
a few sub-alkaline (4 samples: 1 basic and 3 intermediate
rocks) and differentiated rocks (5 samples). Surprisingly,
the LTVF rocks show widely varying total alkali con-
tents at any given SiO, level (Fig. 2a), which is also the
case of two other Mexican areas (EAP and E-MVB;
Fig. 2b), especially the EAP, as well as of numerous rifts
(Fig. 2c, d). The major element compositions of the
CAVA (Fig. 2e) and Andean continental arc rocks
(Fig. 2f), on the other hand, show a well-defined evo-
lution, mainly in the sub-alkaline field, from sub-alkali
basalt to rhyolite (rhyolitic rocks are not shown), except
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for some alkaline rocks, mostly from the back-arc re-
gion.

Harker-type diagrams (plots not shown) show, with
increasing SiO,, decreasing TiO,, MgO, Mg#, and to a
lesser extent, P,Os, but less regular trends for Al,O;
(although somewhat increasing with SiO,) and K,O.
The REE in LTVF rocks show light REE (LREE)-en-
riched, heavy REE(HREE)-depleted patterns (only a
few representative primitive samples from the LTVF
database are shown in Fig. 3). The REE patterns of
differentiated rocks (plots not shown) are also LREE-
enriched but show rather flat HREE (see Nelson et al.
1995 for more details).

A few representative LTVF primitive rocks (for
definition see below the section of Heterogeneous mantle
melting) are also plotted on a primitive mantle-
normalized multi-element diagram (Fig. 4a) and com-
pared with similar primitive rocks from the EAP and
E-MVB (Fig. 4b), continental rifts (Fig. 4c), and conti-
nental arcs (Fig. 4d). The LTVF rocks show a highly
significant enrichment of Th and U with respect to
(w.r.t.) Rb and Ba, and a depletion of Nb and Ta w.r.t.
Th and U (but much less pronounced depletion of Nb
and Ta w.r.t. Rb and Ba or w.r.t. K and La; Fig. 4a).
Trachybasaltic magmas from the EAP and E-MVB also
show this behaviour (Fig. 4b). The Th-U enrichment
w.r.t. Rb—Ba is not a common feature of continental rifts
(although the Rio Grande basanite does show Th
enrichment; Fig. 4¢) nor is the case of island and conti-
nental arcs (in the CAVA and Andes, Ba is the most
enriched element of the group of Rb—Ba-Th-U; Fig. 4d).
Furthermore, basic magmas from the front-arc (of the
CAVA and Andes) are significantly depleted in Nb w.r.t.
Ba, but those from the back-arc are significantly enriched
showing a positive Nb anomaly (Fig. 4d).

The Sr, Nd, and Pb isotopic ratios for the LTVF
magmas range as follows: *’Sr/*Sr 0.70300-0.70420;
I9Nd/"Nd 0.51271-0.51310; 2°°Pb/**Pb 18.62-18.92;
207pp2%*Pb  15.47-15.65; *%°Pb/**Pb  38.06-38.64.
Although these isotopic ratios of primitive and evolved
rocks show overlapping ranges, the Sr isotope ratios of
primitive rocks from the LTVF (0.70300-0.70379; mean
+ 1s ~0.70336+0.00016; 28 data) are slightly lower
than those for evolved rocks (0.70326-0.70418;
~0.70356 £0.00030; 7 data), and the corresponding Nd
isotopes are slightly higher (~0.51292+0.00006 for
primitive vs. ~0.51287 £0.00009 for evolved rocks). On
a Sr—Nd isotope diagram (Fig. 5a), the LTVF primitive
rocks [Mg-value > 63; (SiO5),qj <52%] plot in the same
field as the primitive rocks from continental rifts and
extension-related areas as well as island and continental
arcs. A similar comparison of these LTVF rocks is
presented with the E-MVB (and the overlap region of
the EAP and E-MVB) primitive rocks as well as with the
Mexican lower crust (Fig. 5b). Altered basalts and
sediments from subducting Cocos plate (‘““Downgoing
slab” in Fig. 5a, b) are included to show that the slab
composition (basalt-sediment mixing curve) plots
considerably to the right of the LTVF and E-MVB
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Table 1 New major element, CIPW norm, and isotopic data for 16 volcanic rock samples from the LTVF, Mexico

Sample TUX04 TUX07 TUX15 TUX06 TUXO01 TUX02 TUX05 TUX13
Long. (°W) 95.07056 95.09333 95.29306 95.09139 95.09750 95.03333 95.07222 95.26361
Lat. (°N) 18.57972 18.64389 18.46500 18.62500 18.42389 18.51361 18.59722 18.43861
Age (Ma) ~7 ~7 ~2.6 ~7 ~1.6 ~0.8 ~7 ~2.6
Rock-type BSN, mnp BSN, mnp BSN, mnp BSN, bsn B, alk B, alk B, alk B, alk
Magma-type Ultrabasic ~ Ultrabasic ~ Ultrabasic ~ Ultrabasic ~ Basic Basic Basic Basic
Si0, 41.78 42.46 42.89 44.43 44.60 45.82 45.59 45.92
TiO, 2.64 1.83 2.30 1.94 1.80 1.89 1.66 1.64
AlL,Oy 11.70 11.86 12.21 12.33 11.77 12.59 13.05 12.21
Fe,O1 13.90 12.61 13.08 12.71 11.52 11.63 11.37 11.47
MnO 0.19 0.20 0.19 0.20 0.18 0.17 0.19 0.17
MgO 13.28 14.34 13.65 12.96 14.11 13.07 11.93 14.12
Ca0 11.04 12.72 11.07 11.20 10.79 11.01 12.00 10.53
Na,O 3.92 2.78 3.47 2.68 2.73 2.65 2.28 2.58
K,O 1.74 0.69 1.43 0.77 0.80 0.94 1.05 0.82
P,Os 0.84 0.80 0.75 0.78 0.82 0.47 0.36 0.53
LOI —0.30 0.00 —0.34 0.12 0.18 0.00 0.27 0.00
Sum 100.73 100.29 100.70 99.12 99.30 100.24 99.75 99.99
(SiO2)adj 41.84 4279 42.92 4435 45.44 46.16 46.28 46.38
(Na,O + 5.67 3.50 4.90 3.52 3.60 3.62 3.38 3.43
QKZO)adj
Or - 4.11 7.78 4.64 4.82 5.60 6.30 4.89
Ab - 0.02 - 9.24 12.21 12.71 10.13 14.51
An 9.20 17.98 13.53 19.75 17.83 19.83 22.61 19.50
Lc 8.07 - 0.53 - - - - -
Ne 18.00 12.84 15.92 7.54 6.14 5.35 5.12 4.09
Di 31.46 32.42 29.35 25.61 25.06 25.79 28.53 23.87
Hy - - - - - - - -
ol 22.88 24.45 23.88 24.74 25.93 23.42 20.71 26.19
Mt 3.08 2.81 2.89 2.87 2.60 2.59 2.55 2.56
1l 5.02 3.50 437 3.76 3.48 3.62 3.20 3.14
Ap 1.95 1.87 1.75 1.84 1.94 1.10 0.85 1.24
Cs 0.34 - - - - - - -
Mg# 69.07 72.66 70.92 70.44 74.11 72.43 71.04 74.21
FeOT /MgO 0.94 0.79 0.86 0.88 0.74 0.80 0.86 0.73
87Sr/3%Sr + (2s) 0.703236+  0.703488+  0.703297+  0.703380+  0.703384+  0.703344+  0.703599+  0.703458 =
0.000014 0.000013 0.000013 0.000008 0.000008 0.000006 0.000008 0.000011
BSNA/MNd + (2sp)  0.512940+ 0512941+  0.512956+  0.512936+  0.512938+  0.512949+  0.512911+  0.512950+
0.000012  0.000014 0.000014 0.000008 0.000008 0.000013 0.000013 0.000008
87Sr/86Sr2i 0.703227 0.703482 0.703294 0.703374 0.703383 0.703343 0.703593 0.703456
(*3Nd/"Na); 0.512934 0.512935 0.512954 0.512930 0.512937 0.512948 0.512905 0.512948
(ena)i 5.78 5.80 6.16 5.70 5.83 6.05 522 6.05

The subscript ‘adj’ refers to adjusted data (anhydrous 100% adjusted basis); Mg# = 100Mg>*/(Mg?" + Fe*"), atomic; Fe,O1 = total
from the ““Data repository” of Verma (2002). Complete duplicate analysis of TUXO03 shows the reproducibility of major elements for the
2002) BSN, mnp: basanite, melanephelinite; BSN, bsn: basanite; B, alk: alkali basalt; PIC: picrite; BA: basaltic andesite; (2sg): two times

rocks. Similarly, on other isotope-isotope diagrams
(Fig. 6a—d), the LTVF primitive rocks are plotted along
with those from the E-MVB. The “Downgoing slab”
basalt-sediment mixing curve indicates that the LTVF
and E-MVB rocks fall close to this curve at ~1-5%
sediment with 99-95% altered basalt mixture [*'Sr/*®Sr
vs. 2%°Pb/?%*Pb (Fig. 6a) and 2°*Pb/***Pb vs. 2°°Pb/***Pb
(Fig. 6d)], but at ~5-30% sediment with 95-70% al-
tered basalt mixture ['**Nd/"*Nd vs. 2°° Pb/***Pb
(Fig. 6b)] and mostly away from this mixing curve on
207pp2%Pb vs. 2%Pb/2**Pb diagram (Fig. 6¢). Addi-
tional isotope data available for seamounts from the
Cocos plate (e.g. Zindler et al. 1984; Graham et al. 1988;
Werner et al. 2003) were not included in Fig. 6 because
the corresponding locations do not represent the
downgoing slab. Low-temperature seawater alteration

of basaltic rocks is a common process to significantly
modify the chemistry of downgoing slabs, including Sr,
Pb, and, to a lesser extent, Nd isotope ratios, as com-
pared to the younger parts of the oceanic plates (e.g.
Verma 1992; Jochum and Verma 1996, and references
therein).

Bivariate diagrams based on carefully selected vari-
ables (Fig. 7a—f) were constructed using trace elements
and their ratios in only primitive rocks from the present
database of the LTVF, continental rifts, extension-re-
lated areas, continental break-up regions, island arcs,
the CAVA, and the Andes. These chosen variables are
excellent geochemical fingerprints of subducted slab and
mantle sources. Similar combinations of elements were
used in bivariate diagrams by Nelson et al. (1995), in
which primitive as well as differentiated rocks from



Table 1 (Contd.)

