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Figure 13. Harker diagrams for SCN mafic and evolved magmas. (a) MgO, (b) K2O, (c) Ni, (d) La, (e) Ba, and (f) Nb.
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magmas (AFC curve with the fraction of remaining liquid 
F from 0.9 to 0.5 in Figure 15a), whereas in the chondrite-
normalised diagram, all liquids remaining after AFC 
(corresponding to F from 0.9 to 0.7; Figure 15b) plot above 
the average basalt compositions away from the evolved 
SCN magmas, all of which plot below this mafic rock 
sample (see REE patterns for the andesite and dacitic rocks 
[A and D] in Figure 14a). Therefore, the AFC process does 
not seem to be appropriate to model the evolution of the 
SCN magmas.

(9) Continental crust partial melting  – Information 
on the continental crustal structure along MVB has been 
provided essentially by gravimetric, seismic and magneto-
telluric studies (e.g., Valdés et al. 1986; Molina-Garza & 
Urrutia-Fucugauchi 1993; Campos-Enríquez & Sánchez-
Zamora 2000; Jording et al. 2000). Geophysical data 
analysis has revealed that the thickest continental crust is 
present around the Toluca and Mexico valleys (~47 km; 
~14 kbars; 700–800°C for the lower crust), near the SCN 
volcanic field. Ortega-Gutiérrez et al. (2008) suggested 

Figure 14. Chondrite-normalised REE and N-MORB-normalised multi-element diagrams for SCN 
average magma compositions and the FC models. The normalising values are as in Figures 4 and 5. For 
average compositions see Appendix A11. The partition coefficients were taken from the compilation by 
Torres-Alvarado et al. (2003) and Rollinson (1993). Although only equilibrium fractional crystallization 
curves are shown, the Rayleigh fractionation curves were also computed and observed to be very 
similar to those shown. The symbols are explained in the insets. (a) REE (B–basalt; BA– basaltic 
andesite; A– andesite; D– dacite; (M)–  mafic; (E1)– evolved type 1; (HMI)– high-Mg intermediate; 
(E2)– evolved type 2; (Disq)– disequilibrium), (b) REE (the curves shown are for the equilibrium 
crystallization of 20% minerals from the original magma assumed to be B (M) type; the common 
minerals are ol– olivine, plg– plagioclase, opx– orthopyroxene, and cpx– clinopyroxene, whereas the 
accessory minerals modelled are mgn– magnetite, ilm– ilmenite, qz– quartz, amp– amphibole, and 
biot– biotite, an additional plausible FC model includes 50% crystallisation of olivine, plagioclase, 
orthopyroxene, clinopyroxene, and magnetite in the proportion of 0.30, 0.30, 0.20, 0.15, and 0.05), (c) 
multi-element plot for SCN (more information in a), and (d) multi-element plot for FC models (more 
information in b).
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that, under these physical conditions, garnet granulites of 
gabbroic composition and Mg# <60 should compose most 
of the lower crust underlying the central MVB.

From a seismic model, Fix (1975) interpreted a zone 
with ~20% partial melting below central Mexico in the 
crust-mantle interface. Ortega-Gutierrez et al. (2008) 
proposed that Mexican lower crust, even if wet, cannot 

melt at 700°C to produce andesitic magmas, but it certainly 
would do so for temperatures above 1000°C as modelled 
using temperature-stress dependent mantle rheologies. A 
periodic basaltic intrusion over a sustained but geologically 
short period could be a plausible mechanism to reach 
temperature above 1000°C at the crust-mantle interface in 
continental arc and other tectonic settings. Underplating 
of basaltic magma at the Moho and intrusion of basalt into 
the lower crust have been advocated for supplying heat for 
crustal anatexis (e.g., Bergantz 1989; Petford & Gallagher 
2001). These mechanisms would result in heat transfer 
from the mantle to the lower crust, thus promoting 
melting. According to numerical simulations by Gallagher 
& Petford (2001), emplacing new basalt intrusions on top 
of earlier ones maximizes the amount of melt generated 
in the overlying protolith, and reduces greatly the heat 
loss through the base of the pile. The degree of partial 
melting is governed by the initial intrusion temperature 
and the periodicity, and yields a maximum predicted 
average melt fraction of 0.38. Dufek & Bergantz (2005) 
have modelled this process in 2-D for 30 to 50 km crusts 
in an arc environment. They pointed out that dacitic and 
rhyodacitic magmas can be generated in the crust although 
such magmas may not easily erupt at the surface. However, 
the eruption of such crustal melts may be facilitated in an 
extensional environment such as that inferred in the SCN 
(Márquez et al. 1999b).

The origin of some SCN felsic magmas has been 
interpreted as a product of partial melting of continental 
crust (Verma 1999). Because Mexican crust (e.g., Patchett 
& Ruiz 1987; Ruiz et al. 1998a, b; Roberts & Ruiz 1989; 
Heinrich & Besch 1992; Schaaf et al. 1994, 2005; Aguirre-
Díaz et al. 2002) is highly heterogeneous both chemically 

Figure 15. Evaluation of assimilation-fractional crystallisation 
(AFC) process for SCN magmas. AFC conditions: (1) Initial 
magma compositions: MB− average composition of basalt 
(Appendix A11); (2) Assimilant/fractionated ratio (r) of 0.5 for 
fractions of liquid remaining (F) between 0.9 and 0.5; (3) FC 
mineral assemblages (solid line): 0.25 olivine + 0.40 plagioclase 
+ 0.25 clinopyroxene + 0.10 magnetite; (4) Assimilant: Crustal 
xenolith (A-ms; meta-sandstone) from Popocatépetl (Schaaf 
et al. 2005) used for (a) and crustal xenolith (A-sk; skarn) for 
(b). Other crustal xenoliths are also shown in these plots. (a) 
Ba/Nb–Y plot, PM paths refer to partial melting of different 
xenoliths, whereas the FC path gives the possible trajectory of 
fractional crystallization of MB mafic magma; and (b) Chondrite-
normalised plot, for symbols of crustal xenoliths see (a).

