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Abstract: The Granjeno Schist is a meta-volcano-
sedimentary upper Paleozoic complex in northeastern
Mexico. We suggest different tectonic settings for meta-
morphism of its serpentinite and talc-bearing rocks
based on petrographic and geochemical compositions.
According to the REE ratios (LaN/YbN = 0.51–20.0 and
LaN/SmN = 0.72–9.1) and the enrichment in the highly
incompatible elements Cs (0.1 ppm), U (2.8 ppm), and
Zr (60 ppm) as well as depletion in Ba (1 – 15 ppm), Sr
(1 – 184 ppm), Pb (0.1 – 14 ppm), and Ce (0.1 – 1.9 ppm) the
rocks have mid-ocean ridge and subduction zones char-
acteristics. The serpentinite contains Al-chromite, ferrian
chromite and magnetite. The Al-chromite is characterized
by Cr# of 0.48 to 0.55 suggesting aMORB origin, and Cr# of
0.93 to 1.00 for the ferrian chromite indicates a prograde
metamorphism. We propose at least two serpentinization
stages of lithospheric mantle for the ultramafic rock of the
Granjeno Schist, (1) a first in an ocean-floor environment
at sub-greenschist to greenschist facies conditions and (2)
later a serpentinization phase related to the progressive
replacement of spinel by ferrian chromite and magnetite
at greenschist to low amphibolite facies conditions during
regional metamorphism. The second serpentinization
phase took place in an active continental margin during
the Pennsylvanian. We propose that the origin of the ul-
tramafic rocks is related to an obduction and accretional
event at the western margin of Pangea.
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1 Introduction
In Mexico, details of the Laurentia-Gondwana collision re-
main controversial [1]. Even though several studies have
examined the Paleozoic (Silurian to Carboniferous) base-
ment rocks of northeastern Mexico, [2–11] the evolution of
the ultramafic paleozoic rocks has received minor atten-
tion; therefore this topic should be furtherly studied [11–
18]. It is commonly accepted thatmetamorphism including
serpentinization of the Granjeno Schist, a metavolcanic
andmetasedimentary unit of 300±4 Mametamorphic age,
was related to the closure of the Rheic Ocean and the re-
sulting formation of Pangaea.

The protoliths of the Granjeno Schist indicate differ-
ent tectonic setting of formation. Most recently, Torres [19]
suggest that N-MORB rocks indicates extrusion along a
mid-ocean ridge related to the rifting and drifting of the
Rheic Ocean during Silurian to Devonian time, whereas
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enriched basaltic rocks indicate mixing of MORB magma
with an enriched deep mantle source. The magmatism
was probably associated with plate movements related to
the closure of the Rheic Ocean, supporting the migration
of the southwestern margin of Gondwana into the Paleo-
Pacific Ocean [20, 21]. The southwestern margin of Gond-
wana changed from passive to active with the develop-
ment of an oblique subduction system during the Penn-
sylvanian [14, 18, 22]. Based on field relationships, petro-
graphic and isotopic characterization of metasedimentary
and metavolcanic rocks, it is possible to estimate that the
Granjeno Schist was integrated andmetamorphosed in an
accretionary prism during this time [1, 13, 14, 17, 18, 23–
25]. No particular attention has been entirely paid to the
significance of the serpentinite bodieswithin theGranjeno
Schist. Hence, until now the relation between the pro-
toliths of the metasedimentary, metavolcanic and meta-
ultramafic rocks and their plate-tectonic setting has not
been considered for the evolution of northwestern Gond-
wana.

Since the 1970’s serpentinite and talc bodies within
the Granjeno Schist have been reported in the area of
northeastern Mexico [26, 27]. Their origin has been in-
terpreted 1) as a result of diapiric upwelling, 2) part of
an ophiolite, 3) a sheeted dike layer and/or 4) having
a subduction relation. These interpretations were mostly
founded on field and petrographic observations in the
Novillo Canyon and less from the Peregrina Canyon, both
in northeastern Mexico [5, 8, 10, 14, 28–30] Talc-bearing
rocks and serpentinite also occur in the Aramberri Uplift
but no studies exist on their origin.

The present study constitutes the first detailed work
dealing with the petrology and geochemistry of Paleozoic
serpentinite and associated talc-bearing rocks in north-
eastern Mexico. The purposes of the study are to: a) estab-
lish the tectonic setting of the serpentinite protoliths, b)
determine the metamorphic conditions that affected the
rocks, as well as c) establish a geological model for the
evolution of late Paleozoic tectonic events in northeastern
Mexico during Pangaea configuration. In order to achieve
this, we use criteria based on primary and secondary
mineralogical compositions, and mineral and whole-rock
chemistry of the serpentinite of the Granjeno Schist.

2 Geological Setting
During Late Carboniferous and early Permian times Gond-
wana and Laurentia collided to form the supercontinent
Pangaea [31, 32] separating several small terranes from

Gondwana and accreted to Laurentia [33–35]. Remnants
of the late Paleozoic Rheic Ocean closure and consequent
collision between Laurentia and Gondwana are scarce,
but not absent in Mexico. Visible vestiges of the Rheic
Ocean include the Paleozoic rocks of the Granjeno Schist
in northeasternMexico. The origin of these rocks is closely
linked to the outboardmargins of themicrocontinent Oax-
aquia during the configuration of Pangaea (Fig. 1a; [14]).
These rocks demonstrate that the closure of the Rheic
Ocean, in the area of actual northeastern Mexico, did
not result in continent-continent collision during the mid-
dle to late Paleozoic. It rather brought the northwestern
margin of Gondwana into contact with the Paleo-Pacific
Ocean [18, 19, 36, 37].

The Granjeno Schist is a poly-deformed metavolcano-
metasedimentary sequence that includes both sedimen-
tary (psammite, pelite, turbidite, conglomerate, black
shale) and igneous (tuff, lava flows, pillow lava, ultramafic
bodies) protoliths that have been metamorphosed under
sub-greenschist to greenschist facies conditions [2-4, 8, 11,
13 , 19].

2.1 Regional distribution of the Granjeno
Schist

The Granjeno Shist crops out in axes of anticlines in the
Sierra Madre Oriental in northeastern Mexico, e.g., in the
Huizachal-Peregrina anticlinorium. This N-NW-trending,
double plunging structure is located northwest of Ciudad
Victoria in Tamaulipas (Fig. 1b; [38]), where the Granjeno
Schist forms two major NW-trending blocks.

In the southwestern block a major NW-SE trending
dextral fault separates the Granjeno Schist from the Meso-
proterozoic Novillo Gneiss. A body of plagiogranite [8]
with an intrusion age of 351 ± 54 Ma (U-Pb in zircon) and
a cooling age of 313 ± 7 Ma (40Ar/39Ar in muscovite, [13],
is located in the fault contact. The Granjeno Schist north-
eastern block is in fault contact with Permian flysch and
redbeds. In the south-central portion of the Huizachal-
Peregrina anticlinorium, an elongate serpentinite body
within the Granjeno Schist is in tectonic contact with
metasedimentary and metavolcanic rocks.

Other, isolated outcrops of the Granjeno Schist
are present in the Miquihuana and Bustamante Uplift
(Tamaulipas) areas southwest of the Huizachal-Peregrina
anticlinorium (Fig. 1b), and in the Aramberri Uplift,
Nuevo Leon (Fig. 1b), in tectonic contact with small lenses
of serpentinite and talc bodies. In all parts these units
are overlain by Early Jurassic volcanic rocks, Early-Late
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Figure 1: a) Precambrian and Paleozoic metamorphic rocks in Mexico. Modified from Ortega et al. [9] b) Study area (after [18]) with the the
Granjeno Schist.

Jurassic rift, drift and passive margin sediments related to
the opening of the Gulf of Mexico basin [39–43].

The metamorphic age of the Granjeno Schist rocks
of the Huizachal–Peregrina anticlinorium has been in-
vestigated in several studies. Most recently, [19] reported
a 40Ar/39Ar plateau age on phengite of 300 ± 4 Ma in
the metavolcanic rocks from the Peregrina Canyon. This
age is equivalent with the reported age of 40Ar/39Ar in
phengite of the metasedimentary rocks from the Novillo
Canyon [13]. Older Rb-Sr whole-rock muscovite isochron
ages in metasediments range from 318 ± 10 Ma to 257 ±
8 Ma [3, 44]. Whole-rock Rb-Sr ages of 373 ± 37 Ma to 320 ±
12Ma are recalculated from [27, 45, 46]. The metasedimen-
tary rocks from the Aramberri Uplift yield muscovite K-Ar
ages from 270 ± 5 to 294 ± 6 Ma [26].