877

TUXI16 TUXI10 TUXO03-a TUXO03-b TUX09 TUXO08 TUX14 TUX11

95.30833 95.01306 95.05972 95.05972 95.01917 95.04528 95.29611 95.01500

18.53528 18.40722 18.53111 18.53111 18.43111 18.43639 18.45944 18.36806

~2.6 ~1.6 ~0.8 ~0.8 ~1.6 ~1.6 ~2.6 ~1.6

B, alk B, alk B, alk B, alk B, alk B, alk PIC BA

Basic Basic Basic Basic Basic Basic Basic Intermediate

46.19 46.02 46.02 46.64 46.26 46.80 43.94 54.54

1.42 1.32 1.86 1.86 1.36 1.67 1.50 1.00

13.25 14.16 12.95 13.09 14.38 13.02 11.52 18.18

10.94 11.18 11.35 11.04 11.85 11.01 11.00 8.32

0.18 0.19 0.18 0.18 0.18 0.18 0.18 0.15

13.57 11.49 12.22 12.08 11.67 12.22 15.81 3.74

10.76 11.08 10.96 11.02 11.95 10.87 11.19 9.94

2.76 2.63 2.67 2.76 3.02 2.68 2.03 3.74

0.78 0.84 0.90 0.93 0.68 0.89 0.73 1.24

0.33 0.55 0.49 0.41 0.33 0.52 0.46 0.26

0.00 0.08 0.00 0.00 —0.74 0.06 1.38 0.42

100.18 99.54 99.60 100.01 100.94 99.92 99.74 99.53

46.54 46.72 46.66 47.08 45.95 47.31 45.10 54.38

3.57 3.52 3.62 3.72 3.68 3.61 2.83 5.06

- - - - - - - 2.35

4.64 5.04 5.39 5.55 3.99 5.32 4.43 7.44

13.43 15.59 15.06 15.59 10.90 17.26 7.91 32.15

21.62 24.72 20.98 20.77 23.51 21.09 20.70 29.61

5.47 3.79 4.25 4.33 7.84 3.07 5.27 -

24.06 22.13 24.85 25.48 26.84 24.10 26.55 11.28

- - - - - - - 12.02

24.84 22.38 22.19 21.30 20.98 22.27 28.64 -

2.44 2.51 2.54 2.46 2.60 2.46 2.50 2.60

2.72 2.54 3.58 3.56 2.57 3.21 2.92 1.93

0.77 1.29 1.15 0.96 0.76 1.22 1.09 0.61

74.35 70.61 71.56 71.89 69.71 72.18 77.06 53.07

0.72 0.88 0.84 0.82 0.91 0.81 0.63 2.00

0.703388 + 0.703512 + 0.703374 + 0.703403 + 0.703388 + 0.703527 + 0.703444 +
0.000013 0.000006 0.000008 0.000008 0.000007 0.000013 0.000008

0.512967 + 0.512945 + 0.512936 + 0.512942 + 0.512933 + 0.512902 + 0.512880 +
0.000008 0.000014 0.000008 0.000012 0.000012 0.000015 0.000010

0.703386 0.703511 0.703373 0.703402 0.703387 0.703525 0.703443

0.512965 0.512944 0.512935 0.512941 0.512932 0.512900 0.512879

6.38 5.96 5.80 5.90 5.73 5.11 4.70

iron expressed as Fe,05; FeOT = total iron expressed as FeO. Data for two samples (TUX04 and TUX15) in this table and Table 2 are
entire analytical process (sample crushing, glass bead preparation, and XRF counting). Rock-type abbreviations are (also see Verma et al.

the standard error of the mean for the isotopic data

the LTVF were plotted to show the effects of crustal
contamination.

As an example, a high Ba/Nb ratio [Ba, a large ion
lithophile element (LILE), is fluid mobile and therefore,
indicative of slab; and Nb, a high field strength element
(HFSE), is relatively fluid immobile and, therefore,
indicative of mantle wedge] is considered an excellent
subduction signal. Similarly, a high Sr/P ratio (Sr, a
LILE, is fluid mobile, indicative of slab; and P, a HFSE,
is fluid immobile, indicative of mantle) is also an excellent
subduction signal (e.g. Davidson 1996; Borg et al. 1997).
On the contrary, low Ba/Nb and Sr/P ratios are indica-
tors of mantle sources without a significant subduction
component and/or crustal contamination. These ratios
are low (Ba/Nb <30; Sr/P<0.5) in the LTVF primitive
rocks (Fig. 7a), as is the case of most such rocks from

continental rifts, extensional regions, and break-up
areas. The LTVF primitive rocks contrast from similar
rocks from island and continental arcs including the
CAVA. Most of the arc rocks plot outside the LTVF field
because they show significantly higher values of either or
both of these parameters. A plot of Rb/La and Cs/Th
(Fig. 7b) also shows low values of both ratios for the
LTVF and rift rocks, with high values of both ratios
being indicative of subduction signal as exemplified by
most arc rocks. Note that although the data for Cs/Th
are scarce, its high values are typical of arcs.
[Nb/Nb" | Ipsimitive-mante anomaly is a good quantitative
measure of Nb depletion (value < 1) or enrichment (value
> 1) w.r.t. Th and K as compared to the primitive mantle.
A plot of this parameter against the slab-indicative
parameter Ba/La (Fig. 7c) shows that the LTVF
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Table 2 New trace element and Pb isotope data for three selected
samples from the LTVF, Mexico

Sample TUX04, TUXI15, TUXO09,
BSN, mnp BSN, mnp B, alk
Ba 536 414 248
Nb 71 437 13.4
Zr 282 222 115.6
Y 278 242 20.3
Sr 1,008 931 582.2
Rb 33.1 24.8 10.7
Zn 133 106 82
Cu 80 83 96
Ni 330 333 220
Cr 640 658 606
\% 281 245 289
Co 76 56 53
La 56 56 238
Ce 109 107 48
Pr 12.8 12.1 5.7
Nd 51.6 50.6 24.4
Sm 10.2 9.7 4.98
Eu 3.05 2.75 1.51
Gd 8.6 8.0 4.76
Tb 1.26 1.10 0.6
Ho 0.89 0.82 0.73
Er 2.05 1.92 1.92
Tm 0.22 0.18 0.25
Yb 1.40 1.21 1.68
Lu 0.20 0.16 0.20
206pp 204ph 4 (2s)  18.922+0.004 18.826+0.005 18.743 +0.004

207pp 2%ph 4+ (2s5)  15.607 +£0.005 15.574+0.004 15.592+0.004
208pp2%Ph + (2sp)  38.644+0.008 38.517+0.007 38.475+0.008

primitive rocks have low Ba/La (< 14) and relatively high
[Nb/Nb"{Ipsimitive-mante (>0.28). The value of this Nb
anomaly parameter, although showing Nb depletion, is
much higher than most arc values, which are as low as
~0.05. Furthermore, because of Th enrichment, i.e. be-
cause of high Th concentrations, and not due to low Nb
concentrations as indicated below in Fig. 7d, the LTVF
rocks show lower [Nb/Nb " ]primitivemantie than most con-
tinental rift rocks (Fig. 7c).

A plOt of [Nb/Nb*Z]Primitive-mantle anomaly (deﬁned
w.r.t. Ba and La) against Nb concentration (Fig. 7d)
shows that the LTVF rocks have Nb> 12 ppm and [Nb/
Nb*z]Primitive_mant]e > 0.3, and occupy a field similar to the
compiled rifts and extension-related areas, but distinct
from island and continental arcs. Note numerous
primitive samples from rifts have similar values for these
parameters, in particular [Nb/Nb 5]primitive-mante < 1; i
fact, some of them even show [Nb/Nb*2]Primitive_manﬂe
<0.3 (Fig. 7d). Some rift and back-arc rocks do show a
pOSitiVC Nb anomaly ([Nb/Nb*Z]Primitive-mantle> 1) I
propose that Nb depletion with respect to Ba and La
(i.e. [Nb/Nb",]primitive-mantic < 1) must be accompanied
by low Nb concentration (<10 ppm) in primitive rocks
for such a depletion to be a diagnostic feature of an arc
environment (Fig. 7d). Likewise, high Zr/Nb combined
with low Zr concentration (<110 ppm) in primitive
rocks seems to be a similar diagnostic feature for arcs
(plot not shown).

The La/Yb ratio [La, a light REE (LREE), is a highly
incompatible element, and Yb, a heavy REE (HREE), is
a less incompatible element; both are relatively fluid-
immobile elements] is an excellent indicator of degree of
enrichment (high value of La/Yb for enriched sources)
or degree of melting (lower value of La/Yb for higher
degree of melting) of mantle sources (Verma 2002).
Similarly, the La/Sm ratio is also an indicator of mantle
sources and their degree of melting. In La/Yb-La/Sm
diagram (Fig. 7e¢) the LTVF primitive rocks and most
rift rocks show high values of both parameters, with
very few rocks from arcs falling in the LTVF field.

Finally, high values of both LILEg/LREEg and LI-
LEg/HFSEg ratios (LILE showing combined or aver-
aged behaviour of K, Rb, Ba, and Sr; LREE
representing La, Ce, and Nd; and HFSE representing Ti,
P, Zr, and Nb; the subscript E refers to silicate earth
normalization; see Fig. 7 for explanation) are excellent
subduction signals (Verma 2004). These ratios are low in
the LTVF magmas, as is the case of most rifts and
extension-related areas (Fig. 7f; see explanation of
Fig. 7 for the method of calculations). On the other
hand, both ratios are typically very high for primitive
rocks from arcs (for most of them [LILEg/
LREEg]~1.5-5.0; and [LILEg/HFSEg]~2.8-10).

It should be noted that a few back-arc rocks such as
those from Yohoa volcano in CAVA (Fig. 1), but not
many other, plot in the fields outlined for the LTVF and
rift rocks (Fig. 7). In summary, in terms of these
parameters the characteristics of the LTVF primitive
rocks (Fig. 7; and this database) can be summarized as
follows: Ba/Nb<30; Sr/P<0.5; Rb/La<l1.3; Cs/
Th< 02*5: [Nb/Nb*I]Primitivc—mantle > 0287 Ba/La < 14:
[Nb/Nb 2]Primitive—mantle > 03, Nb>12 ppm; Zr/Nb < 12:
Zr>110 ppm; [La/Yb]chn >9; [La/Sm]y > 2.6; [LILEg/
LREEg] < 1.5; and [LILEg/HFSEg] <2.8. Any petroge-
netic model should explain these ‘rift-like”” chemical
characteristics of the LTVF and their significant differ-
ences from ‘“‘arc-type’ chemistry.

Discussion
Rock types and their distribution

No rocks with >60% SiO; have yet been reported from
the LTVF (Fig. 2a). This contrasts with the neighbour-
ing northern part of the CAVA province (volcanoes in
Guatemala, El Salvador, Honduras, Nicaragua, and
northwestern part of Costa Rica; Fig. 2¢; e.g. Carr et al.
1982), where differentiated high-silica dacitic and rhyo-
litic rocks are commonly present.