Figure 16. Nb-Ba/Nb bivariate diagram for SCN rocks. The 
symbols used are explained as an inset. A plausible mixing curve 
for M-E2 magmas is included for reference to explain the origin 
of disequilibrium magmas.
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and isotopically, as is the crust elsewhere (Taylor & 
McLennan 1985; Rudnick et al. 1998), the magmas 
generated from its partial melting should also be similarly 
heterogeneous (Figure 6). Migration of SCN M and HMI 
melts upwards would result in crustal heating above the 
initial melting regions, and ultimately lead to assimilation 
and melting at shallower crustal levels. These petrological 
processes might be restricted to the middle crust (average 
worldwide composition: SiO2= 60.6%, Al2O3= 15.5%, 
MgO= 3.4%, Rudnick & Gao 2003; depth in MVB= 
10–25 km, Ortega-Gutiérrez et al. 2008), because SCN 
evolved magmas display little or no negative Eu anomaly 
in chondrite-normalized REE patterns. Evidence of 
entrapment of melt inclusions has been reported from 
upper to middle crust in central Mexico (1-6 kbar or less; 
Cervantes & Wallace 2003).

As revealed by xenoliths in volcanic rocks from the 
central part of the MVB, the crust is highly heterogeneous, 
because it consists of orthoquarzite sandstone, 
metasandstone, metasiltstone, xenocrystic quartz, 
calc-silicate skarn, foliated fine-grained granodiorite, 
coarse-grained pyroxene diorite to gabbro, fine-grained 
hornblende-biotite granodiorite, and marble (Márquez 
et al. 1999b; Siebe et al. 2004; Schaaf et al. 2005; Ortega-
Gutiérrez et al. 2008). Partial melting of crustal xenoliths 
(gd in Figure 15a) can generate intermediate andesitic and 
dacitic SCN magmas (see PM paths in Figure 15a). The 
REE (Figure 15b) and Sr-Nd isotopic data (Figure 6a, b) 
of these xenoliths are also fully consistent with this partial 
melting model, because such melts are likely to have REE 
patterns below the B curve, i.e., similar to the evolved 
magmas (Figure 14a) and isotopic compositions similar to 
the SCN evolved magmas.
6.4. Origin of the disequilibrium magmas
DISQ magmas amounting to only ~7% represent 
incomplete mixing of at least two different types of 
magmas. Similar rock types with disequilibrium textures 
have also been observed in the nearby Iztaccíhuatl and 
Popocatépetl stratovolcanoes (Nixon 1988a, b; Straub & 
Martin del Pozzo 2001; Schaaf et al. 2005). Magma mixing 
is evaluated from one bivariate diagram (Figure 16). Mafic 
magmas show higher Nb concentrations than most other 
evolved magma varieties. Because Nb is an incompatible 
element in most common rock-forming minerals (e.g., 
Rollinson 1993), SCN magmas cannot be related to simple 
fractional crystallisation processes. Thus, the origin of the 
SCN evolved rocks with disequilibrium features could be 
explained as a result of the mixing of olivine-bearing mafic 
(M) magmas with evolved andesitic and dacitic (E1 and 
E2) magmas generated by partial melting of the crust.

7. Conclusions
Compilation of 289 samples from the SCN shows that of 
the basaltic to dacitic magmas erupted, about 15% were 

mafic magmas. The 87Sr/86Sr and 143Nd/144Nd of these 
mafic magmas are 0.7035–0.7043 and 0.51279–0.51294. In 
comparison, the evolved magmas have Sr and Nd isotopic 
compositions of 0.7036–0.7048 and 0.51270–0.51230 
(slightly higher and lower, respectively). All samples from 
the SCN plot on the ‘mantle array’ in the Sr-Nd isotope 
diagram. Spinel inclusions in olivines have compositions 
different from those in arcs. Some of the evolved magmas 
show abundant textural evidence of mineralogical 
disequilibrium, such as coexisting olivine and quartz, 
quartz with pyroxene reaction rims, and plagioclase with 
oscillatory or complex zoning. On multi-dimensional log-
ratio transformed major-element discriminant function 
based diagrams, most (93–100%) mafic rock samples plot 
in the continental rift setting. Similar multi-dimensional 
immobile element based diagrams support this conclusion. 
Inverse modelling of trace-element data for the SCN 
mafic magmas shows a source enriched in LILE, HFSE 
and LREE and absence of residual garnet. This modelling 
also shows the following incompatibility sequence for the 
SCN: U > P ~ Ba > Ta ~ K > Rb > Th ~ Nb ~ Zr > Hf 
> Y. In comparison, the incompatibility sequence for the 
CAVA was as follows: P > K ~ Th > Nb > U ~ Zr > Ba > 
Sr > Hf ~ Pb > Y. Evolved magmas from the SCN show 
a more complex history, although the involvement of the 
continental crust, particularly the lower crust, might be 
considered significant. Our preferred petrogenetic model 
for the SCN can be summarised as follows: (1) mantle-
derived basic (basaltic) magmas intruded the base of the 
continental crust; (2) their periodic injection resulted 
in a significant increase in crustal temperatures to cause 
partial melting of the crust which produced evolved 
andesitic and dacitic magmas and their eruption was 
facilitated by an extensional regime beneath the SCN; and 
(3) fractional crystallisation of basic magmas and their 
incomplete mixing with the evolved magmas gave rise to 
disequilibrium magmas.
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