2.2 Description of the meta-ultramafic rocks

The serpentinite bodies in theHuizachal-Peregrina anticli-
norium are up to 500 m thick and 10 km long (Fig. 1b). In
the Novillo and Peregrina Canyons the serpentinite rocks
occur in layers of 10 cm to 500 m in thickness (Fig. 2a).
The serpentinite consists of foliated to massive, greenish
and lustrous rocks. In places it is possible to recognize

dark and clear green-banded texture and pillow structures
as protolith remnants. The metacumulate in the Novillo
Canyon is a coarse-grained, dark green rock. It is inten-
sively fractured in lateral fault contact with the serpenti-
nite bodies. At both localities the serpentinite rocks are in
sub-vertical fault contact with othermetasedimentary and
metavolcanic rocks of the Granjeno Schist. The foliation
of the serpentinite is parallel to the schistosity of the sur-
rounding low-grade metamorphic rocks.

In the Aramberri uplift, sepentinite lenses are 10 cm
thick and 1 m long and are associated with talc bodies up
to 50 cm thick and 30 m long. The talc bodies can be dis-
tinguished from the other lithologies due to its grayish to
pearly color and softness. The talc bodies occur in fault
contact with the metasedimentary rocks (Fig. 2b). In this
area serpentinite is present in shear zones.

3 Sampling and analytical methods
Twenty one samples of serpentinite, metacumulate
and talc-bearing rocks from the Novillo and Peregrina
Canyons, as well as one soapstone sample from the
Aramberri Uplift, were analyzed (Table 1). Petrographic
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Figure 2: a) Serpentinite from the Novillo Canyon with acicular texture, b) lateral contact of talc body with pelitic schist in the Aramberri
Uplift.

Table 1: Coordinates, lithology, mineral content and methods of the studied metaultramafic samples from Granjeno Schist.

Sample Location Coordinates (WGS 84) Lithology Mineralogy Method
MS1 NC 140471798E, 262486N Serpentinite Lz+Mg+Chr+Stch GC
MS2 NC 140471741E, 2622455N Serpentinite Lz+Mg+Chr+Stch+Chl+Chr GC
MS3 NC 140471742E, 2622460N Serpentinite Lz+Mg+Chr GC
MS4 NC 140471880E, 2623442N Serpentinite Lz+Czo+Ctl+Mg+Chr GC
MS5 NC 140471713E, 2622424N Serpentinite Lz+Mg+Chr+Stch+Chl+Chr GC
MS6 NC 140471713E, 2622426N Serpentinite Lz+Mg+Chr MP
MS7 PC 140468618E, 2627290N Serpentinite Lz+Mg+Chr+Stch+Chl+Chr GC
MS8 PC 140468616E, 2627285N Serpentinite Lz+Mg+Chr+Stch+Chl+Chr GC
MS9 PC 14046893E, 2627654N Serpentinite Lz+Ctl+Do GC
MS10 PC 140468616E, 2627280N Serpentinite Lz+Ca+Pn+Mg+Chr GC. MP
MS11 PC 140468616E, 2627285N Serpentinite Lz+Ca+Pn+Mg+Chr GC
MC1 NC 140472424E, 2623276N Metacumulate Chl+Ab+Cpx+Grs+Qz GC, MP
MT1 NC 140472194E, 2622918N Talc Lz+Mg+Chr+Ta GC
MT2 NC 140471763E, 2623374N Talc/serpentine Ca+Tr+Chl+Srp GC,MP

MT3 PC 140468973E, 2627246N
Talc-
serpentine

Ta+Atg GC

MT4 AU 140415564E, 2668563N Talc Qz+Ta+Ca+Chl GC

MT5 AU 140408800E, 2666595N
Talc-
serpentine Ta+Chl+Ca+Qz+Pn MP

MT6 AU 140415346E, 2667980N Talc Ta+Srp MP
Ab: albite, Atg: antigorite, Ca: calcite, Chl: chlorite, Chr: chromite, Cpx: clinopyroxene,
Ctl: Chrysotile, Do: dolomite, Grs; grossular, Lz: lizardite, Mg: magnetite, Qz: quartz,
Ta: talc, Czo: clinozoisite, Pn: pentlandite, Stch: stichitite, AU: Aramberri Uplift,
NC: Novillo Canyon and PC: Peregrina Canyon, MP: Microprobe analysis,
GC: geochemical analysis.

analyses were accomplished for all samples with a
polarizing microscope.

Chemical compositions of minerals were analyzed
with the electron microprobe JEOL JXA 8230 at the In-
stitute of Geosciences of the Friedrich-Schiller University,
Jena, Germany. Serpentine, chlorite, talc, amphibole, py-
roxene, chromite, pentlandite, magnetite and garnet com-
positions (Appendices 1–9) were determined from samples

of all three study areas. The microprobe acceleration volt-
age was 15.0 kV and the beam current was 15 nA. A beam
size of 2–3 µm was used. All standards were certified sili-
cates and oxides.

Total abundances of major oxides and trace elements
were measured for fifteen samples: ten serpentinite, one
metacumulate, three talc-bearing rock and one soapstone
sample (Table 1). Theywere powdered in an agatemill and
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analyzed with ICP-OES (major element oxides) and ICP-
MS/INAA (Cr, Ni, Co, V, Cu, Pb, Zn, Rb, Ba, Sr, Ga, Nb, Hf,
Cs, Ta, Th, U, Zr, Y and REE) with an accuracy of +/− 5 to
20 % at Acmelab (Vancouver, Canada).

Metamorphic temperatures for the meta-ultramafic
rocks were determined using the chlorite thermometer
of [47], which is based on AlIV in chlorite and compared
with the corrected thermometer by [48]. The temperature
calculation considers the influence of iron in chlorite, and
requires that Fe/(Fe+Mg) is < 0.6. TheAppendices 1–10 pro-
vide mineral and whole-rock chemical compositions and
a list of compositional preconditions for the calculated
metamorphic conditions.

4 Results

4.1 Petrographic outlines

The meta-ultramafic rocks are mainly composed of the
metamorphic minerals serpentine, chlorite, talc, amphi-
bole and garnet. The opaque phases chromite, magnetite
and pentlandite are also present. Relic clinopyroxene is
recognizable.

The serpentinite rocks in all areas have four different
textures: a) acicular texture consisting of fibrous lizardite
and chlorite with crystal sizes up to 0.25 mm, b) pseudo-
morphic bastitic texture including bastite in crystals up to
1mm in size,mainly as an alteration product from clinopy-
roxene, andwith chrysotile and chlorite rims about 0.3mm
wide (Fig. 3a), c) box work texture consisting of acicu-
lar cross antigorite (Fig. 3b), and d) mesh texture con-
formed by ribbons of lizardite and antigorite and replaced
in its core by carbonate and/or talc. In general the opaque
phases in the serpentinite are granular and fractured, up
to 0.4 mm and with chrysotile and stichtite veins. Veins
and ribbons of antigorite are recognzible in all serpenti-
nite. Also talc occurs as vein filling in the serpentinite from
the Novillo and Peregrina Canyons.

In the serpentinite the recognizable opaque phases as
spinel crystals occur in irregular protogranular to amoe-
boidal shapes. They are present in the serpentinite from
the Peregrina andNovillo canyons. The spinel is present as
a) crystals of homogeneous deep red color, b) zoned, deep
red crystals with a black outer rim and c) homogeneous
black crystals. The homogeneous deep red spinel crystal
and some cores of the zoned crystals have preserved the
primary spinel composition. Magnetite occurs as rim/rim
boundaries in chromite and ferrian chromite (Fig. 3c) and
as irregular crystals (Fig. 3d) in mesh textures and within

mesh cores. Pentlandite occurs in protogranular and frac-
tured shapes (Fig. 3e).

In the metacumulate, relic porphyroclasts of bent and
kinked diopside up to 6mm in size are surrounded by sub-
hedral crystals of recrystallyzed diopside, tabular amphi-
bole, polygonal grossular (Fig. 3f) and tabular and elon-
gated chlorite.