Furthermore, the distribution of rock types shown
by the LTVF (Fig. 2a) is typical of many well-known
rifts and extension-related areas (some selected regions
are shown in Fig. 2c, d) including the Mexican EAP
and the E-MVB (LTVF and EAP are more similar in
this respect; Fig. 2b), but differs significantly from that
observed in arcs compiled in the present study



879

a v:\‘\
/ LTVF . o T
—~ 8¢t ’ \‘\,\ \
g6t BN <><> o \‘-\
_8 00 ST ‘
8\. % o\ ’ A
Sul 0% g
< 4r M 8 80 °© * BA
= o @ z
o Yo O B <& Alkaline rocks
B < 4 Sub-alkaline rocks
5 :
o d " [Rifts: Other areas Yoo
; AN . ’-._EE‘ o E| g
E 8 \ L
£ "
& e
B 6t : o \
e .
¥ e ' .
+ d . =
o 4+,
Océ\' 4 :+‘::%‘W :I:l Rio Grande O . ;'..!'? .
< +o e W-USA angg SJHoe o O Djbouti
. o o+ ° e ESNE China
+ + Hurricane OO g .
— e ] .,
2 ooo i
By T =X T T SN : j i
e / An nar \ O  Front-arc
T 8t ! . / ® Back-arc y® o A
£ "/ \
S
I
j 6 r :..'
>
+
Q 4r D
N
1] [u]
zZ [=}
2 el S L . |
40 45 50 85 60 65 40 45 50 55 60 65

(SiOp)aq; (Yem/m)

Fig. 2 A total alkali-silica (TAS) classification diagram for rocks
from the Los Tuxtlas volcanic field (LTVF), the Eastern Alkaline
Province (EAP), the eastern part of the Mexican Volcanic Belt (E-
MVB; east of the 97°W), well-known rifts, CAVA, and the Andes.
Major element concentration data are on an anhydrous 100%
adjusted basis and expressed in %om/m (mass/mass unit; this unit
name is now recommended to be used instead of the more
conventional wt%). The rock-type fields are: BSN basanite, PB
picrobasalt, B basalt, TB trachybasalt, BT 4 basaltic trachyande-
site; BA basaltic andesite; T4 trachyandesite, 4 andesite, T

(Fig. 2e, f). In continental arcs, ultrabasic rocks are
practically absent and basic rocks are scarce being
much less abundant than intermediate and felsic rocks
(for the CAVA, see Fig. 2¢ and http://www.rci.rut-
gers.edu/~carr; for the Andes, see Fig. 2f, see also
papers by Deruelle 1982; Hickey et al. 1986; Kay et al.
1987, 1988; Gerlach et al. 1988; Tormey et al. 1991;
Lopez-Escobar et al. 1993; Kay and Gordillo 1994).

(Si0)ag (%m/m)

trachyte. a LTVF (alkaline and sub-alkaline rocks are distin-
guished); b extension-related Mexican provinces (EAP and E-
MVB); c rifts from USA (Rio Grande, Western USA, and Hurrican
volcanic field); d rifts or extension-related areas from Africa
(Djibouti) and China (East and North-East China); e subduction-
related volcanic rocks from the northern part of the CAVA (front-
arc and back-arc rocks are distinguished); and f subduction-related
volcanic rocks from the Andean continental arc (also front-arc and
back-arc rocks are distinguished)

Therefore, if, as suggested by Thorpe (1977) and
Nelson et al. (1995), the LTVF were a continental arc
(arc and back-arc in the same place according to
Nelson et al. 1995), and, in fact, the LTVF should be
an arc in the framework of the subduction of the
Cocos plate beneath the North American plate
(Fig. 1), the rock type distribution is certainly not
typical of a continental arc.
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Fig. 3 Chondrite-normalized REE plots for selected primitive
rocks from the LTVF [samples are identified by their names as
well as (8i0,),qj and Mg# in parentheses; the (S10,),qj parameter is
the adjusted SiO, value from the SINCLAS program by Verma
et al. 2002]. Average chondrite values (ppm or pg/g) used for
normalization are from McDonough and Sun (1995): La 0.237; Ce
0.613; Pr 0.0928; Nd 0.457; Sm 0.148; Eu 0.0563; Gd 0.199; Tb
0.0361; Dy 0.246; Ho 0.546; Er 0.160; Tm 0.247; Yb 0.161; and Lu
0.0246

Isotopic constraints

Numerous primitive rocks from island and continental
arcs, including the CAVA, fall in an area to the right of
the mantle array, closer to the curve represented by
basalt-sediment mixtures from the downgoing Cocos
plate (Fig. 5a). This tendency can be explained by three-
or four-component mixtures of a mantle less-depleted
than MORB, a MORB mantle, and the altered MORB
and sediments of respective downgoing slab (see sche-
matics of arrows in Fig. 5a). The location of arc rocks to
the right of the mantle array shows a direct link of these
volcanic rocks with the subduction process (involvement
of subducted slab in magma genesis either through
slab melts or fluids). Sr—Nd isotopic data of the LTVF
primitive rocks (Fig. 5a) plot in a wide area close to
numerous rocks from rift or extension-related areas (in
spite of their different histories of evolution), implying a
similar tectonic origin for the LTVF. It is noteworthy that
none of the LTVF rocks plots at locations right of the
mantle array, near the “Downgoing slab” (Fig. 5a, b).
The combined isotopic Sr—Nd constraint (the
“Sr-shift”), viz., a shift of arc magmas towards higher
87Sr/86Sr values at a given '"Nd/'*Nd or a shift
towards higher ®’Sr/*°Sr and lower '**Nd/"**Nd values,
i.e. for both these trends, a general shift towards the
right of the “mantle array” (see island and continental
arcs data in Fig. 5a), is a very strong criterion for a
direct subduction relationship through involvement of
dehydration fluids and/or slab melts in mantle melting.
Such a shift has been observed not only in the CAVA
(Feigenson and Carr 1986; Carr et al. 1990), but also in
many other arcs if not all of them (although this
observation was not specifically emphasized by
the respective authors), such as Lesser Antilles arc
(Hawkesworth et al. 1979; White and Patchett 1984;

Davidson 1985, 1986; White and Dupré 1986; Smith
et al. 1996; Thirlwall et al. 1997), South Sandwich island
arc (Hawkesworth et al. 1977), New Britain island arc
(DePaolo and Johnson 1979; White and Patchett 1984;
Woodhead and Johnson 1993), Sunda arc (Hoogewerff
et al. 1997), Sangihe arc (Tatsumi et al. 1991), Marianas
arc (White and Patchett 1984; Lin etal. 1990),
Izu-Bonin arc (Taylor and Nesbitt 1998), Kamchatka
arc (Kepezhinskas 1995), Tonga-Kermadec arc (Gamble
et al. 1995), and Philippines arc (Knittel et al. 1997).
Further support for this proposal comes from the
Franciscan subduction complex, California, where this
tendency of Sr—Nd isotopic data clearly persists for
metabasaltic rocks (Nelson 1995) or from leaching
studies of oceanic basalts (Verma 1992).

This isotopic tendency is clearly not observed in the
LTVF because the data plot within or even to the left of
the “mantle array” (Fig. 5a). But if we assume the
horizontal spread of the isotopic compositions of the
LTVF (i.e. increase in ¥’Sr/*®Sr at a given '*Nd/'**Nd
or an increase in ¥’Sr/*°Sr accompanied by an increase in
143Nd/"**Nd) to have resulted from the involvement of
the subducted slab, the rocks with a higher slab input
should presumably lie closer to the trench and those with
a lesser slab component farther away from it, towards
the Gulf of Mexico coast (Fig. 1). The actual geo-
graphical distribution of Sr and Nd isotopic composi-
tions of the LTVF rocks (plot not shown) does not
justify this interpretation, and seems to be consistent
with the “‘sub-horizontal” slab inferred beneath the
LTVF area (Lomnitz 1982). In any case, there should be
evidence in trace element compositions supporting the
addition of subduction fluids or melts, which is clearly
not observed (see Fig. 7a—f and discussion below).
Therefore, the isotopic diversity of the LTVF magmas is
not likely to result from involvement of subducted slab.
In fact, the LTVF rocks seem to show more a vertical
spread (than a horizontal one) on the Sr—Nd isotope
diagram (Fig. 5), which might be due to tapping of
different regions of an isotopically heterogeneous mantle
thorough the time span (~7 Ma to present) covered by
these samples. Another observation worth commenting
on is that several rocks from arcs including the CAVA
also do plot on the mantle array close to the LTVF
rocks, suggesting a common mantle source for both the
CAVA and the LTVF.

Finally, the involvement of the “Downgoing slab” in
the genesis of the LTVF magmas is also not favoured by
other isotope systematics because the ®’Sr/*°Sr,
206pp 204pp, and “%%Pb/2**Pb data (Fig. 6a, d) require
only a small sediment component (~1-5%), whereas the
MNd/"Nd and 2°°Pb/***Pb data (Fig. 6b) are only
compatible with a much higher sediment component
(~5-30%, inconsistent with the other isotopes) and the
207pp/2%4Pb data (Fig. 6¢) cannot be easily reconciled by
this process. On the other hand, the unpublished data by
Sadofsky and Hoernle from the subducting Cocos plate
(see individual data plotted in Fig. 6) also cannot ex-
plain the isotopic characteristics of the LTVF magmas
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Fig. 4 Primitive mantle-normalized multi-element diagrams for
representative primitive rocks from a LTVF; b EAP and E-MVB; ¢
rifts represented by Rio Grande and Kenia; and d northern CAVA
and the Andean continental arc. The samples are identified by their
rock types as well as (SiO),qj and Mg# in parentheses. For
rock types see the explanation of Fig. 2 (alk alkaline, subalk

because most of the LTVF samples would fall away
from any possible basalt-sediment mixing curve.

Trace elements and their ratios as subduction
or mantle signals

In all bivariate diagrams (Fig. 7a—f) constructed using
only primitive rocks, the chemical characteristics of the
LTVF rocks summarized above and the fact that the
LTVF rocks occupy a field distinct from most arc rocks
but similar to rift rocks are also indicative of a negligible
slab contribution in the LTVF rocks. As an example,
both [La/Yb]chnn and [La/Sm]cnn values (chondrite-
normalized ratios) for the LTVF rocks are similar to
those of magmas from rifts and extension-related areas,
and distinct from (higher than) the arcs, including the
CAVA, and even the continental break-up areas
(Fig. 7e).