The talc-bearing rocks have fibrous and nematoblastic
texture. They are dominated by tabular porphyroblasts of
pure talc of 0.3 mm to 0.5 mm in size which are associated
with orthopyroxene and replaced serpentine, uncolored,
greenish and brownish subhedral tremolite (Fig. 3g), asso-
ciated with chlorite and secondary dolomite and granular
calcite (≤ 0.33 mm to 0.5 mm; Fig. 3h). The groundmass
consists of fibrous talc and chlorite (≤ 0.15 mm; Fig. 3g, h,
i).

4.1.1 Mineral content and its chemical composition

4.1.1.1 Serpentine
The serpentine from the Novillo and Peregrina Canyons
have SiO2 contents that vary from 37 to 45 wt%, MgO from
35 to 41wt%, FeO from 1.6 to 7.2wt%,Al2O3 from0.56 to 4.8
wt% and Cr2O3 of 1.2 to 5.9 wt%. The serpentine from the
Aramberri Uplift has lower SiO2with 29 to 32wt% andMgO
of 25 to 26 wt%, higher FeO of 11.0 to 11.9 wt%, Al2O3of
14 to 17 wt% and Cr2O3 of 1.2 to 2.1 wt% (Appendix 1). The
Mg/(Mg+Fe2+) ratio varies from 0.90 to 0.98 for the Novillo
and Peregrina canyons-rocks and from 0.80 to 0.91 for the
Aramberri Uplift rocks. All analyzed serpentine has Mg/Si
values between 1.2 and 1.5.

4.1.1.2 Chlorite
Fe/(Fe+Mg) is c. 0.1 and Si is 3.0 apfu for the chlorite in
the metacumulate. Chlorite in the talc-bearing rocks and
the soapstone of the Novillo Canyon has Fe/(Fe+Mg) of 0.2
and Si of 4.2 apfu. These values classify the chlorite as
clinochlore and talc-chlorite. Higher Fe/(Fe+Mg) ratios of
c. 0.25 to 0.30 and Si of 2.9 to 3.5 apfu for talc at Aramberri
Uplift classify the mineral as pycnochlorite (Appendix 2).

4.1.1.3 Chlorite geothermometer
The tetrahedral Al (AlIV) content in chlorite is 0.93 to 1.05
apfu for the metacumulate of the Novillo Canyon. This
corresponds to crystallization temperatures of 253–276∘C
with a mean of 268∘C (n = 4; Appendix 2; cf. [47]. The
Fe/(Fe+Mg) ratios of < 0.6 are taken into account for tem-
perature calculations according to [48] Jowett (1991). This
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Figure 3: Scanning-electron-microscope images a) Pseudomorphic bastitic texture, b) box work texture with acicular antigorite and lizardite
matrix, c) chromite and ferrian chromite with magnetite rims in serpentinite, d) rounded magnetite with chromite cores in serpentinite, e)
protogranular and fractured pentlandite in serpentinite, f) metacumulate with relic porphyroclasts of bent and kinked diopside and polygo-
nal grossular, g) nematoblastic texture dominated by porphyroblasts of talc, tremolite in fibrous talc and chlorite matrix h) talc and chlorite
groundmass and i) granular calcite and magnetite in talc-bearing rock. Al-Chr: aluminium chromite, Atg: antigorite, Ca: calcite, Chl: chlorite,
Fe-Chr: iron rich chromite, Grs: grossular, Lz: lizardite, Mag: magnetite, Pn: pentlandite, Px: pyroxene, Srp: serpentine, Ta: talc, Tr: tremo-
lite.

gives temperatures that are 1–30∘Chigher than the temper-
atures derived from the [47] thermometer (Appendix 2).

4.1.1.4 Pyroxene
The clinopyroxene has a limited compositional range of
diopside with Wo45–50En43–50Fs5–15 (Appendix 3).

4.1.1.5 Garnet
It has a grossular composition of Py8–14Alm3–6Gs80–88
(Appendix 4) and is associated with diopside and chlorite.

4.1.1.6 Talc
The talc has Si content of 7.7 apfu, Mg of 4.02 to 4.09 apfu,
low Fe of 0.37 to 0.43 apfu and Al of < 0.07 apfu. The

Mg/(Mg+Fe2+) ratio is very high with values of 0.90–0.92
(Appendix 5).

4.1.1.7 Amphibole
The chemical composition is calcic, dominated by tremo-
lite Mg/(Mg+Fe2+) = 0.93–0.98, actinolite Mg/(Mg+Fe2+) >1
and ferroactinolite Mg/(Mg+Fe2+) ≤ 1; Appendix 6). The
coexistence of these amphiboleminerals suggests progres-
sive metamorphism (cf. [49]).

4.1.1.8 Spinel
They have low Cr# (Cr/(Cr+Al)) values of 0.48 to 0.55, high
Mg/(Mg+Fe2+) ratios of 0.57 to 0.71 and low TiO2 of < 0.37
wt%. Spinel composition data of [10]. from the Novillo
Canyon reveal Cr3+ of 0.64 to 0.65 apfu, Fe3+ of 0.33–0.53
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apfu and Al3+ of 0.01 apfu, which classify this mineral as
Al-chromite (cf. [50]).

Among the measured spinel, outer rims and homo-
geneous black crystals have Cr# values of 0.93 to 1.00,
Mg/(Mg+Fe2+) ratios varies from0.01 to 0.52 and TiO2 from
0.16 to 0.59 wt%, similar to metamorphic spinel in supra-
subduction zones (cf. [51]). Their Cr3+ values of ≤ 0.53 apfu,
Fe3+ values of 0.46–0.93 apfu and Al3+ values of ≤ 0.04
apfu correspond to the alteration of the chromite (Fig. 4
(cf. [52], Appendix 7).

4.1.1.9 Magnetite
According to Cr3+ values of ≤ 0.66 apfu, Fe3+ values of 1.33-
1.98 apfu and depletion in Al3+, the magnetite can be clas-
sified as puremagnetite (Fig. 4) and Cr-richmagnetite. Cr#
values range from 0.99 to 1.00, Mg/(Mg+Fe2+) varies from
0.02 to 0.25 and TiO2 from 0.01 to 0.20 wt% (Appendix 8).

4.1.1.10 Pentlandite
It is associated with lizardite and antigorite. It has FeO of
31.8 to 37.1 wt% (Appendix 9).

4.2 Whole-rock geochemical composition

4.2.1 Major-element composition

All studied serpentinite rocks have high loss on ignition
values of > 10 wt%, indicating high water contents. The
samples corresponds to almost pure serpentinite rocks.
The metacumulate and talc-bearing rocks have loss on ig-
nition values of < 5 wt% (Appendix 10).

The serpentinite rocks from the Peregrina Canyon has
MgO of 34–35 wt%, SiO2 of 38–43 wt%, FeO of 6.7–7.5 wt%,
Al2O3 of 1.0–1.5 wt% and CaO of < 2.3 wt%. The serpen-
tinite from the Novillo Canyon has lower MgO with 16–
39 wt%, SiO2 of 36–45 wt%, FeO of 2.6–11 wt%, Al2O3
of 0.8–13 wt% and higher CaO of < 22 wt%. The Mg#
((MgOmol)/(MgOmol + FeOtot)*100) is similar for both areas
with 85–98.

The metacumulate from the Novillo Canyon has MgO
of 15 wt%, SiO2 of 40 wt%, FeO of 2.4-11 wt%, Al2O3 of 14
wt% and CaO of < 22 wt%. The high concentration of CaO
in the metacumulate is in accordance with the presence
of clinopyroxene and garnet. The high Al2O3 is related to
the presence of chlorite. Its Mg# of 69 is lower than in the
serpentinite.

In accordance with Al2O3 of < 0.13, CaO of < 0.45 and
MgO of 0.30-0.97 inmole%, both serpentinite andmetacu-
mulate have harzburgite protoliths (cf. [53]; Fig. 5).

Talc-bearing rocks from the Novillo and Peregrina
Canyons have MgO of 26–33 wt%, SiO2 of 43–61 wt%, FeO
of 3.7–6.5 wt%, Al2O3 of < 1.2 wt% and CaO of < 2.0 wt%,
whereas the talc from the Aramberri Uplift has MgO of 26
wt%, SiO2 of 31 wt%, FeO of 9.8 wt%, Al2O3 of 19 wt% and
CaO of 0.25 wt%. TheMg# in both areas is similar with val-
ues from 83 to 93.

4.2.2 Trace-element composition

The metacumulate and serpentinite rocks have high Cr
concentrations of 96–5500 ppm, Ni of 100–4000 ppm and
Co of 11-26 ppm. Ni/Co ranges between 11 and 26. The
talc-bearing rocks from theNovillo and Peregrina Canyons
have lower Cr concentrations of 82–2300 ppm, Ni of 160–
1300 ppm, higher Co of 27–61 ppm and Ni/Co of 5-98. The
talc-bearing rocks from the Aramberri Uplift have similar
concentrations of Cr of 14–1900 ppm, Ni of 230–2100 ppm,
Co of 19–93 ppmandNi/Co ratio of 12–22. This composition
suggests a depleted-mantle source (cf. [54]).

The incompatible elements for the Peregrina and
Novillo Canyon meta-ultramafic rocks have highly scat-
tered primitive mantle normalized values (Sr = 1–184 ppm,
Ba = 1–15 ppm, K = 0.01–0.04 ppm, Cs = 0.1–280 ppm, U
= 0.1–0.2 ppm, Pb = 0.1–14 ppm, Zr = 0.1–60 ppm and Ce
= 0.1–1.9 ppm; Figs. 6a, b and c). The talc-bearing rocks of
the Aramberri Uplift have similar incompatible elements
patterns with K= 0.01–0.04, Sr = 8.70 ppm, Cs = 0.1 ppm, U
= 2.8 ppm, Pb = 1.3 ppm, Zr = 2.2 ppm (Fig. 6a).

The talc-bearing rocks from the Aramberri Uplift
are enriched in light REE with LaN/YbN of 20 and low
LaN/SmN ratio of 5.4 (N = Normalized values after [54];
Fig. 6d). The serpentinite rocks in the Peregrina and
Novillo Canyon show two different patterns a) flat REE pat-
terns with LaN/YbN ratio of 0.51–2.87 and LaN/SmN ra-
tio of 0.72–2.58 (Figs. 6e and f) and b) slightly enriched
REE patterns with LaN/YbN ratio of 9–10 and LaN/SmN ra-
tio of 2–10. The talc-bearing rocks from the Peregrina and
Novillo canyons have similar patterns to the serpentinite
with LaN/YbN values of 0.60–1.5 and LaN/SmN values of
0.59–1.3 (Fig. 6d). These REE patterns suggest an abyssal
peridotite source (MOR-type; cf. [55]).
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Figure 4: Ternary diagram of atomic Cr3+-Fe3+-Al3+. Discrimination fields after [52].

5 Discussion
The chromite composition indicates an origin for the ultra-
mafic rock protoliths in a mid-oceanic ridge setting. This
is based on the Cr# and Mg# values of the Al-chromite
in the serpentinite rocks from the Novillo and Peregrina
canyons. The low Al3+, Cr3+, Fe3+ and TiO2contents in the
Al-chromite is comparable to podiform (ophiolitic) and
abyssal peridotite chromite (cf. [50, 56–59]; Fig. 7a-c). Al-
chromite suggest that the Cr-spinel crystallized through
high degrees of partial melting at the shallowest levels
of an upper mantle source (within the Moho Transition
Zone), i.e., close to the layered gabbro sequence (e.g. [60–
65]).

Trace element enrichment of Cs, Rb, Pb, Sb, Sr are
caused due serpentinization process, tremolite and/or car-
bonate precipitation also caused Pb, Sb enrichment and
produces in serpentinites (cf. [66]) REE patterns are simi-
lar to fore-arc and mid-ocean-ridge serpentinites (cf. [66])
suggesting this environment for the serpentinization pro-
cess.

The serpentinization of the peridotitic rocks occurred
in two tectonic settings: (1) during ocean-floor metamor-
phism at amid-ocean ridge and (2) through dynamicmeta-
morphism at a subduction zone (cf. [60]; Fig. 7c).

Ocean-floor metamorphism produced mobility of
trace elements as Rb and Sr, enrichment of Pb, Sb by
carbonate precipitation and U-enrichment due hydrother-
mal alteration (cf. [66, 67]), pseudomorphic replacement
textures, such as mesh texture (chrysotile and lizardite)
and bastite were also formed. The presence of grossular
in the metacumulate rock from the Novillo Canyon indi-
cates rodingitization. According to [68] rodingite forma-
tion takes place at 200–300∘C during ocean-floor meta-
morphism of ultramafic rocks (cf. [69, 70]). All this sug-
gests that the first serpentinization took place under sub-
greenschist to lower greenschist facies conditions, in ac-
cordance with the estimated temperatures of 253–293∘C,
while the rocks were located close to an oceanic spreading
center (Fig. 8).

However, the slightly enrichment of LREE and Cs-
enrichment in some serpentinites samples and the forma-
tion of ferrian chromite rims, box work textures, veins and
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ribbons of antigorite indicates a higher serpentinization
degree, probably during the onset of regional metamor-
phism (Fig. 8). During this process the formation of chlo-
rite rims, progressive replacement of Al-rich spinel by fer-
rian chromite and magnetite occurred. However, the asso-
ciation of ferrian chromite, antigorite, talc, tremolite and
diopside indicates serpentinization at amphibolite facies
(cf. [71–74]). This is supported by the occurrence of the
minor phase pentlandite indicates recrystallization of pri-

mary sulfides at temperatures around 450∘C during ser-
pentinization (cf. [49]).

The related fault contact of the talc-bearing rock bod-
ies with metasedimentary rocks, the formation of inter-
penetrative antigorite in serpentine, the replacement of
serpentine crystals by talc and the appearance of calcite in
veins and groundmass indicate a later crystallization stage
for the Aramberri Uplift rocks. This suggests that a process
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of obduction of the meta-ultramafic rocks related with re-
gional metamorphism may have occurred.

5.1 Correlation of the meta-ultramafic rocks
with metavolcanic and metasedimentary
rocks in the Granjeno Schist

Serpentinite rocks record the evolution of seafloor forma-
tion affected at least for two metamorphic events at an
ocean ridge and a later secondarymetamorphism in a sub-
duction zone. Neither indication for geochemical involve-
ment of continental crust nor for subduction magmatism
in the ultramafic protoliths, and due to the presence of
associated oceanic basalts, we suggest that the magmatic
evolution was completely within an oceanic plate.

Depositional contacts of clastic (continental)
metasedimentary rocks with metavolcanic rocks through-
out the Granjeno Schist suggest that sedimentation was
contemporaneous with the volcanism. The age of the
basaltic rocks reamin unknown, but maximum deposi-
tional ages of the coeval metasedimentary rocks are late
Cambrian to Devonian [18, 75], indicating a composite
unit with a long possible sedimentation and volcanism
history. Grenvillian (1250–920 Ma) and Panafrican (730–
530Ma) detrital zircon crystallization ages suggest that the
Novillo Gneiss of the Oaxaquia microcontinent and the
Gondwana continent may have been the main sediment
sources [18, 75]. Thus, the Granjeno Schist can be related
to the Rheic Ocean.

Assuming that the youngest maximum depositional
ages are similar to the youngest depositional part of the
Granjeno Schist, N-MORB igneous activity and sedimen-
tation in the Novillo and Peregrina Canyon area lasted at
least from Silurian to Devonian times [19]. The extrusion
of N-MORB from asthenospheric magma can be related
to rifting and drifting of part of the Rheic Ocean during
that time. The abyssal peridotite (meta-ultramafic rocks)
may have formed in this scenario. The peridotite repre-
sents the melting residues of N-MORB melt. It became ex-
posed on the seafloor due to tectonic faulting associated
with spreading-ridge extension. During the spreading of
the ocean floor alteration, low-grade metamorphism, ini-
tial serpentinization and rodingitization took place.

Regional studies about southern and northeastern
Mexico indicate that the closure of the Rheic Ocean did
not result in a subsequent continent-continent collision,
but moved Gondwana into contact with the Paleo-Pacific
Ocean (e.g., [14, 20, 76]). As result dextral transpression
took place and a Pennsylvanian-Permian magmatic arc
was established (cf. [14, 15, 18, 77, 78]). The metamorphic

age of the Granjeno Schist indicates that the metamor-
phic overprint and the second serpentinization event of
the rocks of the present study may have taken place in
an accretionary prism during Pennsylvanian to Permian
times (cf. [18]).

The low-metamorphic conditions for the Granjeno
Schist are untypical for a continent-continent collision. In-
stead, accretion and obduction in an evolving active mar-
gin is more plausible [19]. This is in accordance with the
metamorphic age of the Granjeno Schist as well as with
the presence of plagiogranite with syn-collisional and
volcanic-arc characteristics, which intruded the Novillo
Gneiss at c. 350 Ma [13, 79]. During the obduction and ac-
cretion at the active margin, talc formed through thrust
faulting of serpentinized ultramafic rocks, with metavol-
canic and metasedimentary rocks (cf. [80–82]).