Similarly, a negative Nb anomaly (here quantified
by the parameter [Nb/Nb'ilprimitive-mante OF [Nb/
Nb 5]primitive-mante) commonly believed to be a diag-
nostic feature of an arc environment is also a common
feature of primitive rocks from rifts, extension-related
regions, and continental break-up areas (Fig. 7c, d).

Rb BaTh U Nb Ta K LaCe Sr P Nd Zr Hf SmEu Ti Y Yb Lu

sub-alkaline). The primitive mantle values (pg/g) for normalization
are from Sun and McDonough (1989): Rb 0.635; Ba 6.989; Th
0.085; U 0.021; Nb 0.713; Ta 0.041; K 250; La 0.687; Ce 1.775; Sr
21.1; P 95; Nd 1.354; Zr 11.2; Hf 0.309; Sm 0.444; Eu 0.168; Ti
1,300; Y 4.55; Yb 0.493; Lu 0.074

The main difference is that in arcs the negative Nb
anomaly is accompanied by low Nb concentrations,
whereas in rifts (and the LTVF) it is associated
with relatively higher Nb contents. One may argue that
because the concentration of a highly incompatible
element such as Nb or Zr depends not only on the
source concentration but also on the degree of melting,
this distinction is not important. In fact, the distinction
between arcs and rifts persists even when new combined
bivariate diagrams between [Nb/Nb’lprimitive-mante OT
[Nb/Nb*z]primime_mm]e parameter against Ba/Nb, Sr/P,
Rb/La, Cs/Th, Ba/La, K/La, or Zr/Nb (some of these
ratios are slab-indicative; Fig. 7) are prepared (plots
not shown) where these ratio parameters are relatively
less sensitive to the degree of mantle melting (than Nb
concentration).

Another important point to note in most of the plots
in Fig. 7 is that magmas from continental break-up
areas (initiation of rifting) have lower concentrations of
HFSE as compared to mature rifts. Finally, I propose
that low values of the combined normalized parameters
[LILEg/LREEg] and [LILEg/HFSEg] are excellent
indicators of a rift environment as is the case of the
LTVF (Fig. 7f), whereas their high values are diagnostic
of an arc setting.
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Fig. 5 %7Sr/*°Sr—1**Nd/'"**Nd plot for the LTVF primitive rocks
and their comparison with other tectonic areas, mantle and crustal
reservoirs, and the downgoing slab. The symbols used are shown as
inset in each figure. Trace of the “mantle-array” (dashed lines) is
included for reference (Faure 1986). a The LTVF rocks are
compared with similar primitive rocks [Mg# > 63; (Si0;)aqj < 52%]
from continental rifts including extension-related areas as well as
from island and continental arcs including the northern part of the
CAVA; all mantle components named after Zindler and Hart
(1986) are: BSE bulk silicate earth or PUM primitive uniform
mantle reservoir; PREMA prevalent mantle composition; HIMU
high U/Pb mantle component. Also included is the mixing line
(thick solid curve) of two-component mixing of altered basalts and
sediments from the downgoing Cocos plate (Verma 2002); this is
designated as “Downgoing slab”. The numbers (2-20%) indicate
the %m/m of the sediment component in this mixture. Note the
shift towards the ‘“Downgoing slab”” shown by numerous arc
magmas (schematically represented by arrows). b The LTVF rocks
are compared with similar primitive rocks from the E-MVB (and
the overlap region of the EAP with the MVB; Fig. 1), Mexican
lower crust, and altered basalt and sediments from the subducting
Cocos plate (“Downgoing slab”); the basalt—sediment mixing curve
is the same as in a

Hofmann et al. (1986) showed that Ocean Island
basalts (OIB) have Nb/U ratios of ~47+10. The LTVF
primitive rocks have considerably lower Nb/U values
(4-18) that are similar to continental crust, whereas
most rift rocks plot around this mean OIB value al-
though some primitive rocks from rifts and continental
break-up areas do have even lower Nb/U ratio than the
LTVF rocks (Fig. 8a). Numerous arc rocks also have

low values of Nb/U ratio but also show significantly
lower Nb concentrations than the LTVF rocks. These
low Nb/U values for the LTVF magmas are puzzling
and show a strongly fractionated nature of the mantle
source, which might have undergone one or more
metasomatic events. However, these metasomatic fluids
should not have originated from downgoing slab
because in the LTVF primitive rocks the fluid-diagnostic
ratios such as Ba/Nb, Sr/P, etc. (Fig. 7a—f) are not “‘arc-
like”. Furthermore, although the subduction fluids
might mobilize U (due to its higher solubility in an
oxidized state), Th mobilization, and, consequently, high
Th/U, Th/Ba, and Th/Rb ratios for the LTVF rocks
(Fig. 4a), are difficult to explain by such a process.

Nevertheless, to understand if the rocks were derived
from an HFSE-depleted source similar to that of arc
rocks, I followed the methodology by Pearce and
Parkinson (1993) and Pearce and Peate (1995) to study
subduction zone processes. Geochemical data for prim-
itive rocks were plotted in two additional bivariate dia-
grams (Fig. 8b, ¢) using elements (two HFSE Nb and Ti;
one heavy REE Yb; plots for other HFSE are not
shown) that are not added during the subduction pro-
cess. Both plots clearly show that the LTVF rocks are
not depleted in HFSE at a given Yb concentration level
as compared to most arc rocks as well as continental
break-up rocks. Pearce and Parkinson (1993) used a Ti
versus Yb diagram to distinguish between garnet lherz-
olite and spinel lherzolite sources. As a conclusion, it
appears that, as compared to arc sources, the source of
the LTVF magmas is enriched in all HFS elements (Nb,
Ti, etc.) but more so in U and Th (both of them are also
characterized by high ratio of ionic charge to ionic
radius, i.e. both are also HFS elements according to
Weaver 1991 and Rollinson 1993). The reason for this
greater enrichment of U and Th over Nb and other
HFSE is not clear at present. However, very diverse
mantle fluids such as those enriched in LREE, Th, U,
over other elements like Nb, Ta, etc. are known to exist
in extension-related areas (Ionov et al. 1994). Finally, if
this enrichment were from subduction fluids, then why
other ratios, such as Ba/Nb, Sr/P, Rb/La, Cs/Th, [Nb/
Nb l]Primitive—mantlea [Nb/Nb 2]Primitive—mantIEa Ba/La, ZI'/
Nb, La/Yb, La/Sm, [LILEg/LREEg], and [LILEg/
HFSEg] or Nb and Zr concentrations (Fig. 7a—f;
other plots not shown), do not show clear effects of such
fluids?

To learn further about the significance of the negative
Nb anomaly in the LTVF rocks, I have calculated sta-
tistical parameters for [Nb/Nb 5]primitivemante (Table 3)
from the worldwide databases established in the present
work. All arcs around the world show, without excep-
tion, very large negative Nb anomalies (median and
mean values ~0.06-0.32; 95 and 99% confidence limits
within the range of ~0.03-0.47 and ~0.01-0.60,
respectively). The LTVF rocks show significantly smal-
ler negative Nb anomalies as compared to all arcs (mean
or median value of ~0.60; 95 and 99% confidence limits
of 0.53-0.71 and 0.50-0.74, respectively). Furthermore,
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Fig. 6 Isotope-isotope diagrams for the LTVF primitive rocks and
comparison with similar rocks from the E-MVB (and the overlap
region of the EAP with the MVB; Fig. 1). The symbols used are
given as inset in a. The data for altered basalt and sediment samples
from the Cocos plate as well as their mixing curve (designated
“Downgoing slab’) is also shown (the numbers 1, 2, 5, 10, 20,
and 30 refer to the %m/m of the sediment component in this
basalt-sediment mixture). The basalt and sediment data for the
downgoing slab are from Verma (2000b) for the Mexican part
(IPOD-DSDP Leg 68, Sites 487 and 488) and from S.J. Sadofsky
and K. Hoernle (in preparation) for the Central America part

the size of the LTVF Nb anomaly is statistically identical
to those of the negative anomalies observed in numerous
rifts, extension-related areas, and continental break-up
regions as well as two other Mexican provinces (see the
areas classified under the subtitle of “with negative Nb
anomaly” in Table 3). This is an important observation
contrary to the general belief that basic and ultrabasic
rocks from rifts and extension-related and continental
break-up regions possess only positive or no Nb
anomalies; in fact, more regions show an overall nega-
tive rather than a positive Nb anomaly. I, therefore,
conclude that the cause of the negative Nb anomaly in
the LTVF is similar to that for rifts (i.e. similar man-
tle sources and related processes of the addition of
metasomatic fluids and pressure-released melting) but
totally distinct from the (subduction) processes of arc
formation.

In summary, I suggest that rifts, extension-related
areas, and continental break-up regions such as Central
Afar, East China, or Kwanza, with a positive Nb
anomaly (Table 3), are likely to have a significant
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Hemisphere Reference Line (NHRL; Hart 1984) is included as a
reference in Pb—Pb plots. The mantle component PREMA (Zindler
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unfortunately Pb isotope data are still not available for them. a
206py, 204pyy_§7g, 86G,. |y 200pp, 204p_ 143N /144N . ¢ 206Ph/204pp_
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contribution from the asthenosphere—the deeper part of
the mantle underlying the lithosphere that has been
probably modified by incorporating residual subducted
slabs. On the other hand, the source of extensional re-
gions such as Basin and Range, North and Northeast
China, and the LTVF with a negative Nb anomaly (Ta-
ble 3) should dominantly reside in the lithosphere. Thus,
the presence of a negative Nb anomaly in numerous rifts
may be related to the nature of the lithospheric sources
and the deeper metasomatic fluids, if any, that might have
facilitated mantle melting under extensional conditions.

Discrimination diagrams indicative of a rift setting

Major and trace element based discrimination diagrams
have been widely used to infer tectonic setting (e.g.
Rollinson 1993). As additional constraints, several
conventional and new discrimination diagrams were
constructed for LTVF basic rocks (all primitive as well
as evolved rocks with Si0,<52%). In all of these
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In Ti/Y-Zr/Y diagram (Fig. 9a) most LTVF rocks

diagrams (some are shown in Figs. 9, 10, 11, 12), the
compiled data from arcs and rifts were also plotted to
check their general functioning, but to keep the dia-
grams simple these data are shown only in Fig. 11 (with
Fig. 12 also showing the CAVA rocks).