6 Conclusions
The presented data suggest that the serpentinities and
associated rocks represent a fragment of oceanic litho-
sphere that was formed and modified during the propaga-
tion of the ocean floor. Serpentinization presumably took
place from a depleted-mantle source at the Moho Transi-
tion Zone up to the layered gabbro level. The process oc-
curred over extended time and temperature ranges at sub-
greenschist to greenschist facies metamorphic conditions.
After the ocean-floor serpentinization, a second regional-
metamorphic serpentinization phase took place during
this event the lithospheric mantle slivers juxtaposed in
the forearc region. These geological processes are related
to a proposed circum-Pangaea non-collisional subduction
zone,which caused progrademetamorphism in northeast-
ern Mexico at Pennsylvanian to Permian time during Pan-
gaea configuration.
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Appendices
Appendix 1 Serpentine microprobe data and structural formulae based on

14 oxygen

Appendix 1. Serpentine microprobe data and structural formulae based on 14 oxygen.  
Sample MS10_1 MS10_5 MS10_7 MS10_30 MS6_1 MS6_2 MS6_40 MS10_41 MT6_1 MT6_7 MT6_15 
SiO2 42.35 42.48 39.53 41.99 36.74 37.32 44.65 42.82 30.98 30.26 30.97 
TiO2 0.01 0.01 0.01 0.00 0.04 0.03 0.02 0.01 0.01 0.00 0.00 
Al2O3 1.27 1.32 2.92 1.59 4.77 4.30 0.72 1.15 13.88 15.82 15.00 
Cr2O3 0.14 0.14 1.20 0.29 1.99 2.00 0.13 0.32 5.04 2.14 2.86 
FeO 6.08 6.38 7.05 6.69 4.05 4.03 1.65 6.42 10.96 11.32 11.17 
MnO 0.05 0.05 0.03 0.05 0.01 0.01 0.05 0.06 0.13 0.13 0.11 
MgO 37.33 36.85 35.59 36.67 37.70 37.57 38.16 36.24 25.91 26.26 25.63 
CaO 0.07 0.04 0.01 0.42 0.03 0.02 0.06 0.00 0.03 0.07 0.14 
Na2O 0.00 0.01 0.00 0.00 0.02 0.03 0.11 0.00 0.01 0.01 0.03 
K2O 0.01 0.03 0.01 0.00 0.00 0.02 0.10 0.00 0.00 0.03 0.02 
H20 12.69 12.70 13.65 12.29 14.65 14.68 14.34 12.99 13.05 13.96 14.07 
Total oxide % 87.31 87.30 86.35 87.71 85.35 85.32 85.66 87.01 86.95 86.04 85.93 

Si 4.01 4.02 3.83 3.97 3.57 3.63 4.19 4.06 3.09 3.03 3.10 
Al 0.14 0.15 0.33 0.18 0.55 0.49 0.08 0.13 1.63 1.87 1.77 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.01 0.01 0.09 0.02 0.15 0.15 0.01 0.02 0.40 0.17 0.23 
Mg 5.26 5.20 5.14 5.17 5.46 5.44 5.33 5.13 3.85 3.92 3.83 
Fe 0.48 0.51 0.57 0.53 0.33 0.33 0.13 0.51 0.91 0.95 0.94 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.01 0.00 0.00 0.04 0.00 0.00 0.01 0.00 0.00 0.01 0.01 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Sum 9.92 9.90 9.96 9.93 10.08 10.05 9.78 9.86 9.90 9.96 9.90 

Appendix 1. Serpentine microprobe data and structural formulae based on 14 oxygen. 

Mg# 91.63 91.15 90.00 90.72 94.32 94.32 97.63 80.82 80.59 80.06 90.96 
Al tot 0.27 0.28 0.63 0.34 1.03 0.93 0.15 0.25 3.11 3.55 3.38 
Cr tot 0.02 0.02 0.18 0.04 0.31 0.31 0.02 0.05 0.79 0.34 0.45 
Fe tot 0.48 0.51 0.57 0.53 0.33 0.33 0.13 0.51 0.91 0.95 0.94 
Mg/Si 1.31 1.29 1.34 1.30 1.53 1.50 1.27 1.26 1.25 1.29 1.23 

Appendix 2. Chlorite microprobe data and structural formulae based on 14 oxygen.  
Sample MC1_33 MC1_37 MT5_17 MT5_18 MT5_19 MT5_20 MT5_22 MT5_23 MT5_24 MT5_28 MT5_29 MT5_30 
SiO2 31.29 31.33 29.22 29.15 29.63 29.60 28.73 29.68 29.26 29.50 29.21 29.81 
TiO2 0.02 0.00 0.00 0.01 0.05 0.04 0.03 0.03 0.03 0.00 0.02 0.02 
Al2O3 19.38 19.21 18.97 19.07 18.48 18.78 18.44 18.06 18.82 18.28 18.62 18.37 
Cr2O3 0.00 0.07 0.16 0.23 0.28 0.25 0.23 0.27 0.20 0.34 0.35 0.27 
FeO 3.77 3.70 15.68 15.85 14.61 14.99 16.60 15.54 15.74 15.15 15.50 15.24 
MnO 0.06 0.08 0.17 0.19 0.16 0.16 0.16 0.16 0.20 0.16 0.18 0.18 
MgO 32.20 31.89 23.90 23.24 24.36 22.89 22.46 23.62 23.66 23.78 23.97 23.89 
NiO 0.07 0.07 0.12 0.10 0.11 0.08 0.11 0.10 0.12 0.11 0.11 0.13 
CaO 0.07 0.19 0.02 0.00 0.00 0.09 0.08 0.03 0.03 0.01 0.01 0.00 
Na2O 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.02 0.01 0.02 0.02 0.00 
K2O 0.01 0.00 0.01 0.01 0.03 0.02 0.02 0.13 0.01 0.04 0.03 0.04 
Total Oxide % 86.87 86.54 88.26 87.85 87.73 86.92 86.87 87.65 88.07 87.38 88.02 87.95 

Si 2.96 2.97 2.90 2.91 2.94 2.97 2.91 2.96 2.91 2.95 2.90 2.96 
Al 2.16 2.15 2.22 2.24 2.16 2.22 2.20 2.13 2.21 2.15 2.18 2.15 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Appendix 2 Chlorite microprobe data and structural formulae based on 14
oxygen

Appendix 2. Chlorite microprobe data and structural formulae based on 14 oxygen. 
Cr 0.00 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 
Mg 4.53 4.51 3.53 3.45 3.60 3.42 3.40 3.52 3.51 3.54 3.55 3.53 
Fe 0.30 0.29 1.30 1.32 1.21 1.26 1.41 1.30 1.31 1.27 1.29 1.26 
Mn 0.00 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Ca 0.01 0.02 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.01 
Sum 9.96 9.95 9.99 9.96 9.97 9.92 9.97 9.97 9.98 9.97 9.99 9.96 

Al IV 1.04 1.03 1.10 1.09 1.06 1.03 1.09 1.04 1.09 1.05 1.10 1.04 
Al VI 1.11 1.12 1.11 1.15 1.10 1.18 1.12 1.09 1.11 1.10 1.09 1.11 
Altot 2.16 2.15 2.22 2.24 2.16 2.22 2.20 2.13 2.21 2.15 2.18 2.15 
Fe/ (Fe+Mg) 0.06 0.06 0.27 0.28 0.25 0.27 0.29 0.27 0.27 0.26 0.27 0.26 
Mg/Mg+Fe 0.94 0.94 0.73 0.72 0.75 0.73 0.71 0.73 0.73 0.74 0.73 0.74 
Si tot 7.70 7.75 7.54 7.57 7.66 7.75 7.59 7.72 7.57 7.68 7.56 7.71 