(21 out of 26 samples; ~81%) plot in the “Within-plate”
field. In Zr-Zr/Y diagram (Fig. 9b) almost all samples
plot in the “Within-plate” field (with the exception
of two samples that plot in the MORB field; it is
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Fig. 7 Six binary diagrams constructed using slab-sensitive or
mantle-sensitive parameters, for primitive rocks from the LTVF
and their comparison with similar rocks from continental rifts
including extension-related areas and continental break-up regions
as well as from island and continental arcs including the northern
part of the CAVA. The symbols used are shown as inset in b. Dotted
lines in different diagrams give approximate reference values for the
fields occupied by the LTVF primitive rocks. a Slab-sensitive Ba/
Nb-slab-sensitive Sr/P (therefore, both parameters are likely to
have high values for arcs); b slab-sensitive Rb/La-slab-sensitive Cs/
Th; ¢ slab-sensitive Ba/La—[Nb/Nb"ilprimitive-manties Where [Nb/
Nb”* 1 Primitive-mantle 18 @ quantitative measure of Nb anomaly defined
as the ratio of actually measured Nb concentration of a sample
normalized with respect to (w.r.t.) primitive mantle and the average
value of primitive mantle-normalized concentrations of Th and K
in the same sample (Nb"| is thus the primitive mantle-normalized
Nb value “‘required for a smooth multi-element pattern” w.r.t. the
neighbouring elements Th and K in multi-element diagrams such as
Fig. 4 (primitive mantle values were from Sun and McDonough
1989) d mantle-sensitive Nb [Nb/Nb 5]Primitive-mantles Where [Nb/
Nb" 5 ]primitive-mantle 1S @ quantitative measure of Nb anomaly defined
as the ratio of actually measured Nb concentration of a sample
normalized w.r.t. primitive mantle and the average value of
primitive mantle-normalized concentrations of Ba and La in the
same sample (primitive mantle values were from Sun and
McDonough 1989); e mantle-sensitive (La/Yb)cnn-mantle-sensitive
(La/Sm)cpn where the subscript ¢y refers to chondrite-normalized
values (the same as in Fig. 3); and (f) slab-sensitive [LILEg/
(LREEg]-slab-sensitive [LILEg/HFSEg] (both ratios are excellent
parameters recently used by Verma 2004) where subscript E refers
to silicate earth-normalized values, LILEg=(Kg+ Rbg+
Bag +Srg)/4, LREEg=(Lag+Ceg+Ndg)/3, HFSEg=(Nbg+
Zrg+ Tig+Pg)/4. All concentration data in pg/g were normalized
against silicate earth values (E) given by McDonough and Sun
(1995): K 240, Rb 0.600, Ba 6.600, Sr 19.9, La 0.648, Ce 1.675, Nd
1.250, Nb 0.658, Zr 10.5, Ti 1,205, P 90

noteworthy that not even one sample plots in the field of
arcs). In Ti-V diagram (Fig. 9¢) the LTVF samples plot
in the field of MORB and OIB and not in the field of
arcs. In principal component Score 1-Score 2 diagram,
based on Ti, Zr, Y, and Sr concentrations and log
transformations (Fig. 9d), all but four samples plot
in the “Within-plate” field. A relatively new set of
bivariate discrimination diagrams based on Nb and Ba
(Vasconcelos et al. 1998) was also constructed (plots not
shown), according to which the LTVF magmas plot in
the combined field of “Rift and Ocean Island” and not
in the “Continental and Island arcs™ field.

In two ternary diagrams (Figs. 10 and 11) most
LTVF rocks plot in the field of “Within-plate” and
“Continental” basalts, respectively, and not in the arc

>

Fig. 8 Three binary diagrams for primitive rocks from the LTVF
and their comparison with similar rocks from continental rifts,
including extension-related and continental break-up areas, as well
as from island and continental arcs, including the northern part of
the CAVA. The symbols used are shown as inset in a. Dotted lines in
different diagrams give approximate reference values. a Nb—Nb/U
(Nb/U reference value of 47 is the average value for OIB from
Hofmann et al. 1986); b Yb—Nb; and ¢ Yb—~(TiO,),q; (the subscript
adj refers to the adjusted value from the SINCLAS program by
Verma et al. 2002). The latter two diagrams are useful to show
mantle source characteristics because the respective elements are
not significantly added during subduction processes
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field. Rift and arc data from our database, also plotted
in Fig. 11, show a general functioning of this diagram
(on a statistical basis) for discrimination purposes.
However, the diagram does not seem to work well for
the CAVA rocks, which plot in all three areas,
although most of them do so in the arc basalt field.
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Table 3 Statistical data for the Nb anomaly (w.r.t. Ba and La)

for basic and ultrabasic rocks from the LTVF (Mexico) and their

comparison with arcs, rifts, extension-related areas, and continental break-up regions around the world as well as with other Mexican

provinces
Area n X X+ 95% CL 99% CL
LTVF (Mexico) 22 0.61 0.62+0.20 0.53-0.71 0.50-0.74
Arcs
Aleutian arc 13 0.11 0.19+0.08 0.14-0.24 0.12-0.26
1 0.15 0.17£0.06 0.13-0.21 0.11-0.22
Burma arc 4 0.09 0.09+0.02 0.05-0.13 0.02-0.16
Central American Volcanic Arc (CAVA) 55 0.13 0.17+0.13 0.14-0.21 0.13-0.22
Izu-Bonin arc 18 0.09 0.16+0.21 0.06-0.27 0.02-0.31
16* 0.09 0.10+0.05 0.07-0.13 0.06-0.14
Japan arc 7 0.14 0.19+0.15 0.05-0.33 -
6 0.14 0.15+0.09 0.05-0.24 -
Kamchatka arc 14 0.21 0.34+0.35 0.14-0.54 0.07-0.62
12¢ 0.21 0.22+0.11 0.15-0.29 0.12-0.32
Lesser Antilles arc 45 0.31 0.32+0.12 0.28-0.35 0.28-0.36
Luzon arc 4 0.31 0.30+0.10 0.14-0.47 ~0.01- 0.60
Marianas arc 8 0.07 0.07+0.04 0.04-0.11 0.02-0.12
New Hebrides arc 10 0.14 0.16+£0.04 0.12-0.19 0.11-0.20
Papua-New Guinea arc 3 0.11 0.09+0.02 0.04-0.15 -
Philippines arc 20 0.22 0.21+0.07 0.18-0.25 0.17-0.26
Sangihe arc 3 0.16 0.16+0.01 0.13-0.19 0.09-0.23
Sunda-Banda arc 23 0.15 0.15+0.08 0.11-0.18 0.10-0.20
Tonga-Kermadec arc 8 0.14 0.15+0.08 0.08-0.22 0.05-0.26
Vanuatu arc 5 0.06 0.06+0.02 0.03-0.09 0.01-0.11
Rifts and extension-related areas: with negative Nb anomaly
Basin and Range (BR, USA) 0.64 0.69+0.33 0.58-0.81 0.54-0.85
Colorado Plateau-Transition. BR (USA) 39 0.63 0.63+0.19 0.57-0.69 0.50-0.74
Rio Grande rift 35 0.81 0.77+£0.43 0.62-0.91 0.57-0.97
Western USA 30 0.68 0.73+0.39 0.58-0.88 0.53-0.93
North China 8 0.85 0.84+0.08 0.77-0.90 0.74-0.93
Northeast China 22 0.79 0.78+£0.22 0.69-0.88 0.65-0.91
Gregory rift (Kenya) 4 0.74 0.77£0.08 0.64-0.90 0.53-1.01
Rifts and extension-related areas: with practically no Nb anomaly
Abu Gabra rift (Sudan) 0.98 0.98+0.19 0.82-1.14 0.74-1.22
Ethiopian rift 47 1.03 0.97+0.19 0.91-1.03 0.90-1.15
East African rift 47 1.09 1.05+0.29 0.97-1.14 0.92-1.19
Rifts and extension-related areas: with positive Nb anomaly
Central Afar (Ethiopia) 13 1.16 1.20+0.28 1.03-1.37 0.96-1.43
East China 86 1.24 1.21+0.25 1.15-1.26 1.14-1.28
Southeast China 25 1.58 1.57+0.30 1.45-1.69 1.40-1.74
Massif Central (France) 21 1 1.52+0.19 1.44-1.61 1.41-1.64
Continental break-up regions: with negative Nb anomaly
Columbia River 3 0.37 0.41+0.12 0.12-0.70 -
Deccan (India) 12 0.59 0.61+0.19 0.49-0.73 0.44-0.78
Greenland 3 0.79 0.82+£0.09 0.59-1.05 0.29-1.36
Parana 1 - 0.49 - -
Continental break-up regions: with positive Nb anomaly
Kwanza 2 - 1.41+0.05 0.9-1.9 -
Wrangellia 1 - 1.41 - -
Other Mexican Provinces
Eastern Alkaline Province 97 0.76 0.80+0.27 0.74-0.85 0.72-0.86
Eastern Mexican Volcanic Belt 94 0.49 0.53+0.22 0.48-0.57 0.46-0.59

For CAVA, some basalts from the back-arc Yohoa volcano (Fig.

1) showing significant positive Nb anomaly were not included in the

statistical calculations, otherwise the statistics were not meaningful

n number of samples; ¥ median; X mean; s standard deviation; 95%
of the mean. — means that the 99% confidence limits were not mea
number of samples

CL 95% confidence limit of the mean; 99% CL 99% confidence limit
ningful for these more dispersed parameters because of the very small

“When the median (¥) and mean (x) values for the Nb anomaly showed significant differences, the data were checked for outliers (Verma

et al. 1998); for these cases, the statistical data are also presented

Nevertheless, the LTVF rocks occupy a different area,
away from Y/15-apex, as compared to the CAVA
rocks; most of the latter plot closer to this apex. Basic
and differentiated rocks from the LTVF plot mostly in
the Ocean Island field in the 10MnO-TiO»—10P,Os5

after outlier detection and elimination

ternary diagram (after Mullen 1983; plot not shown).
However, in another ternary diagram (Th-Hf/3-Ta
after Wood 1980; plot not shown) most LTVF rocks
plot in the field of volcanic arc basalts because of their
very high Th contents.
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A set of five new discriminant function diagrams has
recently been proposed (Agrawal et al. 2004). These
diagrams are based on the statistical method of linear
discriminant analysis of major elements in an extensive
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Fig. 10 Zr-Ti/100-3Y ternary discrimination diagram for the
LTVF basic and ultrabasic rocks (after Pearce and Cann 1973).
Note this diagram indicates a “Within-plate” (““Continental rift’)
setting for the LTVF. /4T island arc tholeiite, B overlap region, C
calc-alkaline basalt, D within-plate basalt
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compilation of Pliocene to Recent basic rocks from
four tectonic settings. These statistics-based diagrams
showed the rate of correct classification ranging from

Y/15

A = Arc basalts
B = Continental basalts
C = Oceanic basalts

O Tuxtlas (Basic)
[ Tuxtlas (Ultrabasic)

¢ Arcs
O Rifts

La/10 Nb/8

Fig. 11 La/10-Y/15-Nb/8 ternary discrimination diagram for the
LTVF basic and ultrabasic rocks (after Cabanis and Lecolle 1989).
Note this diagram indicates a “Within-plate” (““Continental rift’)
setting for the LTVF. Data for arcs, including the CAVA, and rifts
from this compilation are also shown to check the statistical
functioning of this diagram for discriminating arc and rift rocks
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Fig. 12 Two discriminant function diagrams for the LTVF basic
and ultrabasic rocks (after Agrawal et al. 2004). The per cent given
next to the tectonic setting name represents the per cent success
obtained by these authors during the testing stage of these
diagrams. The symbols used are shown as inset in a. Note both
diagrams indicate a continental rift setting for the LTVF magmas,
and an arc setting for the CAVA. a Four tectonic settings (Arc-
Continental rift-Ocean Island-Mid-Ocean ridge); and b three
tectonic settings (Arc—Continental rift-Ocean Island)

76 to 96%. The use of these discriminant function
diagrams is recommended on such a statistical basis. In
other words, if a high percentage of basic rocks from a
given area consistently plot in a given tectonic setting
in four of these diagrams (the fifth diagram will not
have the predicted field), the tectonic setting can be
inferred with confidence for that particular area. Two
such diagrams for the LTVF rocks (Fig. 12; other
diagrams proposed by Agrawal et al. 2004, provided
similar results and, therefore, are not presented here)
clearly show a ‘“Continental rift” setting for them
(~76% of the LTVF rocks plot in this field in Fig. 12a,
whereas ~82% do so in Fig. 12b). Note that the
CAVA rocks mostly plot in the “arc” field, confirming,
thus, the functioning of these diagrams for inferring
tectonic settings.

I, therefore, conclude that the tectonic setting inferred
from the use of the discrimination diagrams (Figs. 9, 10,
11, 12) is a ““Continental rift” and not an arc.

Table 4 Statistical data for linear correlations between two vari-
ables for primitive rocks from the LTVF and some representative
arcs

Area n r Slope = 1's [1=P ]
Variables: [Sr/Sr*]mors— St/Y

LTVF 20 0.124 —0.004 +£0.007 0.3988
Aleutian arc 8 0.892 0.137+£0.028 0.9971
CAVA 10 0.730 0.108 £0.036 0.9834
CAVA + Andes 15 0.504 0.045+0.021 0.9444
Variables: Sr/P-Ba/Nb

LTVF 20 0.305 0.0041+0.0029 0.8326
Andes 11 0.876 0.0091+0.0017 0.9996
Andes + CAVA 22 0.551 0.0036+0.0012 0.9922

n number of data pairs available for the linear regression; r cor-
relation coefficient of the linear model; s standard deviation;
[1—P.(r,n)] the probability that the two variables are correlated;
[Sr/Sr*lmorp 1 @ quantitative measure of Sr anomaly defined as
the ratio of actually measured Sr concentration of a sample nor-
malized with respect to an average MORB (Sun and McDonough
1989) and the average value of MORB-normalized concentrations
of Ce and Nd in the same sample (Sr* is thus the MORB-nor-
malized Sr value “required for a smooth multi-element pattern” with
respect to the neighbouring elements Ce and Nd)

Further considerations against subduction-related
melting

The subducting Cocos plate corresponding to the LTVF
is relatively young (about 15-20 Ma; Burbach et al.
1984; Klitgord and Mammerickx 1988) and therefore, in
principle, the slab could melt and generate magmas (e.g.
Kay 1978; Defant et al. 1991b; Kay et al. 1993; Peacock
et al. 1994; Proteau et al. 1999). Such a slab melt process
is likely to give rise to high-Mg andesite or the so-called
adakite rocks (e.g. Defant and Drummond 1990; Kay
et al. 1993; Yogodzinski et al. 1995), or andesitic and
dacitic rocks with high Sr/Y, low Y, and steep REE
patterns (e.g. Morris 1995). Such magmas are not
observed in the LTVF.

It is also possible that these slab melts may mix with
the overlying mantle (loosing their identity as “adak-
ites’’) and produce basic or even ultrabasic magmas. The
slab melts are likely to have radiogenic isotopic com-
positions similar to the “Downgoing slab” as shown in
Figs. 5 and 6 for the Cocos plate. The “Downgoing
slab” curve represents a two-component basalt—sedi-
ment mixture of the slab. The isotopic compositions of
the LTVF magmas should be shifted from ‘“‘mantle
values” towards downgoing slab (Figs. 5, 6), and this
shift should be accompanied by a significant [Sr/
Sr'lmors anomaly (Pearce 1982), which is not observed
(plot not shown). Further, if the involvement of these
slab melts in the LTVF magmas were true, we should
observe a significant positive correlation between the
size of the positive Sr anomaly ([Sr/Sr*]MORB) and the
Sr/Y ratio because both these parameters are increased
in the slab melts. Statistical data summarized in Table 4
show that no significant correlation exists between
these parameters for the LTVF primitive rocks
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Fig. 13 Subducted slab-indicating ratios against ¥’Sr/*®Sr for the
LTVF primitive rocks and their comparison with similar rocks
from continental rifts and break-up areas, island arcs, the northern
CAVA, and the Andean continental arc. The symbols used are
shown as inset in a. The reference lines that totally enclose the
LTVF data are also shown. The average data for altered basalts
and sediments from the subducting Cocos plate (Downgoing slab)
as well as the simple binary mixing curve are also shown for
reference; the numbers 1-5 refer to the sediment component (%) in
the basalt-sediment mixture. a ¥’Sr/*Sr—Ba/Th; and b 37Sr/3°Sr—
Ba/Nb

([1—P¢(r,n)]~0.40, being < <0.95, i.e. not significant at
95% confidence level), whereas both Aleutian arc (an
example of an island arc) and CAVA (continental arc) as
well as the combined data from the CAVA and the
Andes show such a systematic behaviour (statistically
significant at ~95% confidence level). Similarly, other
subduction-signal parameters (Sr/P-Ba/Nb) show a
statistically significant positive correlation for primitive
rocks from the Andes as well as the combined data
for the Andes and CAVA, but not for the LTVF at
95% confidence level ([1—P.(r,n)]<0.95; Table 4).
Furthermore, slab melts from the Cocos plate would
have pronounced Nb, Ti, and probably Eu and Ce
negative anomalies, which should persist even after
these slab melts mix with the mantle to produce
magmas. None of these features is observed in the
LTVF magmas.

Therefore, partial melting of the downgoing slab as
the possible mechanism for the petrogenesis of the
LTVF magmas, even indirectly, can be ruled out.
Besides, even if such high-Mg intermediate magmas
were present in the LTVF, this could not be taken as an
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exclusive characteristic of arcs. Such magmas have been
observed also in other tectonic settings (such as rift and
extension-related areas compiled in this work) and
alternative mechanisms have been proposed to explain
their occurrence (e.g. Fisk 1986).

It is known that fluids released from the downgoing
slab can lower the melting point of mantle wedge
materials, and thus produce magmas (Peacock 1990;
McCulloch and Gamble 1991; Davies and Stevenson
1992; Nelson 1995; Pearce and Peate 1995; Harry and
Green 1999). Subduction fluid-induced mantle melting
would generate trace element characteristics that are
typical of many arcs, including the CAVA. The LTVF
magmas present characteristics that are significantly
different from arcs but very similar to those of rifts and
extension-related areas (see Figs. 7, 8, 9, 10, 11, 12).

Besides all these chemical features, high values of
Ba/Th and Ba/Nb and positive relationships of these
ratios with Sr isotopic ratios have been taken to infer
the genesis of arc magmas by addition of subduction
fluids to the mantle wedge (e.g. Hoogewerff et al. 1997,
Turner et al. 1998; Kimura et al. 2001; Walker et al.
2001). Caution is, however, required because crustal
contamination, particularly upper crustal contamina-
tion, can also cause a simultaneous increase in these
element ratios as well as in Sr isotopic ratios. Only
primitive rocks with a lesser probability of upper
crustal contamination are plotted in Fig. 13. The LTVF
rocks plot in narrow regions of low *’Sr/*Sr, low Ba/
Th (Fig. 13a) and low 3'Sr/®¢Sr, low Ba/Nb (Fig. 13b),
similar to well-known continental rifts, and do not
represent arc-type characteristics (high values of these
parameters). Because of unusually high Th enrichment
the LTVF rocks show still lower Ba/Th ratios than
most rifts (Fig. 13a). Note no arc rocks plot in the field
represented by LTVF in Fig. 13a, in which low values
of Ba/Th in some arc rocks are accompanied by high
87Sr/3°Sr. Average values for these parameters in al-
tered basalts and sediments as well as simple binary
mixing curves for the downgoing slab are also plotted
in Fig. 13. Although the LTVF rocks fall close to the
slab mixing curve in Fig. 13b and the required sediment
component is only ~1%, the combined *’Sr/*Sr-Ba/
Th data (Fig. 13a) cannot be reconciled by such a slab
involvement process because the mixing curve lies far
away from the LTVF data. Therefore, subduction fluid-
induced models can also be ruled out for the LTVF
mantle source.

Heterogeneous mantle melting: inverse modelling
of trace element data and implications for the origin
of primitive magmas

The failure of the slab-involvement models suggests that
the LTVF magmas were generated solely in the under-
lying mantle. According to the criteria of Pearce and
Peate (1995), the LTVF primitive rocks (with
Nb/Yb~8-50; Ti (in %m/m)/Yb (ng/g)~0.4-1.2;
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Th/Yb~2.3-8.4; Zr/Yb~70-200) would fall on the
enriched side of the diagrams, even outside the field of
their Fig. 2a—c (not reproduced here), implying that the
LTVF source is more enriched than average N-MORB
or even E-MORB compositions. The highly steep slopes
of chondrite-normalized REE plots observed for primi-
tive rocks from the LTVF (Fig. 3) and the consequently
high [La/Yb]cpn values (Fig. 7e) would be consistent
with residual garnet in this mantle source region (e.g.
Kay and Gast 1973; Nelson et al. 1995; van Westrenen
et al. 2001). Nelson et al. (1995) also noted that the
presence of a small positive Eu anomaly in many
primitive rocks and the absence of petrographic evidence
of plagioclase accumulation. They concluded that this
observation points to a source with residual clinopy-
roxene in spite of the fact that the behaviour of Eu is
sensitive to oxygen fugacity in the mantle. Pressure-re-
leased melting of the mantle and subsequent melt
extraction are possible in any tectonic environment,
including arcs (e.g. McKenzie and Bickle 1988; Kosto-
poulos 1991; Kostopoulos and James 1992; Williamson
et al. 1995; Sisson and Bronto 1998; Wang et al. 2002).
The extensional regime mapped in the LTVF by Nelson
and Gonzalez-Caver (1992) and Nelson et al. (1995) is
consistent with such a model of pressure-released mantle
melting.