T° Cathelineu, 1988 274 270 293 290 280 271 288 272 289 277 291 274 

Appendix 3. Pyroxene microprobe data and structural formulae based on 6 oxygen.   
Sample MC1_1 MC1_2 MC1_3 MC1_4 MC1_10 MC1_26 MC1_27 MC1_28 MC1_29 MC1_38 MC1_40 
SiO2 53.56 53.21 55.05 54.62 54.35 54.37 54.75 55.29 53.88 56.16 55.46 
TiO2 0.43 0.31 0.06 0.05 0.12 0.26 0.14 0.06 0.11 0.02 0.07 
Al2O3 1.73 2.95 0.88 0.33 1.10 1.07 0.78 0.50 0.52 0.17 0.65 
Cr2O3 0.34 0.35 0.23 0.13 0.20 0.33 0.10 0.14 0.13 0.05 0.11 
FeO 3.13 3.45 1.63 2.63 2.97 2.83 2.15 2.79 1.81 1.06 1.55 
MnO 0.12 0.12 0.03 0.14 0.10 0.09 0.05 0.09 0.05 0.04 0.07 
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Appendix 3 Pyroxene microprobe data and structural formulae based on
6 oxygen

Appendix 3. Pyroxene microprobe data and structural formulae based on 6 oxygen.  
MgO 16.84 16.68 17.69 17.47 17.23 17.18 17.47 17.30 17.48 18.28 17.51 
NiO 0.02 0.03 0.03 0.00 0.03 0.00 0.04 0.01 0.00 0.03 0.00 
CaO 24.01 22.88 25.44 25.02 24.17 24.47 25.02 24.72 25.56 26.22 25.59 
Na2O 0.25 0.39 0.17 0.03 0.16 0.21 0.12 0.15 0.09 0.05 0.31 
K2O 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 
Total Oxide % 100.43 100.38 101.22 100.42 100.43 100.81 100.63 101.04 99.63 102.08 101.34 

Si 1.94 1.93 1.97 1.98 1.97 1.96 1.98 1.99 1.96 1.99 1.98 
Al 0.07 0.13 0.04 0.01 0.05 0.05 0.03 0.02 0.02 0.01 0.03 
Ti 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Cr 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 

Fe3+ 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.00 0.05 0.01 0.02 
Mg 0.91 0.90 0.94 0.94 0.93 0.92 0.94 0.93 0.95 0.97 0.93 

Fe2+ 0.07 0.09 0.03 0.06 0.08 0.07 0.05 0.09 0.00 0.02 0.02 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.93 0.89 0.98 0.97 0.94 0.95 0.97 0.95 1.00 1.00 0.98 
Na 0.02 0.03 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.02 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

Wo % 48.04 46.81 49.54 48.59 47.82 48.31 49.01 48.43 49.79 49.93 49.96 
En % 46.88 47.49 47.93 47.21 47.43 47.19 47.62 47.16 47.38 48.43 47.57 
Fs % 5.08 5.70 2.53 4.20 4.75 4.50 3.37 4.41 2.84 1.64 2.47 
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Appendix 4 Garnet microprobe data and structural formulae based on 12
oxygen

Appendix 4. Garnet microprobe data and structural formulae based on 12 oxygen.  
Sample MC1_4 MC1_12 MC1_13 MC1_15 MC1_20 MC1_21 MC1_22 MC1_23 MC1_24 MC1_25 MC1_31 MC1_32 
SiO2 37.21 37.05 37.45 37.60 37.82 37.25 37.36 37.74 37.17 37.12 36.85 37.54 
TiO2 0.58 0.17 0.17 0.24 0.23 0.18 0.16 0.16 0.27 0.33 0.08 0.13 
Al2O3 16.58 17.98 17.93 18.13 18.05 18.18 18.09 17.86 18.28 18.25 17.30 18.14 
Cr2O3 0.13 0.02 0.02 0.00 0.01 0.00 0.02 0.03 0.02 0.04 0.00 0.01 
MgO 2.91 2.82 2.94 2.60 2.94 2.89 2.71 2.75 2.42 2.56 4.50 2.98 
FeO 3.27 2.24 1.92 2.06 1.86 1.78 2.04 2.10 1.81 1.78 3.15 2.06 
MnO 0.04 0.08 0.06 0.03 0.10 0.08 0.09 0.08 0.02 0.04 0.06 0.06 
CaO 36.51 36.44 36.55 36.85 36.55 36.56 36.78 36.79 36.74 36.71 34.79 36.19 
Na2O 0.02 0.01 0.04 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.02 
K2O 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Total Oxide % 97.25 96.80 97.08 97.52 97.56 96.95 97.26 97.51 96.72 96.84 96.73 97.14 

Si 5.75 5.72 5.76 5.77 5.79 5.74 5.74 5.79 5.75 5.73 5.67 5.77 
Ti 0.07 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.03 0.04 0.01 0.01 
Al 3.02 3.27 3.25 3.28 3.26 3.30 3.28 3.23 3.33 3.32 3.14 3.29 
Cr 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.67 0.65 0.67 0.59 0.67 0.66 0.62 0.63 0.56 0.59 1.03 0.68 
Fe 0.42 0.29 0.25 0.26 0.24 0.23 0.26 0.27 0.23 0.23 0.41 0.26 
Mn 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 
Ca 6.04 6.03 6.02 6.06 6.00 6.03 6.06 6.05 6.09 6.07 5.74 5.96 
Na 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total cation 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 

Pyrope % 9.38 9.30 9.70 8.59 9.70 9.57 8.93 9.04 8.11 8.54 14.37 9.87 
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Appendix 5 Talc microprobe data and structural formulae based on 22
oxygen

Appendix 4. Garnet microprobe data and structural formulae based on 12 oxygen. 
Almandine % 5.92 4.15 3.55 3.82 3.44 3.31 3.77 3.87 3.40 3.33 5.64 3.83 
Spessartine % 0.07 0.15 0.11 0.06 0.19 0.15 0.17 0.15 0.03 0.07 0.11 0.12 
Grossular % 84.62 86.40 86.64 87.53 86.67 86.97 87.12 86.93 88.46 88.05 79.87 86.18 

Appendix 5. Talc microprobe data and structural formulae based on 22 oxygen. 
Sample MT5_1 MT5_2 
SiO2 59.15 59.20 
TiO2 1.21 0.72 
Al2O3 21.08 20.67 
FeO 3.47 3.99 
MnO 0.02 0.03 
MgO 0.34 0.46 
CaO 0.34 0.76 
Na2O 14.05 13.63 
K2O 0.02 0.15 
Total Oxide % 99.69 99.60 

Si 7.70 7.73 
Ti 0.12 0.07 
Al 0.05 0.07 
Fe 0.37 0.43 
Mn 0.00 0.00 
Mg 4.09 4.02 
Ca 0.05 0.11 
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Appendix 6 Amphibole microprobe analyses and structural formulae
based on 23 oxygen

Appendix 5. Talc microprobe data and structural formulae based on 22 oxygen. 
Na 3.55 3.45 
K 0.00 0.03 
Sum 15.93 15.90 

Appendix 6. Amphibole microprobe data and structural formulae based on 23 oxygen.  
Sample MT2_1 MT2_2 MT2_3 MT2_4 MT2_5 MT2_17 MT2_32 MT2_33 MT2_34 MT2_35 MT2_37 
SiO2 57.84 58.43 58.65 58.53 59.15 52.35 58.52 58.49 58.29 58.24 58.33 
TiO2 0.01 0.01 0.02 0.01 0.01 0.03 0.02 0.04 0.04 0.01 0.01 
Al2O3 0.02 0.04 0.03 0.02 0.03 4.90 0.01 0.02 0.03 0.01 0.02 
Cr2O3 0.02 0.12 0.09 0.08 0.10 0.42 0.06 0.07 0.12 0.13 0.06 
FeO 3.55 3.65 3.54 3.50 3.65 3.40 3.81 3.56 3.76 3.54 3.49 
MnO 0.06 0.04 0.05 0.05 0.06 0.06 0.05 0.05 0.06 0.03 0.02 
MgO 22.43 22.54 22.49 22.48 22.76 22.05 22.60 22.47 22.31 22.69 22.59 
CaO 13.41 13.19 13.33 13.36 13.35 11.35 13.24 13.20 13.34 13.31 13.50 
Na2O 0.14 0.17 0.22 0.16 0.18 2.56 0.24 0.24 0.20 0.23 0.16 
K2O 0.03 0.05 0.04 0.04 0.04 0.07 0.07 0.05 0.07 0.05 0.05 
Total Oxide % 97.52 98.24 98.47 98.23 99.32 97.19 98.62 98.19 98.21 98.24 98.22 