Because of the somewhat heterogeneous nature of
this mantle source (the isotopic compositions of the
LTVF magmas are not really uniform but show a range
of values), it would appear that inverse modelling of
trace element data for primitive magmas might not be
strictly valid. However, primitive magmas are abundant
in the LTVF, such a modelling is, therefore, considered
useful to understand the nature of “average” source

Intercept I

0.0 0.1 0.2 0.3
Slope m'

Fig. 14 Diagrams of m'—I' (slope—intercept) for the LTVF primitive
magmas. The size of each rectangle (dotted or dashed lines)
represents one standard error on the regression parameters, derived
from the C**/C’ versus C* diagrams (plot not shown). Note LILE
(Ba, Cs, K, Rb, and Sr) and HFSE (Nb, Hf, Ta, Zr, and Ti) as well
as other incompatible elements (also called HFSE: Th and U; see,
e.g. Rollinson 1993), plot below or very close to the REE (Ce-Lu)
curve, indicating no significant fractionation between these three
groups of elements (LILE, HFSE, and REE). Y plots exactly on
the REE curve. If there were a depletion of HFSE as compared to
LILE and REE, the HFSE should plot well above the REE curve
(see Ormerod et al. 1991)

characteristics (Minster and Allegre 1978; Albaréde
1983; Hofmann and Feigenson 1983; Hofmann et al.
1984; McKenzie and O’Nions 1991; Ormerod et al.
1991; Maalee 1994; Velasco-Tapia and Verma 2001;
Verma 2004). The samples that were used for this pur-
pose have low SiO, (42.3-50.2 adjusted %m/m), low
FeO'/MgO (0.67-1.03), high MgO (8.9-15.8%m/m),
high Mg# (67.2-75.9), high Ni (200-440 pg/g), and high
Cr (470-1,250 pg/g). The following criteria summarized
by Velasco-Tapia and Verma (2001) have been proposed
for primitive magmas: FeO"/MgO <1 (Tatsumi et al.
1983); Mg#>62 and MgO > 6% (Luhr 1997);
Mg# > 63 (Green 1971); Mg# = 68-76 (Frey et al. 1978);
Ni>235 pg/g (Sato 1977); SiO,<50%, Mg#>70,
Ni>400-500 pg/g, and Cr> 1,000 pg/g (Wilson 1989).

The LTVF primitive rocks show relatively uniform
isotopic compositions as follows: (3’Sr/**Sr); 0.70331 +
0.00015 (1 s; n=14); ("*Nd/"*Nd); 0.51291 +0.00007
(n=14); °°Pb/>*Pb 18.78+0.09 (n=11); **"Pb/***Pb
15.5740.04 (n=11); *°*Pb/***Pb 38.42+0.15 (n=11),
and therefore, for all practical purposes the mantle
source can be considered relatively isotopically homo-
geneous, justifying thus the inverse modelling presented
here. The method is the same as that proposed by
Hofmann and Feigenson (1983), and was used by
Ormerod et al. (1991) for the Big Pine volcanic field,
California and by Velasco-Tapia and Verma (2001) for
the Sierra de Chichinautzin, Mexico. Both these latter
papers reproduced the relevant equations.

The results (the corresponding figure and table are
not presented here to comply with space limitations)
show that La is the most incompatible element in the
LTVF magmas. The somewhat higher incompatibility of
La as compared to other incompatible elements is
probably consistent with the presence of garnet in the
mantle source of these magmas because this mineral
(especially pyrope-rich garnet) shows very low mineral/
melt partition coefficient for La as compared to Th, U,
Nb, Ta, and K (van Westrenen et al. 2001). Further-
more, for the most common mantle mineral olivine the
partition coefficient for La is smaller than for K, Rb, Cs,
Ba, Sr, Th, U, and Ta (Torres-Alvarado et al. 2003).
Therefore, if the bulk partition coefficient of La is to be
smaller than for these other incompatible elements,
olivine + garnet should dominate in relative abundance
over (clino + ortho)pyroxenes in the mantle source
region of the LTVF.

The remaining REE (Ce to Lu) are progressively less
incompatible than La; similarly, Th, Ba, and Sr,
although highly incompatible, are relatively less incom-
patible than La, and the remaining elements (Cs, K, Zr,
Rb, Hf, Ti, and Y) are still less incompatible (plot not
shown). Similarly, actual values of slopes and intercepts
for [C*]g — [Ce as well as [CY]—[C**/C]s linear
regressions, along with their respective errors, were also
obtained, but are not tabulated.

Instead, from the latter sets of regressions, it is useful
to prepare intercept—slope (I'-m') diagrams (Fig. 14), in
which



intercept /' = (C5*/C}) (1 — P') and
slope m' = (D/Cy),

where C'y refers to the concentration of element i in the
source, D'y the bulk distribution coefficient for the
source prior to melting, and P’ the bulk partition coef-
ficient corresponding to the melting phases.

The slope values increase very slowly from Ce to Tb
but much more rapidly from Tb to Lu, whereas the
intercept values increase very rapidly from Ce to Tb and
then decrease rather slowly from Tb to Lu (Fig. 14). For
the LREE (La-Nd) and MREE (Sm-Tb), it appears
that D'p~0 and (1 — P’)~I1, so that an increase in
intercept means continuously decreasing source con-
centrations from La (reference element) to Tb (element
with the highest intercept; Fig. 14). For Dy and HREE
(Yb and Lu), Dy becomes increasingly significant, giving
rise to higher slopes. Elements such as Yb and Lu are
likely to be concentrated in garnet, which will constitute
a significant proportion of the primary melt norm
(Ormerod et al. 1991). Significantly higher slopes for Yb
and Lu than the other REE (Fig. 14) suggest the pres-
ence of garnet in the source of the LTVF magmas. The
very large difference between m™* (=0 by definition of
the regression procedure using La as the reference ele-
ment) or m< (~0.0025) and m¥® (~0.273) or m"“"
(~0.309) may also imply a LREE-enriched source, i.e.
silicate earth-normalized [La/Yb]g or [La/Lu]g>1, al-
though it would be difficult to ascertain this inference
because D'y is susceptible to fluctuations in the source
garnet/clinopyroxene ratio (Ormerod et al. 1991).

When the results for other incompatible elements are
examined along with the REE data, a systematic pat-
tern emerges (Fig. 14). At low slope values, the inter-
cepts increase rapidly from Th to Ti, which indicates
decreasing concentrations of trace elements in the
LTVF source from Th to LREE to Ti. All HFS ele-
ments (Th, U, Hf, Zr, and Ti) fall below the REE trend
for Ce-Tb (Fig. 14). Although the regressions for Nb
and Ta were not statistically significant at the 95%
confidence level, they have also been plotted, lying close
to Ce and Nd (Fig. 14). Note also that HFS element Y
(also classified as a REE) falls right on the REE trend
between Dy and Yb. These results confirm that the
source of the LTVF magmas is not depleted in HFS
elements (Zr, Hf, Ti, and Th, including Nb and Ta) in
comparison to the LILE (K, Rb, Ce, Ba, and Sr) and
LREE (La, Ce, and Nd) or MREE (Sm, Eu, and Tb).
Mantle source composition for the LTVF magmas can
also be estimated but respective partition coefficients
for major mantle minerals (olivine, orthopyroxene,
clinopyroxene, and garnet) will have to be assumed.
Given the large uncertainties in the literature values for
these partition coefficients (Torres-Alvarado et al.
2003), it will be more advisable to experimentally
measure these partition coefficients in the LTVF
primitive magmas before inferring the LTVF mantle
source concentrations.
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Finally, it is illustrative to point out that Ormerod
et al. (1991), in the Big Pine volcanic field, observed that
Nb and Ta (including Zr and Hf) plotted well above
their REE curve, in the region of a low to moderate
slope combined with a high intercept (i.e. in the upper
left corner of the diagram), and they interpreted this
finding as consistent with low source abundances of
these HFS elements as compared to the REE and LILE
in their study area. Velasco-Tapia and Verma (2001) and
Verma (2004), on the other hand, obtained similar re-
sults (as the LTVF) for the central and eastern parts of
the Mexican Volcanic Belt.

Peridotite versus eclogite and lithospheric versus
asthenospheric source

The basic and ultrabasic major element compositions of
the LTVF rocks (low SiO, and high MgO contents)
suggest that a purely eclogite source is not suitable for
them. Instead, a garnet peridotite source is required.
I decided not to use the trace element constraints such
as Zr, Hf, and Yb, because of the conflicting partition
coefficient data for eclogite and peridotite sources pre-
sented by van Westrenen et al. (2001) and Perterman et al.
(2004). Geochemical modelling using van Westrenen
et al. (2001) data would support a peridotite source
whereas Perterman et al. (2004) data would point out an
eclogite source, although the latter would be better
applicable to more silica-rich magmas than those
observed in the LTVF. Furthermore, I note that mag-
mas derived from an eclogite source (recycled subducted
slab) should likely show positive Nb anomalies in
Figs. 4, 7c, d and Table 3. None of these features is
observed for the LTVF magmas. Their relatively high
206pp 24Py (Fig. 6) might argue for an asthenospheric
component (Hawkesworth et al. 1990). In this connec-
tion, Wilson and Downes (1991) pointed out that
extension-related alkaline magmas in western and cen-
tral Europe may have, in addition to a lithospheric
source, an asthenospheric component represented by
HIMU Pb-isotope characteristics.

From relatively high Nb/Y ratios (> 3) for Quater-
nary extension-related alkaline volcanic rocks from
Turkey, Alici et al. (2002) inferred an asthenospheric
mantle source, whereas high K/Nb and Rb/Nb were
taken as indicating a lithospheric mantle source. For the
LTVF primitive magmas, Nb/Y is low (<3), ranging
from about 0.7 to 2.6 (1.2+0.5; n=19), and K/Nb and
Rb/Nb are high, ranging, respectively, from about 130
to 650 (400+140; n=19) and 04 to 1.4 (0.8+0.3;
n=19). Therefore, although asthenosphere source can-
not be ruled out, it appears that the corresponding
mantle source is likely to be dominated by the conti-
nental lithosphere (trace element evidence). A pressure-
released anhydrous melting of such a source, probably
aided by the addition of deep fluids, and eruption of
magmas facilitated from ongoing rifting or extensional
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Fig. 15 Selected bivariate diagrams for primitive as well as evolved
LTVF rocks. Reference lines are the same as in Figs. 5, 7, and 8
(see these figures for more explanation). Lower crustal rocks from
Mexico are plotted to show that the evolved LTVF rocks can be

processes beneath the EAP, along the Gulf of Mexico
coastal region, is a viable mechanism for the LTVF.
Nelson et al. (1995) concluded that LTVF ne-normative
magmas resulted from variable degrees of melting of the
mantle at pressures between 30+ and 20 kbar. The
pressure and temperature at which magma segregates
from its garnet peridotitic source can also be estimated
from the empirical relationships proposed by Albaréde
(1992) using all primitive rock data, obtaining for the
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LTVF an average temperature ~1,400£60°C and
pressure ~25+9 kbar (n=19). The quoted temperature
and pressure uncertainties are simply one standard
deviation of all temperature and pressure estimates,
respectively, and do not include the inevitable errors
associated with the regression procedure which were
not reported by Albaréde (1992). Similarly, using the
model of Wang et al. (2002) based on major element
compositions of primary melts pressure estimates for the



LTVF magmas were between about 30 and 40 kbar.
Although thickness of the continental lithosphere is not
precisely known in Mexico, these pressure estimates may
be well within this lithosphere.