Si 7.91 8.01 7.99 8.04 8.03 7.93 9.04 9.03 9.29 8.28 7.97 
Al 0.00 0.01 0.00 0.00 0.00 0.88 0.00 0.00 0.01 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.01 0.01 0.01 0.01 0.05 0.01 0.01 0.02 0.02 0.01 
Mg 4.57 4.60 4.57 4.60 4.61 4.98 5.21 5.17 5.30 4.81 4.60 
Fe 0.01 0.49 0.33 0.59 0.57 4.25 6.57 6.39 8.02 2.21 0.32 
Mn 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 
Ca 1.96 1.94 1.95 1.97 1.94 1.84 2.19 2.18 2.28 2.03 1.98 
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Appendix 7 Chromite microprobe data and structural formulae based on 4
oxygen

Appendix 6. Amphibole microprobe data and structural formulae based on 23 oxygen. 
Na 0.04 0.04 0.06 0.04 0.05 0.75 0.07 0.07 0.06 0.06 0.04 
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Sum 14.91 15.05 15.00 15.08 15.07 16.89 17.03 16.96 17.49 15.64 15.01 

Mg# 1.00 0.90 0.93 0.89 0.89 0.54 0.44 0.45 0.40 0.69 0.94 

Appendix 7. Chromite microprobe data and structural formulae based on 4 oxygen. 
MS10_2 MS10_4 MS10_8 MS6_1 MS6_12 MS6_35 MS6_36 *SE_1 *SE_2 *SE_5 *SE_6 *SE_9 *SE_13 *SE_15 

TiO2 0.48 0.20 0.59 0.26 0.17 0.16 0.18 0.20 0.35 0.31 0.29 0.22 0.26 0.27 
Al2O3 0.16 0.07 0.69 0.10 0.18 0.71 0.69 28.08 26.27 28.32 25.60 23.81 26.32 26.66 
Cr2O3 30.61 13.35 33.53 26.77 31.76 29.22 31.41 40.21 41.26 38.84 41.83 42.45 41.38 41.98 
FeO 59.66 80.29 56.03 56.00 46.43 45.36 49.18 15.58 16.81 16.44 15.50 15.61 17.59 17.20 
MnO 1.27 0.45 1.42 6.56 10.11 8.16 5.53 0.39 0.38 0.53 0.19 0.00 0.00 0.00 
MgO 0.63 0.34 0.48 2.31 4.20 6.80 5.44 14.36 13.30 13.84 15.88 14.98 13.53 14.14 
ZnO 1.04 0.29 1.23 0.42 0.82 0.00 0.18 0.27 0.18 
Total Oxide % 93.85 94.99 93.97 92.42 93.68 90.40 92.44 98.82 98.37 98.28 99.44 97.38 99.44 100.54 

Ti 0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 
Al 0.01 0.00 0.03 0.00 0.01 0.03 0.03 0.99 0.95 1.01 0.90 0.86 0.94 0.94 
Cr 0.94 0.40 1.03 0.82 0.94 0.88 0.93 0.96 1.00 0.93 0.99 1.03 0.99 0.99 

Fe3+ 1.03 1.58 0.91 1.16 1.04 1.08 1.02 0.04 0.04 0.05 0.10 0.09 0.06 0.06 

Fe2+ 0.91 0.96 0.91 0.65 0.42 0.36 0.52 0.35 0.39 0.37 0.29 0.31 0.39 0.37 
Mn 0.04 0.01 0.05 0.21 0.32 0.26 0.18 0.01 0.01 0.01 0.00 0.00 0.00 0.00 
Mg 0.04 0.02 0.03 0.13 0.24 0.38 0.31 0.64 0.61 0.62 0.71 0.69 0.61 0.63 
Zn 0.03 0.01 0.04 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 
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Appendix 8 Magnetite microprobe data and structural formulae based on
4 oxygen

Appendix 7. Chromite microprobe data and structural formulae based on 4 oxygen. 

Mg/(Mg+Fe2+) 0.04 0.02 0.03 0.17 0.36 0.52 0.37 0.65 0.61 0.63 0.71 0.69 0.61 0.63 

Al/(Al+Fe3++Cr) 0.00 0.00 0.02 0.00 0.00 0.02 0.02 0.50 0.48 0.51 0.45 0.43 0.47 0.47 
Cr/(Cr+Al) 0.99 0.99 0.97 0.99 0.99 0.97 0.97 0.49 0.51 0.48 0.52 0.54 0.51 0.51 
*Data from [10]

Appendix 8. Magnetite microprobe data and structural formulae based on 4 oxygen. 

Sample 
MS10
_1 

MS10
_9 

MS10_
10 

MS6
_2 

MS6
_3 

MS6
_4 

MS6
_6 

MS6
_7 

MS6
_8 

MS6
_9 

MS6_
10 

MS6_
11 

CNS2_1
1b 

MS6_
15 

MS6_
16 

MS6_
17 

MS6_
18 

MS6_
19 

MS6_
20 

MS6_
21 

MS6_
22 

TiO2 0.19 0.20 0.12 0.04 0.20 0.09 0.10 0.00 0.11 0.19 0.17 0.12 0.05 0.04 0.02 0.00 0.01 0.04 0.03 0.02 0.08 

Al2O3 0.02 0.14 0.00 0.01 0.00 0.02 0.04 0.00 0.01 0.00 0.04 0.00 0.03 0.00 0.00 0.00 0.00 0.16 0.05 0.03 0.01 

Cr2O3 13.23 13.22 11.09 5.40 19.61 9.73 12.63 4.63 13.76 21.78 19.51 15.95 7.07 5.53 11.47 0.74 2.47 9.99 4.16 7.61 9.57 

FeO 80.84 80.15 81.42 86.75 68.85 80.71 76.98 86.49 76.34 65.91 69.72 74.62 87.10 84.62 78.71 89.02 87.45 68.46 84.00 78.51 80.16 

MnO 0.45 0.42 0.33 0.40 3.11 1.20 2.10 0.55 2.05 3.71 3.00 2.47 0.51 1.20 2.43 0.33 0.74 2.96 0.70 1.94 1.16 

MgO 0.21 0.40 0.93 0.73 1.44 1.14 1.15 0.90 1.28 1.44 1.49 1.30 0.73 1.68 1.56 1.21 1.18 3.62 1.64 1.83 1.04 

ZnO 0.28 0.27 0.25 0.00 0.26 0.12 0.20 0.00 0.14 0.28 0.23 0.16 0.07 0.12 0.11 0.00 0.05 0.39 0.02 0.15 0.03 
Total Oxide 
% 95.23 94.79 94.15 93.33 93.48 93.00 93.20 92.58 93.69 93.31 94.16 94.61 95.56 93.18 94.30 91.30 91.90 85.62 90.59 90.09 92.04 

Ti 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

Cr 0.40 0.40 0.33 0.16 0.59 0.30 0.38 0.14 0.42 0.66 0.59 0.48 0.21 0.17 0.34 0.02 0.08 0.32 0.13 0.24 0.29 

Fe3+ 1.59 1.59 1.66 1.83 1.39 1.70 1.61 1.86 1.58 1.33 1.40 1.52 1.79 1.83 1.66 1.98 1.92 1.67 1.87 1.76 1.70 

Fe2+ 0.97 0.96 0.93 0.95 0.82 0.89 0.86 0.93 0.86 0.79 0.82 0.85 0.94 0.86 0.83 0.92 0.91 0.67 0.88 0.82 0.90 

Mn 0.01 0.01 0.01 0.01 0.10 0.04 0.07 0.02 0.07 0.12 0.10 0.08 0.02 0.04 0.08 0.01 0.02 0.10 0.02 0.06 0.04 

Mg 0.01 0.02 0.05 0.04 0.08 0.07 0.07 0.05 0.07 0.08 0.08 0.07 0.04 0.10 0.09 0.07 0.07 0.22 0.10 0.11 0.06 

Zn 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 
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Appendix 9 Pentlandite microprobe data

Appendix 8. Magnetite microprobe data and structural formulae based on 4 oxygen. 

Mg/(Mg+Fe
2) 0.01 0.02 0.05 0.04 0.09 0.07 0.07 0.05 0.08 0.09 0.09 0.08 0.04 0.10 0.10 0.07 0.07 0.25 0.10 0.12 0.06 
Al/(Al+Fe3+
Cr) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr/(Cr+Al) 1.00 0.98 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00 1.00 1.00 0.98 0.98 0.99 1.00 

Appendix 9. Pentlandite microprobe data.  
Comment MS10_14 MS10_16 MS10_17 MS6_32 MS6_33 MS6_34 
SiO2 3.38 3.36 1.81 0.05 0.00 0.17 
TiO2 0.00 0.00 0.01 0.00 0.00 0.00 
Al2O3 0.06 0.10 0.05 0.00 0.00 0.00 
FeO 36.73 37.13 39.66 31.77 32.06 32.21 
Cr2O3 0.03 0.04 0.01 0.00 0.00 0.01 
MnO 0.00 0.02 0.00 0.00 0.01 0.00 
MgO 4.65 4.80 2.40 0.03 0.01 0.08 
Na2O 0.01 0.04 0.06 0.00 0.01 0.00 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 0.01 0.00 0.00 0.00 0.00 0.00 
Total Oxide % 44.87 45.48 44.00 31.86 32.08 32.47 

Appendix 10. Whole rock geochemical data.  
Sample MS1 MS2 MS3 MS4 MS5 MS7 MS8 MS9 MS10 MS11 MC1 MT1 MT2 MT3 MT4 
SiO2 41.46 43.44 45.06 40.92 40.16 36.17 39.43 5.87 38.18 42.76 40.32 42.85 29.41 61.35 30.79 
TiO2 0.03 0.03 0.01 0.13 0.02 0.03 0.02 0.01 0.02 0.02 0.11 0.01 0.03 0.01 0.94 
Al2O3 1.23 1.38 0.76 13.42 1.14 1.01 1.14 0.05 1.51 0.97 13.80 1.17 0.84 0.08 18.81 
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Appendix 10 Whole rock geochemical data

Appendix 10. Whole rock geochemical data. 
Fe2O3 7.58 3.85 3.05 2.93 5.83 12.47 5.28 0.87 7.46 8.31 2.66 7.20 5.44 4.12 10.89 
MnO 0.03 0.23 0.10 0.12 0.08 0.05 0.05 0.55 0.11 0.05 0.13 0.09 0.18 0.03 0.21 
MgO 35.39 36.48 37.55 15.70 37.38 35.78 39.11 23.95 34.83 33.87 15.41 33.31 19.52 25.84 26.02 
CaO 0.01 0.01 0.01 21.57 0.10 0.07 0.20 25.67 2.34 0.01 22.19 0.96 20.50 2.03 0.25 
Na2O 0.01 0.01 0.01 0.05 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.01 0.07 0.01 0.01 
K2O 0.01 0.01 0.01 0.01 0.01 0.02 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
P2O5 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.19 
Cr2O3 0.42 0.81 0.02 0.10 0.30 0.47 0.13 0.01 0.35 0.44 0.09 0.28 0.34 0.00 0.01 
LOI 13.00 12.70 12.90 4.80 14.20 12.90 13.70 42.60 14.40 12.70 5.00 3.37 0.02 0.34 0.03 
Mg# 90.25 94.94 96.06 91.39 92.70 85.04 93.62 98.20 90.25 88.98 68.88 90.17 87.67 92.55 82.56 
Sum 99.41 99.34 99.39 99.73 99.39 99.39 99.33 99.57 99.39 99.39 99.74 99.44 99.64 99.59 99.43 
Trace elements 

Cr 
2846.7

0 
5542.8

6 
130.0

2 
684.3

0 
2073.4

4 
3195.7

0 
903.2

8 95.80 
2408.7

5 
3017.7

8 
588.4

1 
1895.5

2 
2319.7

9 13.69 82.12 

Ni 0.42 0.81 0.02 0.10 0.30 0.47 0.13 0.01 
1988.0

0 
2610.0

0 
210.0

0 
2094.0

0 
1337.0

0 
234.0

0 
159.0

0 
Co 1.00 1.00 1.00 1.00 1.00 3.00 3.00 2.00 91.40 100.10 17.60 93.40 61.30 18.80 26.60 

V 0.10 0.10 0.10 0.10 0.10 0.10 0.10 1.00 48.00 44.00 89.00 25.00 35.00 11.00 
210.0

0 
Cu 0.10 0.30 0.10 0.10 0.10 0.20 0.20 0.30 13.90 23.90 36.70 5.40 24.10 9.70 2.70 
Pb 4.70 12.30 45.30 26.10 0.10 1.90 1.50 0.20 0.50 0.80 1.00 13.80 0.70 0.10 1.30 

Zn 1.10 3.80 0.10 0.40 0.10 1.20 1.20 0.20 29.00 35.00 8.00 24.00 14.00 1.00 
101.0

0 
Rb 0.10 0.10 0.10 0.20 0.10 1.60 1.80 0.40 1.00 0.40 0.20 0.10 0.20 0.10 0.30 
Ba 99.41 99.34 99.39 99.73 99.39 99.39 99.33 99.57 9.00 5.00 5.00 1.00 3.00 1.00 5.00 
Sr 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 23.00 1.50 7.40 24.90 184.00 4.00 8.70 
Ga 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 1.70 2.20 4.70 2.10 1.30 0.50 16.60 
Nb 0.10 0.10 0.10 0.10 0.10 1.10 0.70 0.10 1.80 2.50 0.10 0.40 0.10 0.10 14.80 

Appendix 10. Whole rock geochemical data. 
Hf 1.00 1.80 0.60 4.50 0.90 1.30 1.20 0.80 0.10 0.10 0.10 0.10 0.10 0.10 5.80 
Cs 98.90 280.50 24.20 20.70 80.50 140.00 62.30 4.90 0.40 0.10 0.10 0.10 0.10 0.10 0.10 

Ta 0.60 0.50 0.50 7.50 0.50 1.90 13.50 
231.6

0 0.10 0.10 0.10 0.10 0.10 0.10 1.00 
Th 0.10 0.10 0.10 0.10 0.10 1.60 0.50 0.40 0.20 0.20 0.20 0.20 0.20 0.20 20.90 
U 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.10 0.10 0.10 0.10 0.10 0.10 2.80 

Zr 3.00 0.80 0.50 0.50 3.60 6.70 1.30 0.90 0.10 0.10 2.60 0.20 1.70 0.30 
216.8

0 
Y 0.30 2.40 0.10 3.30 0.10 59.60 13.20 2.60 0.50 2.50 2.80 1.50 4.60 0.80 31.40 
Rare Earth 
Elements 
La 0.80 0.90 0.20 3.80 0.80 1.10 0.30 1.10 0.20 0.40 0.70 0.20 0.80 0.10 95.10 

Ce 0.10 0.30 0.10 0.80 0.20 0.90 0.80 1.30 0.30 1.10 1.30 0.40 1.60 0.30 
181.2

0 
Pr 0.30 0.80 0.10 1.90 0.20 1.00 1.00 1.60 0.08 0.20 0.20 0.08 0.27 0.07 19.40 
Nd 0.06 0.10 0.02 0.30 0.02 0.12 0.04 0.22 0.30 0.80 1.20 0.60 1.90 0.30 67.50 
Sm 0.30 0.30 0.30 1.20 0.30 1.00 0.70 1.10 0.05 0.14 0.32 0.17 0.41 0.11 11.30 
Eu 0.09 0.15 0.05 0.43 0.05 0.06 0.13 0.35 0.02 0.08 0.53 0.04 0.13 0.02 1.95 
Gd 0.04 0.03 0.03 0.58 0.03 0.02 0.02 0.10 0.05 0.21 0.39 0.19 0.60 0.13 8.70 
Tb 0.08 0.24 0.10 0.56 0.10 0.09 0.05 0.30 0.01 0.01 0.08 0.04 0.11 0.03 1.06 
Dy 0.02 0.03 0.01 0.10 0.01 0.02 0.01 0.04 0.05 0.25 0.48 0.18 0.68 0.23 6.00 
Ho 0.15 0.30 0.05 0.66 0.09 0.16 0.05 0.27 0.03 0.06 0.10 0.05 0.15 0.05 0.95 
Er 0.03 0.03 0.02 0.10 0.03 0.07 0.02 0.03 0.03 0.18 0.30 0.16 0.38 0.12 2.79 
Tm 0.07 0.11 0.07 0.34 0.10 0.07 0.06 0.03 0.01 0.01 0.05 0.03 0.06 0.02 0.48 
Yb 0.01 0.03 0.01 0.06 0.01 0.03 0.01 0.02 0.05 0.25 0.29 0.20 0.39 0.12 3.42 
Lu 0.14 0.23 0.05 0.35 0.08 0.07 0.05 0.05 0.01 0.02 0.04 0.03 0.06 0.03 0.51 
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