Origin of evolved magmas

Nelson et al. (1995) suggested that LTVF ne-normative
evolved magmas originated through fractionation of
olivine £ clinopyroxene =+ plagioclase of more primi-
tive magmas, whereas silica-saturated (hy-normative)
magmas might have originated by higher degrees of
melting, perhaps under higher water-saturated condi-
tions, the water being supplied by the subducting fluids.
They also suggested that the magmas “parental to hy-
normative lavas” were generated at lower pressure and/
or higher water concentrations than the primitive mag-
mas. They discarded the crust as the only additional
(contamination and water-supply) source to explain the
chemical and isotopic characteristics of evolved mag-
mas, probably because they considered only the upper
continental crust, which is likely to have rather high
87Sr/%°Sr and low '**Nd/'**Nd ratios and whose assim-
ilation should significantly increase 3’Sr/*¢Sr and de-
crease PNd/'*Nd of these evolved magmas as
compared to the primitive ones.

The main difficulties with the model that evolved
LTVF rocks originated from partial melting of the
mantle in the presence of fluids from subducted slab
proposed by Nelson et al. (1995) are that: (1) the so-
called high-Mg basic magmas with ‘“‘arc-type” charac-
teristics, as assumed by these authors to be “parental” to
the evolved magmas, have not been observed in the
LTVF; (2) none of the primitive LTVF rocks shows a
subduction signature as evidenced in this study (Figs. 5,
7a—f, 8a—c, 13a, b, 14); (3) the isotopic data for any of
the LTVF rocks (Figs. 5, 6), whether primitive or
evolved, also do not require a subduction component;
and (4) the discrimination diagrams (Figs. 9, 10, 11, 12)
for all basic rocks (primitive as well as evolved) show a
continental rift setting for the LTVF and not an arc
setting.

Nelson et al. (1995) preferred a three-component
model (mantle, subduction fluids, and crust) although
the requirement of subduction fluids was not clearly
shown, because crust alone, particularly the lower crust,
would provide the necessary assimilant to explain all the
chemical and isotopic characteristics of the LTVF
magmas. If mafic lower crust was involved in the genesis
of the LTVF magmas, the characteristics of evolved
magmas can be easily explained by contamination of
primitive magmas by such a heterogeneous crust. To
illustrate this possibility, Fig. 15a—f shows that the
LTVF-evolved rocks plot between the primitive rocks
and widely varying Mexican lower crustal compositions.
The Mexican lower crust is highly heterogeneous as is
the lower crust from elsewhere (Weaver and Tarney
1984; Taylor and McLennan 1985; Rudnick 1992; Chen
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and Arculus 1995). The REE characteristics of evolved
rocks are consistent with such a mixing pro-
cess (Fig. 15c), and the same is true for other trace ele-
ments (Fig. 15a, b, d, e) and Sr and Nd isotopic
compositions (Fig. 15f).

Therefore, it is likely that the evolved alkaline and
sub-alkaline rocks also originated from a similar mantle
source perhaps at shallower levels than the primitive
rocks, but they underwent crustal assimilation or
assimilation coupled with fractional crystallization be-
fore eruption. No modelling is really required, at this
stage, to be included in Fig. 15 because it is graphically
clear that an assimilation of lower crust can explain the
chemical and isotopic differences between the LTVF
primitive and evolved rocks. Partial melting of mafic
lower crust by periodic influx of basic magma and
mixing of these magmas is a viable mechanism for the
LTVF both from geochemical (Fig. 15) and thermal
considerations (Wilcox 1999; Petford and Gallahar
2001). Mafic assimilant will not drastically change the
major element compositions of the LTVF magmas. The
lower crust, rather than the upper crust, is more likely
because of the similarities of Sr, Nd, and Pb isotope data
for evolved and primitive rocks. Unfortunately, the
involvement of lower crust cannot at present be tested
for Pb isotopes because no such data are still available
for the Mexican lower crust.

Tectonic considerations

If subduction fluids from the ‘“‘sub-horizontal” Cocos
plate were not involved in the origin of the LTVF
magmas, the reason for this non-involvement may have
to be explained. Thus, the absence of a clear subduction
signal in basic rocks from the LTVF may mean that the
slab-derived fluids, whether dominantly from subducted
sediments (Plank and Langmuir 1993), from altered
oceanic crust (Hawkesworth et al. 1991), or from lower
oceanic crust (Ernst 1999), are released too close to the
trench and probably too shallow to cause mantle melt-
ing. In South America, diminution or even cessation of
subduction-related volcanism during mid-late Tertiary
has been observed and is interpreted to be associated to
a sub-horizontal slab (e.g. Kay et al. 1987).

Nelson et al. (1995) argued that the LTVF may rep-
resent an unusual setting where both arc- as well as
back-arc rocks lie in the same geographical region.
However, the so-called “‘arc” rocks by Nelson et al.
(1995) are simply evolved rocks, whose origin can be
explained by the incorporation of a lower crustal
component (Fig. 15). Therefore, no truly ‘‘arc-type”
(subduction-related) rocks are present in the LTVF.
Furthermore, I am at a loss to understand how such an
unusual tectonic setting—‘back-arc”—is geometrically
feasible. As its name suggests, a ‘“‘back-arc’ should lie
geographically behind the contemporaneous “‘arc”, i.e.
in a region farther away from the trench. In other words,
there must be at least some geographical distinction
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between them—the arc should lie somewhat closer to the
trench than the corresponding back-arc.

On the other hand, one may argue that the LTVF
magmas are chemically similar to those erupting in the
back-arc region of other arcs (some back-arc rocks do
plot in the field of LTVF rocks in Figs. 7, 13) and,
therefore, the LTVF magmatism should be called back-
arc magmatism. Then, we should be able to actually
locate the arc between the LTVF and the trench, which
is simply not possible because there is no late Miocene to
Recent volcanism (of an age similar to the LTVF)
between the LTVF and the trench (Fig. 1). I conclude
that, geometrically speaking, the existence of a back-arc
without an arc cannot be true. None of these terminol-
ogies seems appropriate to describe the LTVF. We
should, therefore, possibly accept a less orthodox
explanation, such as the absence of subduction-related
volcanism in the LTVF. This will be an entirely feasible
conclusion in view of the “sub-horizontal” nature of the
downgoing slab corresponding to the LTVF. Further-
more, consistent with Robin and co-workers (Robin
1976, 1982b; Robin and Tournon 1978; Cantagrel and
Robin 1979), the LTVF may well belong to the north—
south trending Miocene to Recent EAP (Fig. 1) with
abundant alkaline rocks, whose origin might be related
to the extensional tectonics along the Gulf of Mexico
coastal region. This extension may not be related to the
current subduction of the Cocos plate, but probably
similar to the extension envisioned for the central part of
the Mexican Volcanic Belt (Marquez et al. 2001). The
absence of “‘true” subduction-related volcanism (Verma
2002; this work), the extensional nature of earthquakes
(Singh and Pardo 1993), and the absence of a fore-arc
basin (von Huene 1989) in southern Mexico may be
consistent with the location of the back-arc (without an
arc!) in the region of the Balsas basin (between the
LTVF and the MAT in Fig. 1; see also Verma 2004).
The origin of the EAP, including the LTVF, can thus be
visualized as largely independent of the current sub-
duction of the Cocos plate beneath Mexico.

Conclusions

In the LTVF primitive basanite and alkali basalt mag-
mas are abundant. The distribution of rock types is very
similar to that in well-known rifts such as Djibouti and
Rio Grande or extension-related areas such as E and NE
China and western USA. The Sr, Nd, and Pb isotopic
ratios for the LTVF magmas show the following ranges:
88r/%°Sr 0.70300-0.70420; 'Nd/'**Nd  0.51271-
0.51310; 2°6Pb4/2°4Pb 18.62-18.92; *'Pb/*™Pb 15.47-
15.65; 2°*Pb/2**Pb 38.06-38.64.

Their trace element patterns (HFSE, REE, and
LILE characteristics) are similar to those of well-known
rifts and extension-related areas. Inverse modelling of
geochemical data for the LTVF primitive rocks points
to a source enriched in highly incompatible elements
(LILE and LREE), including the HFSE. The basanitic

and alkaline basaltic magmas probably originated from
a deep-seated (~30 kbar) garnet peridotite lithospheric
(and less likely, asthenospheric?) source(s), but without
a significant contribution from the downgoing Cocos
plate. It is also concluded that the LTVF evolved
magmas too do not require a slab component in their
genesis. The continental crust, particularly the lower
crust, provides the complementary reservoir to explain
the origin of evolved rocks from more primitive
magmas.

I propose that a general shift towards the right of the
mantle array on a conventional Sr—Nd isotope diagram
(here termed as “‘Sr-shift”) is a strong criterion for dis-
tinguishing arc magmas from those from a rift or
extensional setting. Finally, low values of the combined
normalized parameters [LILEg/LREEg] and [LILEg/
(HFSEg] are shown to be excellent indicators of a rift
environment as is the case of the LTVF, whereas their
high values are diagnostic of an arc setting.

The Nb anomaly, quantitatively defined in this work
either with respect to Th and K or with respect to Ba and
La, when used with other slab- or mantle-sensitive
parameters can provide a useful framework to distin-
guish between arc and rift tectonic settings. In fact, a
synthesis of statistical parameters for Nb anomaly
clearly shows that, in terms of this important parameter,
the LTVF basic and ultrabasic rocks are similar to
numerous rifts and extension and continental break-up
regions but totally distinct from all arcs compiled in the
present study. I suggest that rifts, extension-related areas
and continental break-up regions with a positive Nb
anomaly have a significant contribution from the
asthenosphere, whereas extensional regions showing a
negative Nb anomaly are dominated by the lithospheric
sources.
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